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Preface

The Pilot’s Handbook of Aeronautical Knowledge provides basic knowledge that is essential for pilots. This handbook
introduces pilots to the broad spectrum of knowledge that will be needed as they progressin their pilot training. Except for
the Code of Federal Regulations pertinent to civil aviation, most of the knowledge areas applicable to pilot certification are
presented. This handbook is useful to beginning pilots, as well as those pursuing more advanced pilot certificates.

Occasionally theword “must” or similar languageis used wherethe desired action isdeemed critical. The use of such language
is not intended to add to, interpret, or relieve a duty imposed by Title 14 of the Code of Federal Regulations (14 CFR).

It is essentia for persons using this handbook to become familiar with and apply the pertinent parts of 14 CFR and the
Aeronautical Information Manual (AIM). The AIM is available online at www.faa.gov. The current Flight Standards
Service airman training and testing material and learning statements for all airman certificates and ratings can be obtained
from www.faa.gov.

This handbook supersedes FAA-H-8083-25A, Pilot’s Handbook of Aeronautical Knowledge, dated 2008.

This handbook is available for download, in PDF format, from www.faa.gov.

This handbook is published by the United States Department of Transportation, Federal Aviation Administration, Airman
Testing Standards Branch, AFS-630, P.O. Box 25082, Oklahoma City, OK 73125.

Comments regarding this publication should be sent, in email form, to the following address:

AFS630comments@faa.gov

John S. Duncan
Director, Flight Standards Service
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Introduction

The Pilot’s Handbook of Aeronautical Knowledge provides
basic knowledge for the student pilot learning to fly, aswell
as pilots seeking advanced pilot certification. For detailed
information on a variety of specialized flight topics, see
specific Federal Aviation Administration (FAA) handbooks
and Advisory Circulars (ACs).

This chapter offers a brief history of flight, introduces the
history and role of the FAA incivil aviation, FAA regulations
and standards, government references and publications,
eligibility for pilot certificates, available routes to flight
instruction, therole of the Certificated Flight Instructor (CFI)
and Designated Pilot Examiner (DPE) in flight training,
Practical Test Standards (PTS), and new, industry-devel oped
Airman Certification Standards (ACS) framework that will
eventually replace the PTS.
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History of Flight

From prehistoric times, humans have watched the flight of
birds, and longed to imitate them, but lacked the power to do
s0. Logic dictated that if the small muscles of birds can lift
them into the air and sustain them, then the larger muscles
of humans should be ableto duplicate the feat. No one knew
about the intricate mesh of muscles, sinew, heart, breathing
system, and devices not unlike wing flaps, variable-camber
and spoilers of the modern airplane that enabled a bird to
fly. Still, thousands of years and countless liveswerelost in
attemptsto fly like birds.

The identity of the first “bird-men” who fitted themselves
with wingsand leapt off of cliffsinan effort tofly arelostin
time, but each failure gave those who wished to fly questions
that needed to be answered. Where had the wing flappers
gone wrong? Philosophers, scientists, and inventors offered
solutions, but no one could add wings to the human body
and soar like a bird. During the 1500s, Leonardo da Vinci
filled pages of his notebooks with sketches of proposed
flying machines, but most of hisideas were flawed because
he clung to the idea of birdlike wings. [Figure 1-1] By
1655, mathematician, physicist, and inventor Robert Hooke
concluded that the human body does not possessthe strength
to power artificial wings. He believed human flight would
require some form of artificial propulsion.

The quest for human flight led some practitioners in another
direction. In 1783, the first manned hot air balloon, crafted
by Joseph and Etienne Montgolfier, flew for 23 minutes.
Ten days later, Professor Jacques Charles flew the first gas
balloon. A madnessfor balloon flight captivated the public’s
imagination and for a time flying enthusiasts turned their
expertise to the promise of lighter-than-air flight. But for
all its mgjesty in the air, the balloon was little more than a

Figure 1-1. Leonardo da Vinci’s ornithopter wings.
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billowing heap of cloth capable of no more than a one-way,
downwind journey.

Balloons solved the problem of lift, but that was only one of
the problems of human flight. The ahility to control speed and
direction eluded balloonists. The solution to that problem lay
in a child s toy familiar to the East for 2,000 years, but not
introduced to the West until the 13th century—thekite. The
kites used by the Chinesefor agrial observation, to test winds
for sailing, asa signaling device, and as atoy, held many of
the answers to lifting a heavier-than-air device into the air.

One of the men who believed the study of kites unlocked
the secrets of winged flight was Sir George Cayley. Born
in England 10 years before the Mongolfier balloon flight,
Cayley spent his84 years seeking to devel op aheavier-than-
air vehicle supported by kite-shaped wings. [ Figure1-2] The
“Father of Aerial Navigation,” Cayley discovered the basic
principles on which the modern science of aeronautics is
founded; built what isrecognized asthefirst successful flying
model; and tested the first full-size man-carrying airplane.

FHechanics’ Magazine,
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Figure 1-2. Glider from 1852 by Sr George Cayley, British aviator
(1773-1857).



For the half-century after Cayley’ sdeath, countless scientists,
flying enthusiasts, and inventors worked toward building
a powered flying machine. Men, such as William Samuel
Henson, who designed ahuge monoplane that was propelled
by a steam engine housed inside the fuselage, and Otto
Lilienthal, who proved human flight in aircraft heavier than
air was practical, worked toward the dream of powered flight.
A dream turned into reality by Wilbur and Orville Wright at
Kitty Hawk, North Carolina, on December 17, 1903.

The bicycle-building Wright brothers of Dayton, Ohio, had
experimented for 4 years with kites, their own homemade
wind tunnel, and different enginesto power their biplane. One
of their great achievementsin flight was proving the value of
the scientific, rather than a build-it-and-see approach. Their
biplane, The Flyer, combined inspired design and engineering
with superior craftsmanship. [ Figure 1-3] By the afternoon
of December 17th, the Wright brothers had flown atotal of
98 seconds on four flights. The age of flight had arrived.

History of the Federal Aviation
Administration (FAA)

During the early years of manned flight, aviation was a
free for al because no government body was in place to
establish policies or regulate and enforce safety standards.
Individuals were free to conduct flights and operate aircraft
with no government oversight. Most of the early flightswere
conducted for sport. Aviation was expensive and becamethe
playground of the wealthy. Since these early airplanes were
small, many people doubted their commercial value. One
group of individuals believed otherwise and they became
the genesis for modern airline travel.

P. E. Fansler, aFloridabusinessman living in St. Petersburg,
approached Tom Benoist of the Benoist Aircraft Company
in St. Louis, Missouri, about starting a flight route from St.

Figure 1-3. First flight by the Wright brothers.

Petersburg acrossthe waterway to Tampa. Benoist suggested
using his “ Safety First” airboat and the two men signed an
agreement for what would becomethefirst scheduled airline
in the United States. The first aircraft was delivered to St.
Petersburg and made the first test flight on December 31,
1913. [Figure 1-4]

A public auction decided who would win the honor of
becoming the first paying airline customer. The former
mayor of St. Petersburg, A. C. Pheil, made the winning bid
of $400.00, which secured his place in history as the first
paying airline passenger.

On January 1, 1914, the first scheduled airline flight was
conducted. The flight length was 21 miles and lasted 23
minutes due to aheadwind. The return trip took 20 minutes.
The line, which was subsidized by Florida businessmen,
continued for 4 months and of fered regular passage for $5.00
per person or $5.00 per 100 pounds of cargo. Shortly after the
opening of theline, Benoist added anew airboat that afforded
more protection from spray during takeoff and landing.
The routes were aso extended to Manatee, Bradenton, and
Sarasota giving further credence to the idea of a profitable
commercia airline.

The St. Petersburg-TampaAirboat Line continued throughout
thewinter monthswith flightsfinally being suspended when
the winter tourist industry began to dry up. The airline
operated for only 4 months, but 1,205 passengers were
carried without injury. This experiment proved commercial
passenger airline travel was viable.

The advent of World War | offered the airplane a chance
to demonstrate its varied capabilities. It began the war as a
reconnaissance platform, but by 1918, airplanes were being

Figure 1-4. Benoist airboat.
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mass produced to serve asfighters, bombers, trainers, aswell
as reconnaissance platforms.

Aviation advocates continued to look for ways to use
airplanes. Airmail service was a popular idea, but the
war prevented the Postal Service from having access to
airplanes. The War Department and Postal Servicereached an
agreement in 1918. The Army would use the mail serviceto
trainitspilotsinflying cross-country. Thefirst airmail flight
was conducted on May 15, 1918, between New Y ork and
Washington, DC. Theflight was not considered spectacular;
the pilot became lost and landed at the wrong airfield. In
August of 1918, the United States Postal Servicetook control
of the airmail routes and brought the existing Army airmail
pilotsand their planesinto the program as postal employees.

Transcontinental Air Mail Route

Airmail routes continued to expand until the Transcontinental
Mail Routewasinaugurated. [ Figure 1-5] Thisroute spanned
from San Francisco to New Y ork for atotal distance of 2,612
mileswith 13 intermediate stops along theway. [ Figure 1-6]
On May 20, 1926, Congress passed the Air Commerce Act,
which served as the cornerstone for aviation within the
United States. This legislation was supported by leadersin
the aviation industry who felt that the airplane could not
reach its full potential without assistance from the Federal
Government in improving safety.

The Air Commerce Act charged the Secretary of Commerce
with fostering air commerce, issuing and enforcing air traffic
rules, licensing pilots, certificating aircraft, establishing
airways, and operating and maintaining aidsto air navigation.
The Department of Commerce created a new Aeronautics
Branchwhose primary missionwasto provide oversight for the
aviationindustry. In addition, the Aeronautics Branch took over
the construction and operation of the nation’ ssystem of lighted
airways. The Postal Service, as part of the Transcontinental
Air Mail Route system, had initiated this system. The

Figure 1-5. The de Haviland DH-4 on the New York to San
Francisco inaugural route in 1921.
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Figure 1-6. Thetranscontinental airmail route ran from New York
to San Francisco.

Department of Commerce made significant advances in
aviation communications, including the introduction of radio
beacons as an effective means of navigation.

Built at intervals of approximately 10 miles apart, the
standard beacon tower was 51 feet high, and was topped
with a powerful rotating light. Below the rotating light, two
courselights pointed forward and back along the airway. The
course lightsflashed acodeto identify the beacon’ snumber.
The tower usualy stood in the center of a concrete arrow
70 feet long. A generator shed, where required, stood at the
“feather” end of the arrow. [Figure 1-7]

Federal Certification of Pilots and Mechanics

The Aeronautics Branch of the Department of Commerce
began pilot certification with thefirst licenseissued on April
6, 1927. The recipient was the Chief of the Aeronautics
Branch, William P. MacCracken, Jr. [Figure 1-8] (Orville
Wright, who was no longer an active flier, had declined the
honor.) MacCracken’s license was the first issued to a pilot
by a civilian agency of the Federal Government. Some 3
months|ater, the Aeronautics Branch issued thefirst Federal
aircraft mechanic license.

Equally important for safety was the establishment of a
system of certification for aircraft. On March 29, 1927,
the Aeronautics Branch issued the first airworthiness
type certificate to the Buhl Airster CA-3, a three-place
open hiplane.

In 1934, to recogni ze the tremendous strides madein aviation
and to display the enhanced status within the department,
the Aeronautics Branch was renamed the Bureau of Air
Commerce. [Figure 1-9] Within thistime frame, the Bureau
of Air Commerce brought together a group of airlines
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Figure 1-7. A standard airway beacon tower.
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Figure 1-8. The first pilot license was issued to William P.
MacCracken, Jr.

Figure 1-9. The third head of the Aeronautics Branch, Eugene
L. Vidal, is flanked by President Franklin D. Roosevelt (left) and
Secretary of Agriculture Henry A. Wallace (right). The photograph
wastaken in 1933. During Vidal’ stenure, the Aeronautics Branch
was renamed the Bureau of Air Commerce on July 1, 1934. The
new name more accurately reflected the status of the organization
within the Department of Commerce.

and encouraged them to form the first three Air Traffic
Control (ATC) facilities along the established air routes.
Then in 1936, the Bureau of Air Commerce took over the
responsibilities of operating the centers and continued to
advancethe ATC facilities. ATC has come along way from
theearly controllersusing maps, chalkboards, and performing
mental math calculations in order to separate aircraft along
flight routes.

The Civil Aeronautics Act of 1938

In 1938, the Civil Aeronautics Act transferred the civil
aviation responsibilities to a newly created, independent
body, named the Civil Aeronautics Authority (CAA). This
Act empowered the CAA to regulate airfares and establish
new routes for the airlines to service.

President Franklin Roosevelt split the CAA into two
agencies—the Civil Aeronautics Administration (CAA)
and the Civil Aeronautics Board (CAB). Both agencies
were till part of the Department of Commerce but the CAB
functioned independently of the Secretary of Commerce.
Therole of the CAA was to facilitate ATC, certification of
airmen and aircraft, rule enforcement, and the devel opment
of new airways. The CAB was charged with rule making to
enhance safety, accident investigation, and the economic
regulation of the airlines. Then in 1946, Congress gave the
CAA the responsibility of administering the Federal Aid
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Airport Program. This program was designed to promote
the establishment of civil airports throughout the country.

The Federal Aviation Act of 1958

By mid-century, air traffic had increased and jet aircraft had
been introduced into the civil aviation arena. A series of
mid-air collisions underlined the need for more regulation
of theaviation industry. Aircraft were not only increasingin
numbers, but were now streaking across the skies at much
higher speeds. The Federal Aviation Act of 1958 established
anew independent body that assumed the roles of the CAA
and transferred the rule making authority of the CAB to the
newly created Federal Aviation Agency (FAA). In addition,
the FAA was given complete control of the common civil-
military system of air navigation and ATC. The man who
was given the honor of being the first Administrator of the
FAA wasformer Air Force General Elwood Richard “ Pete”
Quesada. He served as the administrator from 1959-1961.
[Figure 1-10Q]

Department of Transportation (DOT)

On October 15, 1966, Congress established the Department
of Transportation (DOT), which was given oversight of the
transportation industry within the United States. The result
was a combination of both air and surface transportation. Its
mission was and isto serve the United States by ensuring a
fast, safe, efficient, accessible, and convenient transportation
system meeting vital national interests and enhancing the
quality of life of the American people, then, now, and into

Figure 1-10. First Administrator of the FAA was General Elwood
Richard “ Pete” Quesada, 1959-1961.
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the future. The DOT began operation on April 1, 1967. At
this same time, the Federal Aviation Agency was renamed
to the Federal Aviation Administration (FAA).

The role of the CAB was assumed by the newly created
National Transportation Safety Board (NTSB), which was
charged with theinvestigation of all transportation accidents
within the United States.

As aviation continued to grow, the FAA took on additional
duties and responsibilities. With the highjacking epidemic
of the 1960s, the FAA was responsible for increasing the
security duties of aviation both on the ground and in the air.
After September 11, 2001, the duties were transferred to
a newly created body called the Department of Homeland
Security (DHS).

With numerous aircraft flying in and out of larger cities, the
FAA began to concentrate on the environmental aspect of
aviation by establishing and regulating the noise standards
of aircraft. Additionaly, in the 1960s and 1970s, the FAA
began to regulate high altitude (over 500 feet) kite and balloon
flying. In 1970, more dutieswere assumed by the FAA inthe
addition of anew federal airport aid program and increased
responsibility for airport safety.

ATC Automation

By the mid-1970s, the FAA had achieved a semi-automated
ATC system based on a marriage of radar and computer
technology. By automating certain routine tasks, the system
allowed controllers to concentrate more efficiently on the
vital task of providing aircraft separation. Data appearing
directly on the controllers’ scopes provided the identity,
altitude, and groundspeed of aircraft carrying radar beacons.
Despiteits effectiveness, this system required enhancement
to keep pace with the increased air traffic of the late 1970s.
Theincrease was duein part to the competitive environment
created by the Airline Deregulation Act of 1978. This law
phased out CAB’s economic regulation of the airlines, and
CAB ceased to exist at the end of 1984.

To meet the challenge of traffic growth, the FAA unveiled
the National Airspace System (NAS) Plan in January
1982. The new plan called for more advanced systems
for en route and terminal ATC, modernized flight service
stations, and improvements in ground-to-air surveillance
and communication.

The Professional Air Traffic Controllers
Organization (PATCO) Strike

While preparing the NAS Plan, the FAA faced a strike
by key members of its workforce. An earlier period of
discord between management and the Professional Air



Traffic Controllers Organization (PATCO) culminated in a
1970 “sickout” by 3,000 controllers. Although controllers
subsequently gained additional wage and retirement
benefits, another period of tension led to anillegal strikein
August 1981. The government dismissed over 11,000 strike
participants and decertified PATCO. By the spring of 1984,
the FAA ended the last of the special restrictionsimposed to
keep the airspace system operating safely during the strike.

The Airline Deregulation Act of 1978

Until 1978, the CAB regulated many areas of commercial
aviation such as fares, routes, and schedules. The Airline
Deregulation Act of 1978, however, removed many of
these controls, thus changing the face of civil aviationinthe
United States. After deregulation, unfettered free competition
ushered in anew erain passenger air travel.

The CAB had three main functions: to award routes to
airlines, to limit the entry of air carriers into new markets,
and to regulate faresfor passengers. Much of the established
practices of commercia passenger travel within the United
States went back to the policies of Walter Folger Brown, the
United States Postmaster General during the administration
of President Herbert Hoover. Brown had changed the mail
payments system to encourage the manufacture of passenger
aircraft instead of mail-carrying aircraft. His influence
was crucia in awarding contracts and helped create four
major domestic airlines: United, American, Eastern, and
Transcontinental and Western Air (TWA). Similarly,
Brown had also helped give Pan American a monopoly on
international routes.

The pushto deregulate, or at |east to reform the existing laws
governing passenger carriers, was accelerated by President
Jimmy Carter, who appointed economist and former
professor Alfred Kahn, avocal supporter of deregulation, to
head the CAB. A second force to deregulate emerged from
abroad. In 1977, Freddie Laker, a British entrepreneur who
owned Laker Airways, created the Skytrain service, which
offered extraordinarily cheap fares for transatlantic flights.
L aker’ sofferings coincided with aboomin low-cost domestic
flights as the CAB eased some limitations on charter flights
(i.e., flights offered by companies that do not actually own
planes but leased them from the major airlines). The big air
carriers responded by proposing their own lower fares. For
example, American Airlines, the country’s second largest
airline, obtained CAB approval for “ SuperSaver” tickets.

All of these events proved to be favorable for large-scale
deregulation. In November 1977, Congress formally
deregulated air cargo. In late 1978, Congress passed the
Airline Deregulation Act of 1978, legidation that had been
principally authored by Senators Edward Kennedy and

Howard Cannon. [ Figure 1-11] Therewas tiff opposition to
thebill—from the mgjor airlineswho feared free competition,
from labor unions who feared non-union employees, and
from safety advocates who feared that safety would be
sacrificed. Public support was, however, strong enough to
pass the act. The act appeased the major airlines by offering
generous subsidies and pleased workers by offering high
unemployment benefitsif they lost their jobsasaresult. The
most important effect of the act, whose laws were slowly
phased in, was on the passenger market. For the first time
in 40 years, airlines could enter the market or (from 1981)
expand their routes as they saw fit. Airlines (from 1982)
also had full freedom to set their fares. In 1984, the CAB
wasfinally abolished sinceits primary duty of regulating the
airline industry was no longer necessary.

The Role of the FAA

The Code of Federal Regulations (CFR)

The FAA is empowered by regulations to promote aviation
safety and establish safety standards for civil aviation. The
FAA achieves these objectives under the Code of Federal
Regulations (CFR), which is the codification of the general
and permanent rules published by the executive departments
and agencies of the United States Government. The
regulations are divided into 50 different codes, called Titles,
that represent broad areas subject to Federal regulation.
FAA regulations arelisted under Title 14, “ Aeronautics and
Space,” which encompassesall aspectsof civil aviation from
how to earn apilot’ scertificate to maintenance of an aircraft.
Title 14 CFR Chapter 1, Federal Aviation Administration,
is broken down into subchapters A through N asillustrated
in Figure 1-12.

For the pilot, certain parts of 14 CFR are more relevant
than others. During flight training, it is helpful for the pilot
to become familiar with the parts and subparts that relate

Figure 1-11. President Jimmy Carter signsthe Airline Deregulation
Actin late 1978.
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Figure 1-12. Overview of 14 CFR, available online free from the FAA and for purchase through commercial sources.

to flight training and pilot certification. For instance, 14
CFR part 61 pertains to the certification of pilots, flight
instructors, and ground instructors. It also defines the
eligibility, aeronautical knowledge, and flight proficiency,
aswell astraining and testing requirements for each type of
pilot certificateissued. 14 CFR part 91 provides guidancein
theareas of genera flight rules, visua flight rules (VFR), and
instrument flight rules (IFR), while 14 CFR part 43 covers
aircraft maintenance, preventive maintenance, rebuilding,
and alterations.

Primary Locations of the FAA

The FAA headquartersarein Washington, DC, and thereare
nine regional offices strategically located across the United
States. The agency’ stwo largest field facilities are the Mike
Monroney Aeronautical Center (MMAC) in Oklahoma
City, Oklahoma, and the William J. Hughes Technical
Center (WJHTC) in Atlantic City, New Jersey. Home to
FAA training and logistics services, the MMAC provides
a number of aviation safety-related and business support
services. The WIHTC is the premier aviation research and
development and test and evaluation facility in the country.
The center’ sprogramsincludetesting and evaluationin ATC,
communication, navigation, airports, aircraft safety, and
security. Furthermore, the WIHTC is active in long-range
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development of innovative aviation systems and concepts,
development of new ATC equipment and software, and
modification of existing systems and procedures.

Field Offices

Flight Sandards Service

Withinthe FAA, the Flight Standards Service promotes safe
air transportation by setting the standards for certification
and oversight of airmen, air operators, air agencies, and
designees. It also promotes safety of flight of civil aircraft
and air commerce by:

*  Accomplishing certification, inspection, surveillance,
investigation, and enforcement.

e Setting regulations and standards.

»  Managing the system for registration of civil aircraft
and al airmen records.

The focus of interaction between Flight Standards Service
and the aviation community/general public is the Flight
Standards District Office (FSDO).



Flight Sandards District Office (FSDO)

TheFAA hasapproximately 80 FSDOs. [ Figure 1-13] These
offices provide information and services for the aviation
community. FSDO phonenumbersarelistedin thetelephone
directory under Government Offices, DOT, FAA. Another
convenient method of finding a local office is to use the
FSDO locator available at: www.faa.gov/about/office_org/
field_offices/fsdo.

In addition to accident investigation and the enforcement of
aviation regulations, the FSDO is also responsible for the
certification and surveillance of air carriers, air operators,
flight schools/training centers, and airmen including pilots
and flight instructors. Each FSDO is staffed by Aviation
Safety Inspectors (ASIs) who play akey role in making the
nation’ s aviation system safe.

Aviation Safety Inspector (ASI)

The ASls administer and enforce safety regulations and
standards for the production, operation, maintenance, and/
or modification of aircraft used in civil aviation. They also
specializein conducting inspections of various aspects of the
aviation system, such as aircraft and parts manufacturing,
aircraft operation, aircraft airworthiness, and cabin safety.
ASIsmust completeatraining program at the FAA Academy
in Oklahoma City, Oklahoma, which includes airman
evaluation and pilot testing techniques and procedures. ASIs
also receive extensive on-the-job training and recurrent
training on a regular basis. The FAA has approximately
3,700 inspectors located in its FSDO offices. All questions
concerning pilot certification (and/or requests for other
aviation information or services) should be directed to the
local FSDO.

FAA Safety Team (FAASTeam)

The FAA is dedicated to improving the safety of United
States civilian aviation by conveying safety principles and
practicesthrough training, outreach, and education. The FAA

Figure 1-13. Atlanta Flight Sandards District Office (FSDO).

Safety Team (FAASTeam) exemplifies this commitment.
The FAASTeam has replaced the Aviation Safety Program
(ASP), whose education of airmen on all types of safety
subjects successfully reduced accidents. Its success led to
its demi se because the easy-to-fix accident causes have been
addressed. To take aviation safety one step further, Flight
Standards Service created the FAA STeam, which isdevoted
to reducing aircraft accidents by using a coordinated effort
to focus resources on elusive accident causes.

Each of the FAA’ s nine regions has a Regional FAASTeam
Office dedicated to thisnew safety program and managed by
the Regional FAASTeam Manager (RFM). The FAASTeam
is “teaming” up with individuals and the aviation industry
to create a unified effort against accidents and tip the safety
culturein theright direction. To learn more about this effort
to improve aviation safety, to take a course at their online
learning center, or tojointhe FAASTeam, visit their website
at www.faasafety.gov.

Obtaining Assistance from the FAA

Information can be obtained from the FAA by phone,
Internet/e-mail, or mail. To talk to the FAA toll-free 24
hours a day, call 1-866-TELL-FAA (1-866-835-5322). To
visitthe FAA’ swebsite, go to www.faa.gov. Individualscan
also e-mail an FAA representative at alocal FSDO office by
accessing the staff e-mail address available viathe“ Contact
FAA” link at the bottom of the FAA home page. Letterscan
be sent to:

Federal Aviation Administration
800 Independence Ave, SW
Washington, DC 20591

FAA Reference Material

The FAA provides avariety of important reference material
for the student, as well as the advanced civil aviation pilot.
In addition to the regulations provided online by the FAA,
several other publications are available to the user. Almost
all reference material is available online at www.faa.gov in
downloadable format. Commercia aviation publishers also
provide published and online reference material to further
aid the aviation pilot.

Aeronautical Information Manual (AlM)

The Aeronautical Information Manual (AIM) is the official
guideto basic flight information and ATC proceduresfor the
aviation community flying in the NAS of the United States.
[Figure 1-14] Aninternational version, containing parallel
information as well as specific information on international
airports, isalso available. The AIM also containsinformation
of interest to pilots, such as health and medical facts, flight
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Figure 1-14. Aeronautical Information Manual.

safety, a pilot/controller glossary of terms used in the
system, and information on safety, accidents, and reporting
of hazards. Thismanual is offered for sale on a subscription
basis or is available online at: http://bookstore.gpo.gov.

Order forms are provided at the beginning of the manual or
onlineand should be sent to the Superintendent of Documents,
United States Government Printing Office (GPO). The AIM
is complemented by other operational publications that are
available via separate subscriptions or online.

Handbooks

Handbooks are developed to provide specific information
about aparticular topic that enhancestraining or understanding.
The FAA publishesavariety of handbooks that generally fall
into three categories: aircraft, aviation, and examiners and
inspectors. [ Figure 1-15] These handbooks can be purchased
from the Superintendent of Documentsor downloaded at www.
faa.gov/regulations policies. Aviation handbooks are also
published by variouscommercial aviation companies. Aircraft
flight manuals commonly called Pilot Operating Handbooks
(POH) are documents devel oped by the airplane manufacturer,
approved by the FAA, and are specific to a particular make
and model aircraft by serial number. This subject is covered
in greater detail in Chapter 8, “Flight Manuals and Other
Documents,” of this handbook. [ Figure 1-16]

Advisory Circulars (ACs)

An AC isaninformationa document that the FAA wantsto
distributeto the aviation community. Thiscan beintheform
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Aeronautical Information Manual (AIM)

The Aeronautical Information Manual is designed to provide
the aviation community with basic flight information and
ATC procedures for use in the NAS of the United States. It
also contains the fundamentals required in order to fly in the
United States NAS, including items of interest to pilots
concerning health/medical facts, factors affecting flight
safety, etc.

Aircraft Flying Handbooks (by category)

The Aircraft Flying Handbooks are designed as technical
manuals to introduce basic pilot skills and knowledge that
are essential for piloting aircraft. They provide information
on transition to other aircraft and the operation of various
aircraft systems.

Aviation Instructor’s Handbook

The Aviation Instructor’'s Handbook provides the foundation
for beginning instructors to understand and apply the
fundamentals of instructing. This handbook also provides
aviation instructors with up-to-date information on learning
and teaching, and how to relate this information to the task
of conveying aeronautical knowledge and skills to students.
Experienced aviation instructors also find the new and
updated information useful for improving their effectiveness
in training activities.

Instrument Flying Handbook

The Instrument Flying Handbook is designed for use by
instrument flight instructors and pilots preparing for
instrument rating tests. Instructors find this handbook a
valuable training aid as it includes basic reference material
for knowledge testing and instrument flight training.

Instrument Procedures Handbook

The Instrument Procedures Handbook is designed as a
technical reference for professional pilots who operate
under IFR in the NAS and expands on information contained
in the Instrument Flying Handbook.

Figure 1-15. A sample of handbooks available to the public. Most
can be downloaded free of charge from the FAA website.

of atext book used in a classroom or a one page document.
Some ACs are free while others cost money. They are to
be used for information only and are not regulations. The
FAA website www.faa.gov/regulations_policies/advisory
circulars provides a database that is a searchabl e repository
of all aviation safety ACs. All ACs, current and historical,
are provided and can be viewed as a portable document
format (PDF) copy.

ACsprovideasingle, uniform, agency-wide system that the
FAA uses to deliver advisory material to FAA customers,
industry, the aviation community, and the public. An AC
may be needed to:

e Providean acceptable, clearly understood method for
complying with aregulation
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Figure 1-16. Pilot Operating Handbooks from manufacturers.

e Standardize implementation of a regulation or
harmonize implementation for the international
aviation community

* Resolve ageneral misunderstanding of aregulation

e Respond to a request from some government entity,
such as General Accounting Office, NTSB, or the
Office of the Inspector General

e Help theindustry and FAA effectively implement a
regulation

e Explain requirements and limits of an FAA grant
program

e Expand on standards needed to promote aviation
safety, including the safe operation of airports

There are three parts to an AC number, asin 25-42C. The
first part of the number identifies the subject matter area
of the AC and corresponds to the appropriate 14 CFR part.
For example, an AC on “ Certification: Pilots and Flight and
Ground Instructors” is numbered as AC 61-65E. Since ACs
are numbered sequentially within each subject area, the
second part of the number beginning with the dash identifies
thissequence. Thethird part of the number isaletter assigned
by the originating office and shows the revision sequence if
an AC isrevised. Thefirst version of an AC does not have
arevision letter. In Figure 1-17, thisis the fifth revision, as
designated by the “E.”

Flight Publications

The FAA, in concert with other government agencies,
orchestrates the publication and changes to publications
that are key to safe flight. Figure 1-18 illustrates some
publications a pilot may use.
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Figure 1-17. Example of an Advisory Circular initsfifth revision.
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Figure 1-18. Fromleft to right, a sectional VFR chart, IFR chart, and chart supplement U.S. (formerly Airport/Facility Directory) with

a sample of a page from the supplement.

Pilot and Aeronautical Information

Noticesto Airmen (NOTAMS)

Noticesto Airmen, or NOTAMs, aretime-critical aeronautical
information either temporary in nature or not sufficiently
known in advance to permit publication on aeronautical
charts or in other operational publications. The information
receivesimmediate dissemination viathe National Noticeto
Airmen (NOTAM) System. NOTAMscontain current notices
to airmen that are considered essential to the safety of flight,
as well as supplemental data affecting other operational
publications. There aremany different reasonsthat NOTAMSs
are issued. Following are some of those reasons:

e Hazards, such as air shows, parachute jumps, kite
flying, and rocket launches

e Hlights by important people such as heads of state

e Closed runways

e Inoperableradio navigational aids

e Military exerciseswith resulting airspace restrictions
e Inoperable lights on tall obstructions

e Temporary erection of obstacles near airfields

*  Passageof flocksof birdsthrough airspace (aNOTAM
in this category is known asa BIRDTAM)

e Notifications of runway/taxiway/apron status with
respect to snow, ice, and standing water (@SNOWTAM)
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* Notification of an operationally significant change in
volcanicashor other dust contamination (an ASHTAM)

e Software code risk announcements with associated
patches to reduce specific vulnerabilities

NOTAM information is generally classified into four
categories: NOTAM (D) or NOTAMSs that receive distant
dissemination, distant and Flight Data Center (FDC)
NOTAMSs, Pointer NOTAMs, and Military NOTAMs
pertaining to military airportsor NAV Al Dsthat are part of the
NAS. NOTAMsareavailablethrough Flight Service Station
(FSS), Direct User Access Termina Service (DUATS),
private vendors, and many online websites.

NOTAM (D) Information

NOTAM (D) information isdisseminated for al navigational
facilitiesthat are part of the NAS, and all public useairports,
seaplane bases, and heliports listed in the Chart Supplement
U.S. (formerly Airport/Facility Directory). NOTAM (D)
information now includes such data as taxiway closures,
personnel and equipment near or crossing runways, and
airport lighting aids that do not affect instrument approach
criteria, such as visual approach slope indicator (VAS!).
All D NOTAMs are required to have one of the following
keywords as the first part of the text: RWY, TWY, RAMP,
APRON, AD, OBST, NAV, COM, SVC, AIRSPACE, (U),
or (O). [Figure 1-19]
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FDC NOTAMs

FDC NOTAMs are issued by the National Flight Data
Center and contain information that is regulatory in nature
pertaining to flight including, but not limited to, changes
to charts, procedures, and airspace usage. FDC NOTAMs
refer to information that is regulatory in nature and includes
the following:

Interim IFR flight procedures:

1. Airway structure changes

2. Instrument approach procedure changes (excludes
Departure Procedures (DPs) and Standard
Terminal Arrivals (STARS)

3. Airspace changesin general

4. Specid instrument approach procedure changes

e Temporary flight restrictions (discussed in Chapter 15):
1. Disaster areas

2. Special eventsgenerating ahigh degree of interest

Flight restrictions in the proximity of the President
and other parties

14 CFR part 139 certificated airport condition changes
Snow conditions affecting glide slope operation

Air defense emergencies

Emergency flight rules

Substitute airway routes

Specia data

U.S. Government charting corrections

Laser activity

NOTAM Composition

NOTAMSs contain the elements below from left to right in
the following order:

An exclamation point (!)

Accountability Location (the identifier of the
accountability location)

3. Hijacking
Keyword Example Meaning
RWY RWY 3/21 CLSD Runways 3 and 21 are closed to aircraft.
TWY TWY F LGTS OTS Taxiway F lights are out of service.
RAMP RAMP TERMINAL EAST SIDE The ramp in front of the east side of the terminal has ongoing
CONSTRUCTION construction.
APRON APRON SW TWY C NEAR The apron near the southwest taxiway C in front of the hangars
HANGARS CLSD is closed.
AD AD ABN OTS Aerodromes: The airport beacon is out of service.
OBST OBST TOWER 283 (245 AGL) 2.2 Obstruction: The lights are out of service on a tower that is 283 feet
S LGTS OTS (ASR 1065881) TIL above mean sea level (MSL) or 245 feet above ground level (AGL)
0707272300 2.2 statute miles south of the field. The FCC antenna structure
registration (ASR) number is 1065881. The lights will be returned to
service 2300 UTC (Coordinated Universal Time) on July 27, 2007.
NAV NAV VOR OTS Navigation: The VOR located on this airport is out of service.
COM COM ATIS OTS Communications: The Automatic Terminal information Service
(ATIS) is out of service.
SvC SVC TWR 1215-0330 Service: The control tower has new operating hours, 1215-0330
MON -FRI/1430-2300 SAT/1600-0100 UTC Monday Thru Friday. 1430-2300 UTC on Saturday and
SUN TIL 0707300100 1600-0100 UTC on Sunday until 0100 on July 30, 2007.
SVC FUEL UNAVBL TIL 0707291600 Service: All fuel for this airport is unavailable until July 29, 2007,
at 1600 UTC.
SVC CUSTOMS UNAVBL TIL 0708150800 Service: United States Customs service for this airport will not be
available until August 15, 2007, at 0800 UTC.
AIRSPACE AIRSPACE AIRSHOW ACFT Airspace. There is an airshow being held at this airport with aircraft
5000/BLW 5 NMR AIRPORT flying 5,000 feet and below within a 5 nautical mile radius.
AVOIDANCE ADZD WEF Avoidance is advised from 2000 UTC on July 15, 2007, until 2200
0707152000-0707152200 on July 15, 2007.
U ORT 6K8 (U) RWY ABANDONED VEHICLE | Unverified aeronautical information.
(0] LOZ LOZ (O) CONTROLLED BURN OF Other aeronautical information received from any authorized source
HOUSE 8 NE APCH END RWY 23 WEF that may be beneficial to aircraft operations and does not meet
0710211300-0710211700 defined NOTAM criteria.

Figure 1-19. NOTAM (D) Information.
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e Affected Location (theidentifier of theaffected facility
or location)

¢  KEYWORD (one of the following: RWY, TWY,
RAMP, APRON, AD, COM, NAV, SVC, OBST,
AIRSPACE, (U) and (O))

e Surface Identification (optional—this shall be the
runway identification for runway related NOTAMS,
the taxiway identification for taxiway-related
NOTAMSs, or the ramp/apron identification for ramp/
apron-related NOTAMS)

e Condition (the condition being reported)

e Time (identifiesthe effective time(s) of the NOTAM
condition)

Altitude and height are in feet mean sealevel (MSL) up to
17,999; e.g., 275, 1225 (feet and MSL isnot written), and in
flight levels (FL) for 18,000 and above; e.g., FL 180, FL550.
When M SL isnot known, above ground level (AGL) will be
written (304 AGL).

WhentimeisexpressedinaNOTAM, the day beginsat 0000
and ends at 2359. Times used in the NOTAM system are
universal time coordinated (UTC) andshall be stated in 10
digits (year, month, day, hour, and minute). The following
are two examples of how the time would be presented:

IDCA LDN NAV VOR OTSWEF
0708051600-0708052359

IDCA LDN NAV VOR OTSWEF
0709050000-0709050400

NOTAM Dissemination and Availability

The system for disseminating aeronautical information is
made up of two subsystems: the Airmen'sInformation System
(AlS) andtheNOTAM System. The AlSconsistsof chartsand
publications and is disseminated by the following methods:

Aeronautical charts depicting permanent baseline data:

e |IFRCharts—EnrouteHigh Altitude ConterminousU.S,,
Enroute Low Altitude ConterminousU.S., Alaska
Charts, and Pacific Charts

e U.S. Terminal Procedures—Departure Procedures
(DPs), Standard Terminal Arrivals (STARS) and
Standard Instrument Approach Procedures (SIAPS)

e VFR Charts—Sectiona Aeronautical Charts, Terminal
Area Charts (TAC), and World Aeronautical Charts
(WAC)
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Flight information publications outlining baseline data:

e Notices to Airmen (NTAP)—Published by System
Operations Services, System Operations and Safety,
Publications, every 28 days)

e Chart Supplement U.S. (formerly Airport/Facility
Directory)

e Pacific Chart Supplement

e Alaska Supplement

e AlaskaTermina

* Aeronautical Information Manual (AIM)

NOTAMsareavailablein printed form through subscription
from the Superintendent of Documents, from an FSS, or
online at PilotWeb (www.pilotweb.nas.faa.gov), which
provides access to current NOTAM information. Local
airport NOTAMSs can be obtained online from various
websites. Some examples are www.fltplan.com and www.
aopa.org/whatsnew/notams.html. Most sites require a free
registration and acceptance of terms but offer pilots updated
NOTAMsand TFRs.

Safety Program Airmen Notification System (SPANS)

In 2004, the FAA launched the Safety Program Airmen
Notification System (SPANS), an online event notification
system that provides timely and easy-to-assess seminar
and event information notification for airmen. The SPANS
system is taking the place of the current paper-based mail
system. Thisprovidesbetter serviceto airmen whilereducing
costs for the FAA. Anyone can search the SPANS system
and register for events. To read more about SPANS, visit
www.faasafety.gov/spans.

Aircraft Classifications and Ultralight
Vehicles

The FAA uses various ways to classify or group machines
operated or flown in the air. The most general grouping uses
the term aircraft. Thisterm isin 14 CFR 1.1 and means a
devicethat isused or intended to be used for flight in the air.

Ultralight vehicle is another general term the FAA uses.
This term is defined in 14 CFR 103. As the term implies,
powered ultralight vehicles must weigh lessthan 254 pounds
empty weight and unpowered ultralight vehicles must
weigh less than 155 pounds. Rules for ultralight vehicles
are significantly different from rules for aircraft; ultralight
vehiclecertification, registration, and operation rulesare also
contained in 14 CFR 103.
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The FAA differentiates aircraft by their characteristics and
physical properties. Key groupings defined in 14 CFR 1.1
include:

Airplane—an engine-driven fixed-wing aircraft
heavier than air, that is supported in flight by the
dynamic reaction of the air against its wings.

Glider—a heavier-than-air aircraft, that is supported
in flight by the dynamic reaction of the air against its
lifting surfaces and whose free flight does not depend
principally on an engine.

Lighter-than-air aircraft—an aircraft that canriseand
remain suspended by using contained gas weighing
less than the air that is displaced by the gas.

- Airship—an engine-driven lighter-than-air
aircraft that can be steered.

- Balloon—a lighter-than-air aircraft that is not
enginedriven, and that sustainsflight through the
use of either gas buoyancy or an airborne heater.

Powered-lift—a heavier-than-air aircraft capable of
vertical takeoff, vertical landing, and low speed flight
that depends principally on engine-driven lift devices
or enginethrust for lift during these flight regimesand
onnonrotating airfoil(s) for lift during horizontal flight.

Powered parachute—a powered aircraft comprised of
aflexible or semi-rigid wing connected to afuselage
so that the wing is not in position for flight until
the aircraft is in motion. The fuselage of a powered
parachute contains the aircraft engine, a seat for each
occupant and Isattached to the aircraft'slanding gear.

Rocket—an aircraft propelled by gected expanding
gases generated in the engine from self-contained
propellants and not dependent on the intake of outside
substances. It includes any part which becomes
separated during the operation.

Rotorcraft—a heavier-than-air aircraft that depends
principally for itssupport in flight on thelift generated
by one or more rotors.

- Gyroplane—a rotorcraft whose rotors are not
engine-driven, except for Initial starting, but
are made to rotate by action of the air when
the rotorcraft Is moving; and whose means of
propulsion, consisting usually of conventional
propellers, is Independent of the rotor system.

- Helicopter—a rotorcraft that, for its horizontal
motion, depends principally onits engine-driven
rotors.

Welght-shift-control—apowered aircraft with aframed

pivoting wing and afuselage controllable only in pitch
and roll by the pilot's ability to change the aircraft’'s

center of gravity with respect to thewing. Flight control
of theaircraft depends on thewing's ability to flexibly
deform rather than the use of control surfaces.

Size and weight are other methods used in 14 CFR 1.1 to
group aircraft:

Large aircraft—an aircraft of more than 12,500
pounds, maximum certificated takeoff weight.

Light-sport aircraft (LSA)—an aircraft, other than
a helicopter or powered-lift that, since its original
certification, has continued to meet the definition in
14 CFR 1.1. (LSA can include airplanes, airships,
balloons, gliders, gyro planes, powered parachutes,
and weight-shift-control.)

Small Aircraft—aircraft of 12,500 pounds or less,
maximum certificated takeoff weight.

We also use broad classifications of aircraft with respect to
the certification of airmen or with respect to the certification
of the aircraft themselves. See the next section, Pilot
Certifications, and Chapter 3, for further discussion of
certification. These definitionsarein 14 CFR 1.1:

Category

1. Asused with respect to the certification, ratings,
privileges, and limitations of airmen, means a
broad classification of aircraft. Examplesinclude:
airplane; rotorcraft; glider; and lighter-than-air;
and

2. As used with respect to the certification of
aircraft, means agrouping of aircraft based upon
intended use or operating limitations. Examples
include: transport, normal, utility, acrobatic,
limited, restricted, and provisional.

Class

1. Asused with respect to the certification, ratings,
privileges, and limitations of airmen, means a
classification of aircraft within acategory having
similar operating characteristics. Examples
Include: single engine; multiengine; land; water;
gyroplane, helicopter, airship, and free balloon;
and

2. As used with respect to the certification of
aircraft, meansabroad grouping of aircraft having
similar characteristics of propulsion, flight, or
landing. Examples include: airplane, rotorcraft,
gilder, balloon, landplane, and seaplane.

Type
1. Asused with respect to the certification, ratings,
privileges, and limitations of airmen, means
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a specific make and basic model of aircraft,
Including modifications thereto that do not
change its handling or flight characteristics.
Examplesinclude: 737-700, G-1V, and 1900; and

2. As used with respect to the certification of
aircraft, means those aircraft which are similar
in design. Examples include: 737-700 and 737-
700C; G-V and G-1V-X; and 1900 and 1900C.

This system of definitions allows the FAA to group and
regulate aircraft to provide for their safe operation.

Pilot Certifications

The type of intended flying influences what type of pilot’'s
certificate is required. Eligibility, training, experience,
and testing requirements differ depending on the type of
certificates sought. [Figure 1-20] Each type of pilot’s
certificate has privileges and limitations that are inherent
within the certificate itself. However, other privileges and
limitations may be applicable based on the aircraft type,
operation being conducted, and the type of certificate.
For example, a certain certificate may have privileges and
limitations under 14 CFR part 61 and part 91.

SIOF AMERICA

Figure 1-20. Front side (top) and back side (bottom) of an airman
certificate issued by the FAA.
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e Privileges—definewhere and when the pilot may fly,
with whom they may fly, the purpose of theflight, and
the type of aircraft they are allowed to fly.

e Limitations—the FAA may impose limitations on a
pilot certificateif, during training or the practical test,
the pilot does not demonstrate all skills necessary to
exercise all privileges of a privilege level, category,
class, or typerating.

Endorsements, aform of authorization, arewritten to establish
that the certificate holder hasreceived training in specific skill
areas. Endorsements are written and signed by an authorized
individual, usually a certificated flight instructor (CFl), and
are based on aircraft classification. [Figure 1-21]

Sport Pilot

To become asport pilot, the student pilot isrequired to have
flown, at a minimum, the following hours depending upon
the aircraft:

* Airplane: 20 hours

*  Powered Parachute: 12 hours

*  Weight-Shift Control (Trikes): 20 hours
e Glider: 10 hours

e Rotorcraft (gyroplane only): 20 hours

e Lighter-Than-Air: 20 hours (airship) or 7 hours
(balloon)

To earn a Sport Pilot Certificate, one must:

e Beatleast 16 yearsold to becomeastudent sport pilot
(14 years old for gliders or balloons)

e Beat least 17 years old to test for a sport pilot
certificate (16 years old for gliders or balloons)

e Be able to read, write, and understand the English
language

e Hold acurrent and valid driver’s license as evidence
of medical eligibility

When operating as a sport pilot, some of the following
privileges and limitations may apply.

Privileges:
e Operate as pilot in command (PIC) of a light-sport
aircraft

e Carry apassenger and share expenses (fuel, ail, airport
expenses, and aircraft rental)

e Fly during the daytime using VFR, a minimum of
3 statute miles visibility and visual contact with the
ground are required



Recreational pilot to conduct solo flights for the purpose of obtaining an additional certificate or rating while under
the supervision of an authorized flight instructor: section 61.101(i).

| certify that (First name, Ml, Last name) has received the required training of section 61.87 in a (make and model
aircraft). | have determined he/she is prepared to conduct a solo flight on (date) under the following conditions: (List
all conditions which require endorsement, e.qg., flight which requires communication with air traffic control, flight in an
aircraft for which the pilot does not hold a category/class rating, etc.).

N I A N N U W

Figure 1-21. Example endorsement for arecreational pilot to conduct solo flights for the purpose of determining an additional certificate

or rating.

Limitations;

e Prohibited from flying in Class A airspace
e Prohibited from flying in Class B, C, or D airspace

until you receivetraining and alogbook endorsement
from an instructor

* No flights outside the United States without prior
permission from the foreign aviation authority

e May not tow any object
* Noflightswhile carrying a passenger or property for
compensation or hire

e Prohibited from flying in furtherance of abusiness

The sport pilot certificate does not list aircraft category
and class ratings. After successfully passing the practical
test for a sport pilot certificate, regardless of the light-sport
aircraft privileges you seek, the FAA will issue you a sport
pilot certificate without any category and class ratings. The
Instructor will provide you with the appropriate logbook
endorsement for the category and class of aircraft in which
you are authorized to act as pilot in command.

Recreational Pilot
To become arecreational pilot, one must:

e Beatleast 17 yearsold

e Be able to read, write, speak, and understand the
English language

e Passtherequired knowledge test

e Meet the aeronautical experience requirements in
either a single-engine airplane, a helicopter, or a
gyroplane.

e Obtain alogbook endorsement from an instructor
e Passtherequired practical test

¢ Obtain athird-class medical certificate issued under
14 CFR part 67

Asarecreational pilot, cross-country flight islimited to a50
NM range from the departure airport but is permitted with
additional training per 14 CFR part 61, section 61.101(c).
Additionally, recreational pilots are restricted from flying
at night and flying in airspace where communications with
ATC are required.

The minimum aeronautical experience requirements for a
recreational pilot license involve:

e 30 hoursof flight timeincluding at |east:
e 15 hours of dua instruction
e 2 hoursof enroute training
»  3hoursin preparation for the practical test
» 3 hoursof solo flight

When operating asarecreational pilot, someof thefollowing
privileges and limitations may apply.

Privileges:
e Carry no more than one passenger;

*  Not pay less than the pro rata share of the operating
expenses of a flight with a passenger, provided the
expenses involve only fuel, oil, airport expenses, or
aircraft rental fees

Limitations:

» A recreational pilot may not act as PIC of an aircraft
that is certificated for morethan four occupantsor has
more than one powerplant.

Private Pilot

A private pilot is one who flies for pleasure or persona
business without accepting compensation for flying except
in some very limited, specific circumstances. The Private
Pilot Certificate is the certificate held by the majority of
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active pilots. It allows command of any aircraft (subject
to appropriate ratings) for any noncommercial purpose
and gives almost unlimited authority to fly under VFR.
Passengers may be carried and flight in furtherance of a
business is permitted; however, a private pilot may not be
compensated in any way for services as a pilot, although
passengers can pay a pro rata share of flight expenses, such
as fuel or rental costs. If training under 14 CFR part 61,
experience requirementsinclude at least 40 hours of piloting
time, including 20 hours of flight with an instructor and 10
hours of solo flight. [Figure 1-22]

Commercial Pilot

A commercial pilot may be compensated for flying. Training
for the certificate focuses on a better understanding of
aircraft systems and a higher standard of airmanship. The
Commercial Pilot Certificate itself does not allow a pilot
to fly in instrument meteorological conditions (IMC), and
commercial pilotswithout an instrument rating are restricted
to daytime flight within 50 NM when flying for hire.

A commercial airplane pilot must be able to operate
a complex airplane, as a specific number of hours of
complex (or turbine-powered) aircraft time are among
the prerequisites, and at least a portion of the practical
examination is performed in acomplex aircraft. A complex
aircraft must have retractable landing gear, movable flaps,
and a controllable-pitch propeller. See 14 CFR part 61,
section 61.31(e) for additional information. [ Figure 1-23]

Airline Transport Pilot

Theairline transport pilot (ATP) istested to the highest level
of piloting ability. The ATP certificate is a prerequisite for
serving as a PIC and second in command (SIC) of scheduled
airline operations. It isalso aprerequisitefor servingasaPIC
inselect charter and fractional operations. The minimum pilot
experienceis 1,500 hours of flight time. In addition, the pilot
must be at least 23 years of age, be ableto read, write, speak,

Figure 1-23. A complex aircraft.

and understand the English language, and be “ of good moral
standing.” A pilot may obtain an ATP certificatewith restricted
privileges enabling him/her to serve as an SIC in scheduled
airline operations. The minimum pilot experienceis reduced
based upon specific academic and flight training experience.
The minimum ageto be digibleis 21 years. [ Figure 1-24]

Selecting a Flight School

Selecting a flight school is an important consideration in
the flight training process. FAA-approved training centers,
FAA-approved pilot schools, noncertificated flying schools,
and independent flight instructors conduct flight training in
the United States. All flight training is conducted under the
auspices of the FAA following the regulations outlined in
14 CFR parts 142, 141, or 61. Training centers, also referred
to as flight academies, operate under 14 CFR part 142 and
are certificated by the FAA. Application for certification
is voluntary and the training center must meet stringent
requirements for personnel, equipment, maintenance,
facilities, and must teach a curriculum approved by the
FAA. Training centers typically utilize a number of flight
simulation training devices as part of its curricula. Flight
training conducted at a training center is primarily done
under contract to airlines and other commercial operators
in transport or turbine aircraft, however many also provide

Figure 1-22. Atypical aircraft a private pilot might fly.
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flight training for the private pilot certificate, commercia
pilot certificate, instrument rating, and ATP certificate.

Flight schools operating under 14 CFR part 141 are
certificated by the FAA. Application for certification is
voluntary and the school must meet stringent requirements
for personnel, equipment, maintenance, facilities, and must
teach an established curriculum, which includes a training
courseoutline (TCO) approved by the FAA. The certificated
schools may qualify for a ground school rating and a flight
school rating. In addition, the school may be authorized
to give its graduates practica (flight) tests and knowledge
(computer administered written) tests. The FAA Pilot School
Search database located at http://av-info.faa.gov/PilotSchooal .
asp, lists certificated ground and flight schools and the pilot
training courses each school offers.

Enrollment in a 14 CFR part 141 flight school ensures
quality, continuity, and offersastructured approach to flight
training because these facilities must document the training
curriculum and have their flight courses approved by the
FAA. These strictures allow 14 CFR part 141 schools to
completecertificatesand ratingsin fewer flight hours, which
can mean a savings on the cost of flight training for the
student pilot. For example, the minimum requirement for a
Private Pilot Certificateis 35 hoursin apart 141-certificated
school and 40 hours in a part 61-certificated school. (This
difference may beinsignificant for aPrivate Pilot Certificate
because the national averageindicates most pilotsrequire 60
to 75 hours of flight training.)

Many excellent flight schools find it impractical to qualify
for the FAA part 141 certificates and are referred to as part
61 schools. 14 CFR part 61 outlines certificate and rating
requirements for pilot certification through noncertificated
schools and individua flight instructors. It also states what
knowledge-based training must be covered and how much
flight experience is required for each certificate and rating.
Flight schools and flight instructors who train must adhere
to the statutory requirements and train pilotsto the standards
found in 14 CFR part 61.

One advantage of flight training under 14 CFR part 61 isits
flexibility. Flight lessons can be tailored to the individua
student, because 14 CFR part 61 dictates the required
minimum flight experience and knowledge-based training
necessary to gain a specific pilot’s license, but it does not
stipulate how the training isto be organized. Thisflexibility
can aso be a disadvantage because a flight instructor who
fails to organize the flight training can cost a student pilot
time and expense through repetitious training. One way for
a student pilot to avoid this problem is to ensure the flight
instructor has a well-documented training syllabus.

How To Find a Reputable Flight Program

To obtain information about pilot training, contact the local
FSDO, which maintainsacurrent fileon all schoolswithinits
district. The choice of aflight school dependson what type of
certificateis sought, and whether an individual wishesto fly
asasport pilot or wishesto pursue a career asaprofessional
pilot. Another consideration is the amount of time that can
be devoted to training. Ground and flight training should
be obtained as regularly and frequently as possible because
this assures maximum retention of instruction and the
achievement of requisite proficiency.

Do not make the determination based on financial concerns
alone, because the quality of training is very important.
Prior to making a final decision, visit the schools under
consideration and talk with management, instructors, and
students. Request apersonal tour of theflight school facility.

Be inquisitive and proactive when searching for a flight
school, do some homework, and develop a checklist of
questions by talking to pilots and reading articles in flight
magazines. The checklist should include questions about
aircraft reliability and maintenance practices, and questions
for current students such as whether or not there is a safe,
clean aircraft available when they are scheduled to fly.

Questions for the training facility should be aimed at
determining if the instruction fits available persona time.
What arethe school’ soperating hours? Doesthefacility have
dedicated classrooms available for ground training required
by the FAA?Istherean areaavailablefor preflight briefings,
postflight debriefings, and critiques? Aretheseroomsprivate
in nature in order to provide a nonthreatening environment
in which theinstructor can explain the content and outcome
of the flight without making the student feel self-conscious?

Examinethefacility before committing to any flight training.
Evaluate the answers on the checklist, and then take time to
think things over before making a decision. This proactive
approach to choosing a flight school will ensure a student
pilot contracts with a flight school or flight instructor best
suited to their individual needs.

How To Choose a Certificated Flight Instructor (CFI)
Whether an individual chooses to train under 14 CFR part
141 or part 61, the key to an effective flight program is the
quality of the ground and flight training received from the
CFIl. The flight instructor assumes total responsibility for
training an individual to meet the standards required for
certification within an ever-changing operating environment.
A CFIl should possess an understanding of the learning
process, knowledge of the fundamentals of teaching, and
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the ability to communicate effectively with the student pilot.
During the certification process, aflight instructor applicant
istested onthe practical application of these skillsin specific
teaching situations. The flight instructor is crucial to the
scenario-based training program endorsed by the FAA. He
or sheistrained to functionin thelearning environment asan
advisor and guidefor thelearner. The duties, responsibilities,
and authority of the CFl include the following:

e Orient the student to the scenario-based training
system

e Help the student become a confident planner and
inflight manager of each flight and acritical evaluator
of their own performance

e Help the student understand the knowledge
reguirements present in real world applications

e Diagnose learning difficulties and help the student
overcome them

e Evaluate student progress and maintain appropriate
records

e Provide continuous review of student learning

Should astudent pilot find the selected CFl isnot training in
amanner conducive for learning, or the student and CFl do
not have compatible schedul es, the student pilot should find
another CFIl. Choosing theright CFl isimportant becausethe
quality of instruction and the knowledge and skills acquired
from their flight instructor affect a student pilot’s entire
flying career.

The Student Pilot

Thefirst stepin becoming apilotisto select atypeof aircraft.
FAA rulesfor obtaining apilot’ scertificate differ depending
on the type of aircraft flown. Individuals can choose among
airplanes, gyroplanes, weight-shift, helicopters, powered
parachutes, gliders, balloons, or airships. A pilot does not
need a certificate to fly ultralight vehicles.

Basic Requirements

A student pilot is one who is being trained by an instructor
pilot for his or her first full certificate, and is permitted
to fly alone (solo) under specific, limited circumstances.
Before a student pilot may be endorsed to fly solo, that
student must have a Student Pilot Certificate. There are
multiple ways that an aspiring pilot can obtain their Student
Pilot Certificate. The application may be processed by an
FAA inspector or technician, an FAA-Designated Pilot
Examiner, a Certified Flight Instructor (CFI), or an Airman
Certification Representative (ACR). If the application is
completed electronically, the authorized person will submit
the application to the FAA’s Airman Certification Branch
(AFS-760) in Oklahoma City, OK, via the Integrated
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Airman Certification and Rating Application (IACRA). If
the application is completed on paper, it must be sent to
thelocal Flight Standards District Office (FSDO), who will
forwardit to AFS-760. Oncetheapplicationis processed, the
applicant will receive the Student Pilot Certificate by mail at
the address provided on the application.

The aforementioned process will become effective on April
1, 2016. The new certificate will be printed on aplastic card,
whichwill replacethe paper certificate that wasissued inthe
past. The plastic card certificate will not have an expiration
date. Paper certificates issued prior to the new process will
still expire according to the date on the certificate; however,
under the new process, paper certificates cannot be renewed.
Once the paper certificate expires, the Student Pilot must
submit a new application under the new process. Another
significant changein the new processisthat flight instructors
will now make endorsements for solo privileges in the
Student Pilot’s logbook, instead of endorsing the Student
Pilot Certificate.

To be eligible for a Student Pilot Certificate, the applicant
must:

» Beatleast 16 years of age (14 years of ageto pilot a
glider or balloon).

» Be able to read, speak, write, and understand the
English language.

Medical Certification Requirements

The second step in becoming a pilot is to obtain a medical
certificate (if the choice of aircraft isan airplane, helicopter,
gyroplane, or an airship). (The FAA suggeststhe individual
get amedical certificate before beginning flight training to
avoid the expense of flight training that cannot be continued
due to amedical condition.) Balloon or glider pilots do not
need a medical certificate, but do need to write a statement
certifying that no medical defect exists that would prevent
them from piloting a balloon or glider. The new sport pilot
category does not require amedical examination; adriver's
license can be used as proof of medical competence.
Applicants who fail to meet certain requirements or who
have physical disabilities which might limit, but not
prevent, their acting as pilots, should contact the nearest
FAA office. Anyonerequesting an FAA Medical Clearance,
Medical Certificate, or Student Pilot Medical Certificate can
electronically complete an application through the FAA’s
MedXPress system available at https://medxpress.faa.gov/.

A medical certificate is obtained by passing a physical
examination administered by a doctor who is an FAA-
authorized AME. There are approximately 6,000
FAA-authorized AMEs in the nation. To find an AME near
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you, go to the FAA’s AME locator at www.faa.gov/pilots/
amelocator/. Medical certificatesare designated asfirst class,
second class, or third class. Generally, first classis designed
for theairlinetransport pilot; second classfor the commercial
pilot; and third classfor the student, recreational, and private
pilot. A Student Pilot Certificate can be processed by an FAA
inspector or technician, an FAA Designated pilot examiner
(DPE), an Airman Certification Representative (ACR), or a
Certified Flight Instructor (CFI). This certificate allows an
individual who is being trained by aflight instructor to fly
alone (solo) under specific, limited circumstances and must
be carried with the student pilot while exercising solo flight
privileges. The Student Pilot Certificate is only required
when exercising solo flight privileges. The new plastic
student certificate does not have an expiration date. For
airmen who were issued a paper certificate, that certificate
will remain valid until itsexpiration date. A paper certificate
cannot berenewed. When the paper certificate expires, anew
application must be completed via the IACRA system, and
anew plastic certificate will be issued.

Student Pilot Solo Requirements

Onceastudent has accrued sufficient training and experience,
aCFl can endorse the student’ slogbook to authorize limited
solo flight in a specific type (make and model) of aircraft.
A student pilot may not carry passengers, fly in furtherance
of a business, or operate an aircraft outside of the various
endorsements provided by the flight instructor. Thereis no
minimum aeronautical knowledge or experience requirement
for the issuance of a Student Pilot Certificate, however, the
applicant must be at least 16 years of age (14 years of agefor
apilot for glider or balloon), and they must be able to read,
speak, write and understand the English language. Thereare,
however, minimum aeronautical knowledge and experience
requirements for student pilots to solo.

Becoming a Pilot

The course of instruction a student pilot follows depends on
thetype of certificate sought. It should includetheground and
flight training necessary to acquire the knowledge and skills
required to safely and efficiently function as a certificated
pilot in the selected category and class of aircraft. The
specific knowledge and skill areas for each category and
class of aircraft are outlined in 14 CFR part 61. Eligibility,
aeronautical knowledge, proficiency, and aeronautical
requirements can be found in 14 CFR part 61.

e Recreational Pilot, see subpart D
e Private Pilot, see subpart E
e Sport Pilot, see subpart J

The knowledge-based portion of training is obtained through
FAA handbooks such asthisone, textbooks, and other sources

of training and testing materials which are available in print
form from the Superintendent of Documents, GPO, and
online at the Regulatory Support Division: www.faa.gov/
about/office_org/headquarters_offices/avs/offices/afs/af s600.

The CFl may also use commercial publications as a source
of study materials, especialy for aircraft categories where
government materials are limited. A student pilot should
follow the flight instructor’s advice on what and when to
study. Planning a definite study program and following it as
closely aspossiblewill helpin scoring well on theknowledge
test. Haphazard or disorganized study habits usually result
in an unsatisfactory score.

In addition to learning aeronautical knowledge, such as the
principles of flight, a student pilot is also required to gain
skill in flight maneuvers. The selected category and class of
aircraft determines the type of flight skills and number of
flight hours to be obtained. There are four stepsinvolved in
learning a flight maneuver:

*  TheCFl introduces and demonstratesflight maneuver
to the student.

e TheCFl talksthe student pilot through the maneuver.

e The student pilot practices the maneuver under CFl
supervision.

e The CFl authorizes the student pilot to practice the
maneuver solo.

Once the student pilot has shown proficiency in therequired
knowledge areas, flight maneuvers, and accrued the required
amount of flight hours, the CFl endorses the student pilot
logbook, which allows the student pilot to take the written
and practical tests for pilot certification.

Knowledge and Skill Tests

Knowledge Tests

Theknowledgetest isthe computer portion of theteststaken
to obtain pilot certification. The test contains questions of
the objective, multiple-choice type. This testing method
conserves the applicant's time, eliminates any element of
individual judgment in determining grades, and saves time
in scoring.

FAA Airman Knowledge Test Guidesfor every type of pilot
certificate address most questions you may have regarding
the knowledge test process. The guides are available on-
line (free of charge) at http://www.faa.gov/training_testing/
testing/test_guides/.
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When To Take the Knowledge Test

The knowledge test is more meaningful to the applicant
and more likely to result in a satisfactory grade if it istaken
after beginning the flight portion of the training. Therefore,
the FAA recommends the knowledge test be taken after the
student pilot has completed a solo cross-country flight. The
operational knowledge gained by thisexperience can be used
to the student’ sadvantagein the knowledgetest. The student
pilot’s CFl isthe best person to determine when the applicant
isready to take the knowledge test.

Practical Test

The FAA has developed PTS for FAA pilot certificates
and associated ratings. [Figure 1-25] In 2015, the FAA
began transitioning to the ACS approach. The ACS is
essentially an “enhanced” version of the PTS. It adds task-
specific knowledge and risk management elements to each
PTS Area of Operation and Task. The result is a holistic,
integrated presentation of specific knowledge, skills, and
risk management elements and performance metricsfor each
Area of Operation and Task The ACS evaluation program
will eventually replace the PTS program for evaluating and
certifying pilots.

The practical tests are administered by FAA ASlsand DPEs.
Title 14 CFR part 61 specifiesthe areas of operationinwhich

knowledge and skill must be demonstrated by the applicant.
Since the FAA requires al practica tests be conducted in
accordancewith theappropriate PTSand the policies set forth
inthe Introduction section of the PTSbook. The pilot applicant
should become familiar with this book during training.

The PTS book is a testing document and not intended to be
atraining syllabus. An appropriately-rated flight instructor
is responsible for training the pilot applicant to acceptable
standards in all subject matter areas, procedures, and
maneuvers. Descriptions of tasks and information on how to
perform maneuversand proceduresare contained in reference
and teaching documents such as this handbook. A list of
reference documentsis contained in the Introduction section
of each PTS book. Copies may obtained by:

Downloading from the FAA website at www.faa.gov

Purchasing print copies from the GPO, Pittsburgh,
Pennsylvania, or via their official online bookstore
at www.access.gpo.gov

The flight proficiency maneuvers listed in 14 CFR part 61
are the standard skill requirements for certification. They
are outlined in the PTS as “areas of operation.” These are
phases of the practical test arranged in a logical sequence
within the standard. They begin with preflight preparation
and end with postflight procedures. Each area of operation
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Figure 1-25. Examples of Practical Test Sandards.
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contains “tasks,” which are comprised of knowledge areas,
flight procedures, and/or flight maneuvers appropriateto the
area of operation. The candidate is required to demonstrate
knowledge and proficiency in all tasks for the original
issuance of all pilot certificates.

When To Takethe Practical Test

14 CFR part 61 establishes the ground school and flight
experience requirements for the type of certification and
aircraft selected. However, the CFl best determineswhen an
applicantisqualified for the practical test. A practice practical
test is an important step in the flight training process.

The applicant will be asked to present the following
documentation:

*  FAA Form8710-1(8710.11 for sport pilot applicants),
Application for an Airman Certificate and/or Rating,
with the flight instructor’ s recommendation

e An Airman Knowledge Test Report with a
satisfactory grade

e« A medical certificate (not required for glider or
balloon), a Student Pilot Certificate, and a pilot
logbook endorsed by aflight instructor for solo, solo
cross-country (airplane and rotorcraft), and for the
make and model aircraft to be used for the practical
test (driver's license or medical certificate for sport
pilot applicants)

e Thepilot log book records

e Agraduation certificatefrom an FAA-approved school
(if applicable)

The applicant must provide an airworthy aircraft with
equipment relevant to the areas of operation required for
the practical test. He or she will also be asked to produce
and explain the:

e Aircraft’ sregistration certificate
e Aircraft' s airworthiness certificate

e Aircraft’s operating limitations or FAA-approved
aircraft flight manual (if required)

e Aircraft equipment list

e Required weight and balance data

e Maintenance records

e Applicable airworthiness directives (ADs)

For adetailed explanation of the required pilot maneuversand
performance standards, refer to the PTS pertaining to the type
of certification and aircraft selected. These standards may be
downloaded freeof chargefromthe FAA at www.faa.gov. They
may also be purchased from the Superintendent of Documents

or GPO bookstores. Mogt airport fixed-base operatorsand flight
schools carry avariety of government publicationsand charts,
aswell ascommercially published materials.

Who Administersthe FAA Practical Tests?

Dueto thevaried responsibilitiesof the FSDOs, practical tests
areusually given by DPEs. An applicant should schedulethe
practical test by appointment to avoid conflicts and wasted
time. A list of examiner names can be obtained from thelocal
FSDO. Since a DPE serveswithout pay from the government
for conducting practical tests and processing the necessary
reports, the examiner is allowed to charge a reasonable fee.
Thereisno charge for the practical test when conducted by
an FAA inspector.

Role of the Certificated Flight Instructor

To becomeaCFl, apilot must meet the provisionsof 14 CFR
part 61. The FAA placesfull responsibility for student flight
training on the shoulders of the CFl, who isthe cornerstone
of aviation safety. It isthejob of the flight instructor to train
the student pilot in all the knowledge areas and teach the
skills necessary for the student pilot to operate safely and
competently as a certificated pilot in the NAS. The training
includes airmanship skills, pilot judgment and decision-
making, and good operating practices.

A pilot training program depends on the quality of the
ground and flight instruction the student pilot receives. The
flight instructor must possess a thorough understanding of
the learning process, knowledge of the fundamentals of
teaching, and the ability to communicate effectively with the
student pilot. Use of astructured training program and formal
course syllabus is crucia for effective and comprehensive
flight training. It should be clear to the student in advance of
every lesson what the course of training will involve and the
criteria for successful completion. This should include the
flight instructor briefing and debriefing the student before and
after every lesson. Additionally, scenario-based training has
becomethe preferred method of flight instruction today. This
involves presenting the student with realistic flight scenarios
and recommended actions for mitigating risk.

Insistence on correct techniques and procedures from the
beginning of training by the flight instructor ensuresthat the
student pilot devel ops proper flying habits. Any deficiencies
in the maneuvers or techniques must immediately be
emphasized and corrected. A flight instructor servesasarole
model for the student pilot who observes the flying habits of
his or her flight instructor during flight instruction, as well
aswhen theinstructor conducts other pilot operations. Thus,
the flight instructor becomes a model of flying proficiency
for the student who, consciously or unconsciously, attempts
to imitate the instructor. For this reason, a flight instructor
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should observe recognized safety practices, as well as
regulations during all flight operations.

The student pilot who enrolls in a pilot training program
commits considerable time, effort, and expenseto achieve a
pilot certificate. Students often judge the effectiveness of the
flight instructor and the success of the pilot training program
based on their ability to pass the requisite FAA practical
test. A competent flight instructor stressesto the student that
practical testsare asampling of pilot ability compressed into
a short period of time. The goa of aflight instructor is to
train the “total” pilot.

Role of the Designated Pilot Examiner

The Designated Pilot Examiner (DPE) plays an important
role in the FAA’s mission of promoting aviation safety
by administering FAA practical tests for pilot and Flight
Instructor Certificates and associated ratings. Although
administering these tests is a responsihility of the ASI, the
FAA’shighest priority ismaking air travel safer by inspecting
aircraft that fly in the United States. To satisfy the need for
pilot testing and certification services, the FAA delegates
certain responsibilities to private individuals who are not
FAA employees.

Appointed in accordance with 14 CFR part 183, section
183.23, a DPE is an individual who meets the qualification
requirements of the Pilot Examiner’ sHandbook, FAA Order
8710.3, and who:

e Istechnicaly qualified

e Holds al pertinent category, class, and type ratings
for each aircraft related to their designation

e Meetsrequirementsof 14 CFR part 61, sections 61.56,
61.57, and 61.58, as appropriate

e Iscurrent and quaified to act as PIC of each aircraft
for which he or sheis authorized

¢ Maintains at least a Third-Class Medical Certificate,
if required

e Maintains a current Flight Instructor Certificate, if
required

Designated to perform specific pilot certification tasks
on behalf of the FAA, a DPE may charge a reasonable
fee. Generaly, a DPE’s authority is limited to accepting
applications and conducting practical tests leading to the
issuance of specific pilot certificates and/or ratings. The
majority of FAA practical testsat the private and commercial
pilot levels are administered by DPEs.

DPE candidates must have good industry reputations for
professionalism, integrity, a demonstrated willingness to
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serve the public, and must adhere to FAA policies and
procedures in certification matters. The FAA expects the
DPE to administer practical tests with the same degree of
professionalism, using the same methods, procedures, and
standards as an FAA ASI.

Chapter Summary

TheFAA hasentered the second century of civil aviationasa
robust government organization and istaking full advantage of
technology, such asGlobal Positioning System (GPS) satellite
technology to enhancethe safety of civil aviation. The Internet
has al so becomean important tool in promoting aviation safety
and providing around-the-clock resources for the aviation
community. Handbooks, regulations, standards, references,
and online courses are now available at www.faa.gov.

In keeping with the FAA’s belief that safety is a learned
behavior, the FAA offers many courses and seminars to
enhanceair safety. The FAA putsthe burden of ingtilling safe
flying habitson theflight instructor, who should follow basic
flight safety practicesand proceduresin every flight operation
he or she undertakes with a student pilot. Operational safety
practicesinclude, but are not limited to, collision avoidance
procedures consisting of proper scanning techniques, use of
checklists, runway incursion avoidance, positive transfer of
controls, and workload management. These saf ety practices
arediscussed morefully within thishandbook. Safeflight also
depends on Scenario-Based Training (SBT) that teachesthe
student pilot how to respond in different flight situations. The
FAA hasincorporated these techniques al ong with decision-
making methods, such as aeronautical decision-making
(ADM), risk management, and crew resource management
(CRM), which are covered more completely in Chapter 2,
Aeronautical Decision-Making.
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Introduction

Aeronautical decision-making (ADM) is decision-making
in a unique environment—aviation. It is a systematic
approach to the mental process used by pilotsto consistently
determine the best course of action in responseto agiven set
of circumstances. It iswhat apilot intendsto do based on the
latest information he or she has.
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The importance of learning and understanding effective
ADM skills cannot be overemphasized. While progress is
continually being made in the advancement of pilot training
methods, aircraft equipment and systems, and services
for pilots, accidents still occur. Despite all the changes in
technology to improve flight safety, one factor remains the
same: the human factor which leadsto errors. It is estimated
that approximately 80 percent of all aviation accidents are
related to human factors and the vast majority of these
accidents occur during landing (24.1 percent) and takeoff
(23.4 percent). [Figure 2-1]

ADM isasystematic approach to risk assessment and stress
management. To understand ADM is to also understand
how personal attitudes can influence decision-making and
how those attitudes can be modified to enhance safety in the
flight deck. Itisimportant to understand the factorsthat cause
humans to make decisions and how the decision-making
process not only works, but can be improved.

This chapter focuses on helping the pilot improve his or
her ADM skills with the goal of mitigating the risk factors
associated with flight. Advisory Circular (AC) 60-22,
“Aeronautical Decision-Making,” provides background
references, definitions, and other pertinent information about
ADM training in the genera aviation (GA) environment.
[Figure 2-2]

History of ADM

For over 25 years, theimportance of good pilot judgment, or
aeronautical decision-making (ADM), has been recognized
ascritical tothe safe operation of aircraft, aswell asaccident
avoidance. The airline industry, motivated by the need to
reduce accidents caused by human factors, devel oped thefirst
training programs based onimproving ADM. Crew resource
management (CRM) training for flight crews is focused on
the effective use of all availableresources; human resources,
hardware, and information supporting ADM to facilitate crew
cooperation and improve decision-making. The goal of all
flight crews is good ADM and the use of CRM is one way
to make good decisions.

Research in this area prompted the Federal Aviation
Administration (FAA) to produce training directed at
improving the decision-making of pilots and led to current
FAA regulationsthat require that decision-making be taught
as part of the pilot training curriculum. ADM research,
development, and testing culminated in 1987 with the
publication of six manuals oriented to the decision-making
needs of variously rated pilots. These manuals provided
multifaceted materials designed to reduce the number
of decision-related accidents. The effectiveness of these
materialswas validated in independent studieswhere student
pilotsreceived such training in conjunction with the standard
flying curriculum. When tested, the pilotswho had received
ADM-training madefewer in-flight errorsthan thosewho had

@l Percentage of General Aviation Accidents

N

Flight Time Flight Time
2% 83%

Flight Time
15%

Figure 2-1. The percentage of aviation accidents as they relate to the different phases of flight. Note that the greatest percentage of
accidents take place during a minor percentage of the total flight.
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Advisary
Circular

Figure 2-2. Advisory Circular (AC) 60-22, “ Aeronautical Decision Making,” carries a wealth of information for the pilot to learn.

not received ADM training. Thedifferenceswere statistically
significant and ranged from about 10 to 50 percent fewer
judgment errors. Inthe operational environment, an operator
flying about 400,000 hours annually demonstrated a 54
percent reduction in accident rate after using these materials
for recurrency training.

Contrary to popular opinion, good judgment can be taught.
Tradition held that good judgment was a natural by-product
of experience, but as pilots continued to log accident-free
flight hours, a corresponding increase of good judgment
was assumed. Building upon the foundation of conventional
decision-making, ADM enhances the process to decrease the
probability of human error and increase the probability of a
safe flight. ADM provides a structured, systematic approach
to analyzing changes that occur during aflight and how these
changes might affect the safe outcome of aflight. The ADM
process addresses all aspects of decision-making in the flight
deck andidentifiesthe stepsinvolvedin good decision-making.

Steps for good decision-making are:
1. Identifying personal attitudes hazardousto safeflight
2. Learning behavior modification techniques
3. Learning how to recognize and cope with stress
4. Developing risk assessment skills

5. Using all resources
6. Evaluating the effectiveness of one’s ADM skills

Risk Management

The goal of risk management is to proactively identify
safety-related hazards and mitigate the associated risks. Risk
management is an important component of ADM. When a
pilot followsgood decision-making practices, theinherent risk
inaflight isreduced or even eliminated. The ability to make
good decisions is based upon direct or indirect experience
and education. Theformal risk management decision-making
process involves six steps as shown in Figure 2-3.

Consider automotive seat belt use. In just two decades, seat
belt use has become the norm, placing those who do not
wear seat belts outside the norm, but this group may learn to
wear a seat belt by either direct or indirect experience. For
example, adriver learnsthrough direct experience about the
value of wearing aseat belt when he or sheisinvolvedinacar
accident that leads to a personal injury. Anindirect learning
experience occurs when aloved one is injured during a car
accident because he or she failed to wear a seat belt.

As you work through the ADM cycle, it is important to
remember thefour fundamental principlesof risk management.
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Figure 2-3. Risk management decision-making process.

1. Accept no unnecessary risk. Flying is not possible
without risk, but unnecessary risk comes without a
corresponding return. If you are flying anew airplane
for the first time, you might determine that the risk
of making that flight in low visibility conditions is
unnecessary.

2. Make risk decisions at the appropriate level. Risk
decisions should be made by the person who can
develop and implement risk controls. Remember
that you are pilot-in-command, so never let anyone
else—not ATC and not your passengers—make risk
decisions for you.

3. Accept risk when benefits outwei gh dangers (costs).
In any flying activity, it is necessary to accept some
degree of risk. A day with good weather, for example,
isamuch better timeto fly an unfamiliar airplane for
the first time than a day with low IFR conditions.

4. Integraterisk management into planning at all levels.
Because risk is an unavoidable part of every flight,
safety requiresthe use of appropriate and effectiverisk
management not just in the preflight planning stage,
but in all stages of the flight.

While poor decision-making in everyday life doesnot always
lead to tragedy, the margin for error in aviation isthin. Since
ADM enhances management of an aeronautical environment,
all pilots should become familiar with and employ ADM.
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Crew Resource Management (CRM) and
Single-Pilot Resource Management

While CRM focuseson pilotsoperating in crew environments,
many of the concepts apply to single-pilot operations. Many
CRM principleshave been successfully applied to single-pilot
aircraft and led to the devel opment of Single-Pilot Resource
Management (SRM). SRM is defined as the art and science
of managing all the resources (both on-board the aircraft
and from outside sources) available to a single pilot (prior
to and during flight) to ensure the successful outcome of the
flight. SRM includesthe concepts of ADM, risk management
(RM), task management (TM), automation management
(AM), controlled flight into terrain (CFIT) awareness, and
situational awareness (SA). SRM training helps the pilot
maintain situational awareness by managing the automation
and associated aircraft control and navigation tasks. This
enables the pilot to accurately assess and manage risk and
make accurate and timely decisions.

SRM is all about helping pilots learn how to gather
information, analyze it, and make decisions. Although the
flight is coordinated by a single person and not an onboard
flight crew, the use of available resources such as auto-pilot
and air traffic control (ATC) replicatesthe principlesof CRM.

Hazard and Risk

Two defining elements of ADM are hazard and risk. Hazard
isareal or perceived condition, event, or circumstancethat a
pilot encounters. When faced with a hazard, the pilot makes
an assessment of that hazard based upon variousfactors. The
pilot assigns a value to the potential impact of the hazard,
which qualifies the pilot’ s assessment of the hazard—risk.

Therefore, risk is an assessment of the single or cumulative
hazard facing a pilot; however, different pilots see hazards
differently. For example, the pilot arrives to preflight and
discovers asmall, blunt type nick in the leading edge at the
middle of the aircraft’s prop. Since the aircraft is parked on
thetarmac, the nick was probably caused by another aircraft’s
prop wash blowing some type of debris into the propeller.
Thenick isthe hazard (apresent condition). Therisk is prop
fractureif the engineis operated with damageto aprop blade.

The seasoned pilot may see the nick as a low risk. He
realizes thistype of nick diffuses stress over alarge area, is
located in the strongest portion of the propeller, and based
on experience; he does not expect it to propagate a crack that
can lead to high risk problems. He does not cancel hisflight.



Theinexperienced pilot may seethenick asahigh risk factor
because he is unsure of the affect the nick will have on the
operation of the prop, and he has been told that damage to
a prop could cause a catastrophic failure. This assessment
leads him to cancel hisflight.

Therefore, elements or factors affecting individuals are
different and profoundly impact decision-making. These
are called human factors and can transcend education,
experience, health, physiological aspects, etc.

Another example of risk assessment was the flight of a
Beechcraft King Air equipped with deicing and anti-icing.
The pilot deliberately flew into moderate to severe icing
conditionswhile ducking under cloud cover. A prudent pilot
would assess the risk as high and beyond the capabilities of
the aircraft, yet thispilot did the opposite. Why did the pilot
take this action?

Past experience prompted the action. The pilot had
successfully flown into these conditions repeatedly although
theicing conditionswere previously forecast 2,000 feet above
the surface. Thistime, the conditions were forecast from the
surface. Since the pilot was in a hurry and failed to factor

in the difference between the forecast altitudes, he assigned
a low risk to the hazard and took a chance. He and the
passengersdied from apoor risk assessment of the situation.

Hazardous Attitudes and Antidotes

Being fit to fly depends on more than just a pilot’s physical
condition and recent experience. For example, attitude
affects the quality of decisions. Attitude is a motivational
predisposition to respond to people, situations, or eventsin a
given manner. Studieshaveidentified five hazardous attitudes
that can interfere with the ability to make sound decisions
and exercise authority properly: anti-authority, impulsivity,
invulnerability, macho, and resignation. [ Figure 2-4]

Hazardous attitudes contribute to poor pilot judgment but
can be effectively counteracted by redirecting the hazardous
attitude so that correct action can be taken. Recognition of
hazardousthoughtsisthefirst step toward neutralizing them.
After recognizing a thought as hazardous, the pilot should
label it as hazardous, then state the corresponding antidote.
Antidotes should be memorized for each of the hazardous
attitudes so they automatically come to mind when needed.

The Five Hazardous Attitudes

Antidote

Anti-authority: “Don’t tell me.”

if you feel it is in error.

Impulsivity: “Do it quickly.”

Invulnerability: “It won’t happen to me.”

this way are more likely to take chances and increase risk.

Macho: “l can do it.”

characteristic, women are equally susceptible.

Resignation: “What’s the use?”

just to be a "nice guy."

This attitude is found in people who do not like anyone telling them what to do. In a
sense, they are saying, “No one can tell me what to do.” They may be resentful of
having someone tell them what to do or may regard rules, regulations, and procedures
as silly or unnecessary. However, it is always your prerogative to question authority

This is the attitude of people who frequently feel the need to do something, anything,
immediately. They do not stop to think about what they are about to do, they do not
select the best alternative, and they do the first thing that comes to mind.

Many people falsely believe that accidents happen to others, but never to them. They
know accidents can happen, and they know that anyone can be affected. However,
they never really feel or believe that they will be personally involved. Pilots who think

Pilots who are always trying to prove that they are better than anyone else think, “I can
do it—I'll show them.” Pilots with this type of attitude will try to prove themselves by
taking risks in order to impress others. While this pattern is thought to be a male

Pilots who think, “What’s the use?” do not see themselves as being able to make a
great deal of difference in what happens to them. When things go well, the pilot is apt
to think that it is good luck. When things go badly, the pilot may feel that someone is
out to get them or attribute it to bad luck. The pilot will leave the action to others, for
better or worse. Sometimes, such pilots will even go along with unreasonable requests

Follow the rules. They are usually right.

Not so fast. Think first.

It could happen to me.

Taking chances is foolish.

I’'m not helpless. | can make a difference.

Figure 2-4. The five hazardous attitudes identified through past and contemporary study.



Risk

During each flight, the single pilot makes many decisions
under hazardous conditions. To fly safely, the pilot needs
to assess the degree of risk and determine the best course of
action to mitigate the risk.

Assessing Risk

For thesingle pilot, assessing risk isnot assimpleasit sounds.
For example, the pilot acts as his or her own quality control
in making decisions. If a fatigued pilot who has flown 16
hoursisasked if he or sheistoo tired to continue flying, the
answer may be“no.” Most pilotsare goal oriented and when
asked to accept aflight, thereis atendency to deny personal
limitations while adding weight to issues not germaneto the
mission. For example, pilots of helicopter emergency services
(EMS) have been known (more than other groups) to make
flight decisions that add significant weight to the patient’s
welfare. These pilots add weight to intangible factors (the
patient in this case) and fail to appropriately quantify actual
hazards, such as fatigue or weather, when making flight
decisions. The single pilot who has no other crew member
for consultation must wrestle with the intangibl e factors that
draw oneinto ahazardous position. Therefore, he or she has
agreater vulnerability than afull crew.

Examining National Transportation Safety Board (NTSB)
reports and other accident research can help apilot learn to
assess risk more effectively. For example, the accident rate
during night visual flight rules (VFR) decreases by nearly
50 percent once a pilot obtains 100 hours and continues to
decrease until the 1,000 hour level. The data suggest that for
the first 500 hours, pilotsflying VFR at night might want to
establish higher personal limitationsthan arerequired by the
regulations and, if applicable, apply instrument flying skills
in this environment.

Several risk assessment models are available to assist in the
process of assessing risk. The models, all taking slightly
different approaches, seek acommon goal of assessing risk
in an objective manner. Themost basic tool isthe risk matrix.
[Figure2-5] It assessestwo items: thelikelihood of an event
occurring and the consequence of that event.

Likelihood of an Event

Likelihood is nothing more than taking a situation and
determining the probability of its occurrence. It is rated as
probabl e, occasional, remote, or improbable. For example, a
pilotisflying from point A to point B (50 miles) in marginal
visual flight rules (MVFR) conditions. The likelihood of
encountering potential instrument meteorological conditions
(IMC) is the first question the pilot needs to answer. The
experiences of other pilots, coupled with the forecast, might
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Risk Assessment Matrix

— Severity

| Marginal | Negligible
| Probable ) ‘E ‘h Serious

Critical

Serious
Serious Medjum

Figure 2-5. Thisrisk matrix can be used for almost any operation
by assigning likelihood and consequence. In the case presented,
the pilot assigned a likelihood of occasional and the severity as
catastrophic. As one can see, thisfallsin the high risk area.

cause the pilot to assign “occasional” to determine the
probability of encountering IMC.

The following are guidelines for making assignments.
*  Probable—an event will occur several times
*  Occasional—an event will probably occur sometime
» Remote—an eventisunlikely to occur, but ispossible
e Improbable—an event is highly unlikely to occur

Severity of an Event

The next element is the severity or consequence of apilot’'s
action(s). It can relate to injury and/or damage. If the
individual in the example above is not an instrument rated
pilot, what are the consequences of him or her encountering
inadvertent IMC conditions? In this case, because the pilot
is not IFR rated, the consequences are catastrophic. The
following are guidelines for this assignment.

e Catastrophic—resultsin fatalities, total loss
e Critica—severeinjury, major damage
e Margina—minor injury, minor damage

*  Negligible—less than minor injury, less than minor
system damage

Simply connecting the two factors as shown in Figure 2-5
indicates the risk is high and the pilot must either not fly or
fly only after finding ways to mitigate, eliminate, or control
therisk.

Althoughthematrix in Figure 2-5 providesagenera viewpoint
of ageneric situation, amore comprehensive program can be
made that is tailored to a pilot’s flying. [Figure 2-6] This
program includes a wide array of aviation-related activities
specific to the pilot and assesses health, fatigue, westher,



 Pilot's Name - ~ Flight From - To

SLEEP | HOW IS THE DAY GOING? |
1. Did not sleep well or less than 8 hours 20 i 1. Seems like one thing after another (late,
2. Slept well o) ’_ making errors, out of step) 3 &
2. Great day 00 @
HOW DO YOU FEEL? I
1. Have a cold or ill T4 IS THE FLIGHT |
2. Feel great 0. & | 1.Day? 1 @
3. Feel a bit off 2> d 2. Night? 3 &
WEATHER AT TERMINATION I PLANNING I
1. Greater than 5 miles visibility and 3,000 feet 1. Rush to get off ground 30 @
ceilings 1> & | 2.Nohury 1 d
2. At least 3 miles visibility and 1,000 feet ceilings, 3. Used charts and computer to assist 70 ’_
but less than 3,000 feet ceilings and 5 miles 4. Used computer program for all planning Yes (30 @
visibility 3 ’_ No 700 @
3. IMC conditions 4 ’_ 5. Did you verify weight and balance? Yes (0 '
No 730 &
Columntotal 6. Did you evaluate performance? Yes (00 @
No 730 &
7. Do you brief your passangers on the Yes (0 e
ground and in flight? No 72 9_

Column total ¢ )

TOTAL SCORE

-
c
9]
£
1
3]
o)
c
S

yo|
c

(1]

é Not complex flight Exercise caution y Area of concern

Figure 2-6. Example of a more comprehensive risk assessment program.
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capabilities, etc. The scores are added and the overall score
fals into various ranges, with the range representative of
actionsthat a pilot imposes upon himself or herself.

Mitigating Risk

Risk assessment is only part of the equation. After
determining the level of risk, the pilot needs to mitigate the
risk. For example, the pilot flying from point A to point B (50
miles) in MV FR conditions has several waysto reduce risk:

e Wait for the weather to improve to good visual flight
rules (VFR) conditions.

e Takean instrument-rated pilot.
e Delay theflight.

e Cancel theflight.

* Drive.

One of the best ways single pilots can mitigaterisk isto use
the IMSAFE checklist to determine physical and mental
readiness for flying:

1. lllness—Am | sick? IlInessis an obvious pilot risk.

2. Medication—Am | taking any medicines that might
affect my judgment or make me drowsy?

3. Stress—Am | under psychological pressure from the
job? Do | have money, health, or family problems?
Stress causes concentration and performance problems.
While the regulations list medical conditions that
require grounding, stressisnot among them. The pilot
should consider the effects of stress on performance.

4. Alcohol—Have | been drinking within 8 hours?
Within 24 hours? Aslittle as one ounce of liquor, one
bottle of beer, or four ounces of wine canimpair flying
skills. Alcohal also renders a pilot more susceptible
to disorientation and hypoxia.

5. Fatigue—Am | tired and not adequately rested?
Fatigue continues to be one of the most insidious
hazards to flight safety, as it may not be apparent to
apilot until serious errors are made.

6. Emotion—Am | emotionally upset?

The PAVE Checklist

Another way to mitigate risk is to perceive hazards. By
incorporating the PAVE checklist into preflight planning,
thepilot dividestherisksof flight into four categories: Pilot-
in-command (PIC), Aircraft, enVironment, and External
pressures (PAVE) which form part of a pilot’s decision-
making process.

With the PAVE checklist, pilots have a simple way to
remember each category to examinefor risk prior to each flight.
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Once a pilot identifies the risks of a flight, he or she needs
to decide whether the risk, or combination of risks, can be
managed safely and successfully. If not, make the decision to
cancel theflight. If the pilot decidesto continuewith theflight,
he or she should develop strategies to mitigate the risks. One
way apilot can control the risksis to set personal minimums
for itemsin each risk category. These are limits uniqueto that
individual pilot’s current level of experience and proficiency.

For example, the aircraft may have a maximum crosswind
component of 15 knots listed in the aircraft flight manual
(AFM), and the pilot has experience with 10 knots of direct
crosswind. It could be unsafe to exceed a 10 knot crosswind
component without additional training. Therefore, the 10 knot
crosswind experiencelevel isthat pilot’s personal limitation
until additional training with a certificated flight instructor
(CFI) providesthe pilot with additional experiencefor flying
in crosswinds that exceed 10 knots.

One of the most important concepts that safe pilots
understand isthe difference between what is“legal” in terms
of the regulations, and what is“smart” or “safe” in terms of
pilot experience and proficiency.

P = Pilot in Command (PIC)

The pilot isone of therisk factorsin aflight. The pilot must
ask, “Am | ready for this trip?’ in terms of experience,
recency, currency, physical, and emotional condition. The
IMSAFE checklist provides the answers.

A = Aircraft

What limitations will the aircraft impose upon the trip? Ask
the following questions:

e Isthistheright aircraft for the flight?

e Aml familiar withand current inthisaircraft? Aircraft
performancefiguresand the AFM are based on abrand
new aircraft flown by a professional test pilot. Keep
that in mind while assessing personal and aircraft
performance.

e Isthisarcraft equipped for the flight? Instruments?
Lights? Navigation and communication equipment
adequate?

e Canthisaircraft usetherunwaysavailablefor thetrip
with an adequate margin of safety under the conditions
to be flown?

e Canthisaircraft carry the planned load?

e Canthisaircraft operate at the atitudes needed for the
trip?

e Doesthis aircraft have sufficient fuel capacity, with
reserves, for trip legs planned?



Does the fuel quantity delivered match the fuel
quantity ordered?

V = EnVironment

Weather

Weather isamajor environmental consideration. Earlier it was
suggested pilots set their own personal minimums, especially
when it comesto weather. As pilots evaluate the weather for
aparticular flight, they should consider the following:

What is the current ceiling and visibility? In
mountainous terrain, consider having higher
minimums for ceiling and visibility, particularly if
the terrain is unfamiliar.

Consider the possibility that the weather may be
different than forecast. Have alternative plans and
be ready and willing to divert, should an unexpected
change occur.

Consider the winds at the airports being used and the
strength of the crosswind component.

If flying in mountainous terrain, consider whether
there are strong winds aloft. Strong winds in
mountainous terrain can cause severe turbulence and
downdrafts and be very hazardous for aircraft even
when there is no other significant westher.

Are there any thunderstorms present or forecast?

If there are clouds, is there any icing, current or
forecast? What is the temperature/dew point spread
and the current temperature at altitude? Can descent
be made safely all along the route?

If icing conditions are encountered, is the pilot
experienced at operating the aircraft’s deicing or
anti-icing equipment? Is this equipment in good
condition and functional? For what icing conditions
isthe aircraft rated, if any?

Terrain
Evaluation of terrain is another important component of
analyzing the flight environment.

To avoid terrain and obstacles, especialy at night or
in low visihility, determine safe altitudes in advance
by using the atitudes shown on VFR and IFR charts
during preflight planning.

Use maximum elevation figures (MEFs) and other
easily obtainable data to minimize chances of an
inflight collision with terrain or obstacles.

Airport

What lights are available at the destination and
alternate airports? VASI/PAPI or ILS glideslope

guidance?Istheterminal airport equipped with them?
Arethey working? Will the pilot need to usetheradio
to activate the airport lights?

Check the Notices to Airmen (NOTAM) for closed
runwaysor airports. Look for runway or beacon lights
out, nearby towers, etc.

Choosetheflight routewisely. An enginefalluregives
the nearby airports supreme importance.

Arethereshorter or obstructed fields at the destination
and/or aternate airports?

Airspace

If the trip is over remote areas, is there appropriate
clothing, water, and survival gear onboard inthe event
of aforced landing?

If the trip includes flying over water or unpopulated
areaswith the chance of losing visual referenceto the
horizon, the pilot must be prepared to fly IFR.

Check the airspace and any temporary flight restriction
(TFRs) aong the route of flight.

Nighttime
Night flying requires special consideration.

If the trip includes flying at night over water or
unpopulated areas with the chance of losing visual
reference to the horizon, the pilot must be prepared
tofly IFR.

Will the flight conditions allow a safe emergency
landing at night?

Perform preflight check of all aircraft lights, interior
and exterior, for a night flight. Carry at least two
flashlights—one for exterior preflight and a smaller
one that can be dimmed and kept nearby.

E = External Pressures

External pressures are influences external to the flight that
create a sense of pressure to complete a flight—often at the
expense of safety. Factors that can be external pressures
include the following:

Someone waiting at the airport for the flight’ sarrival
A passenger the pilot does not want to disappoint
The desire to demonstrate pilot qualifications

Thedesireto impress someone (Probably thetwo most
dangerous words in aviation are “Watch this!™)

The desire to satisfy a specific personal goa (“get-
home-itis,” “get-there-itis,” and “let’ s-go-itis’)

The pilot’s general goal-completion orientation
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e Emotional pressure associated with acknowledging
that skill and experience levels may be lower than a
pilot would like them to be. Pride can be a powerful
external factor!

Managing External Pressures

Management of external pressureisthe single most important
key to risk management because it is the one risk factor
category that can cause a pilot to ignore all the other risk
factors. External pressures put time-related pressure on the
pilot and figure into a majority of accidents.

The use of personal standard operating procedures (SOPs) is
oneway to manage external pressures. Thegoal isto supply a
releasefor the external pressuresof aflight. These procedures
include but are not limited to:

e Allow timeon atrip for an extrafuel stop or to make
an unexpected landing because of weather.

e Haveadlternateplansfor alate arrival or make backup
airline reservations for must-be-there trips.

e For really important trips, plan to leave early enough
so that there would still be time to drive to the
destination, if necessary.

¢ Advise those who are waiting at the destination that
the arrival may be delayed. Know how to notify them
when delays are encountered.

¢ Manage passengers’ expectations. Make sure
passengers know that they might not arrive on afirm
schedule, and if they must arrive by a certain time,
they should make alternative plans.

e Eliminate pressure to return home, even on a casual
day flight, by carrying asmall overnight kit containing
prescriptions, contact lens solutions, toiletries, or other
necessities on every flight.

The key to managing external pressure is to be ready for
and accept delays. Remember that people get delayed when
travelingonairlines, driving acar, or taking abus. Thepilot’'s
goal isto manage risk, not create hazards. [Figure 2-7]

Human Factors

Why are human conditions, such as fatigue, complacency
and stress, so important in aviation? These conditions, along
with many others, are called human factors. Human factors
directly cause or contribute to many aviation accidents and

Figure 2-7. The PAVE checklist.
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have been documented as aprimary contributor to more than
70 percent of aircraft accidents.

Typically, human factor incidents/accidents are associated
with flight operations but recently have also become amajor
concern in aviation maintenance and air traffic management
aswell. [Figure 2-8] Over the past several years, the FAA has
made the study and research of human factors atop priority
by working closely with engineers, pilots, mechanics, and
ATC to apply the latest knowledge about human factorsin
an effort to help operators and maintainers improve safety
and efficiency in their daily operations.

Human factors science, or human factors technologies,
is a multidisciplinary field incorporating contributions
from psychology, engineering, industrial design, statistics,
operations research, and anthropometry. It is a term that
covers the science of understanding the properties of
human capability, the application of this understanding to
the design, development and deployment of systems and
services, and the art of ensuring successful application of
human factor principlesinto all aspectsof aviation toinclude
pilots, ATC, and aviation maintenance. Human factors is
often considered synonymous with CRM or maintenance
resource management (MRM) but is really much broader in

both its knowledge base and scope. Human factorsinvolves
gathering research specific to certain situations (i.e., flight,
maintenance, stresslevels, knowledge) about human ahilities,
limitations, and other characteristics and applying it to tool
design, machines, systems, tasks, jobs, and environments
to produce safe, comfortable, and effective human use. The
entire aviation community benefits greatly from human
factorsresearch and devel opment asit hel psbetter understand
how humans can most safely and efficiently perform their
jobsand improvethetoolsand systemsinwhich they interact.

Human Behavior

Studies of human behavior have tried to determine an
individual’s predisposition to taking risks and the level of
an individual’s involvement in accidents. In 1951, a study
regarding injury-prone children was published by Elizabeth
Mechem Fuller and Helen B. Baune, of the University of
Minnesota. The study was comprised of two separate groups
of second grade students. Fifty-five studentswere considered
accident repeaters and 48 students had no accidents. Both
groups were from the same school of 600 and their family
demographics were similar.

The accident-free group showed a superior knowledge
of safety, was considered industrious and cooperative

Figure 2-8. Human factors effects pilots, aviation maintenance technicians (AMTs) and air traffic control (ATC).
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with others, but were not considered physically inclined.
The accident-repeater group had better gymnastic skills,
was considered aggressive and impulsive, demonstrated
rebellious behavior when under stress, were poor losers, and
liked to be the center of attention. One interpretation of this
data—an adult predisposition to injury stemsfrom childhood
behavior and environment—Ieads to the conclusion that
any pilot group should be comprised only of pilots who are
safety-conscious, industrious, and cooperative.

Clearly, this is not only an inaccurate inference, it is
impossible. Pilotsaredrawn from the general population and
exhibit al typesof personality traits. Thus, it isimportant that
good decision-making skills be taught to al pilots.

Historically, theterm “pilot error” has been used to describe
an accident in which an action or decision made by the
pilot was the cause or a contributing factor that led to the
accident. This definition also includes the pilot’s failure
to make a correct decision or take proper action. From a
broader perspective, the phrase“ human factorsrelated” more
aptly describes these accidents. A single decision or event
does not lead to an accident, but a series of events and the
resultant decisions together form a chain of events leading
to an outcome.

Inhisarticle*Accident-PronePilots,” Dr. Patrick R. Veillette
uses the history of “ Captain Everyman” to demonstrate how
aircraft accidents are caused more by achain of poor choices
rather than one single poor choice. In the case of Captain
Everyman, after a gear-up landing accident, he became
involved in another accident whiletaxiing aBeech 58P Baron
out of theramp. Interrupted by aradio call from the dispatcher,
Everyman neglected to complete the fuel cross-feed check
before taking off. Everyman, who was flying solo, |eft the
right-fuel selector in the cross-feed position. Once aloft and
cruising, he noticed aright roll tendency and corrected with
ailerontrim. Hedid not realize that both engineswerefeeding
off the left wing’s tank, making the wing lighter.

After two hours of flight, the right engine quit when
Everyman was flying along a deep canyon gorge. While he
was trying to troubleshoot the cause of the right engine's
failure, theleft engine quit. Everyman landed the aircraft on
ariver sand bar but it sank into ten feet of water.

Several years later Everyman flew a de Havilland Twin
Otter to deliver supplies to a remote location. When he
returned to home base and landed, the aircraft veered sharply
to the left, departed the runway, and ran into a marsh 375
feet from the runway. The airframe and engines sustained
considerable damage. Upon inspecting the wreck, accident
investigators found the nose wheel steeringtiller in thefully
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deflected position. Both the after takeoff and before landing
checklistsrequirethetiller to beplaced inthe neutral position.
Everyman had overlooked thisitem.

Now, is Everyman accident prone or just unlucky? Skipping
details on a checklist appears to be a common theme in the
preceding accidents. While most pilots have made similar
mistakes, these errorswere probably caught prior to amishap
due to extra margin, good warning systems, a sharp copilot,
or just good luck. What makes apil ot | ess proneto accidents?

The successful pilot possesses the ability to concentrate,
manage workloads, and monitor and perform several
simultaneous tasks. Some of the latest psychological
screenings used in aviation test applicants for their ability
to multitask, measuring both accuracy, as well as the
individual’s ability to focus attention on several subjects
simultaneously. The FAA oversaw an extensive research
study on the similarities and dissimilarities of accident-free
pilots and those who were not. The project surveyed over
4,000 pilots, half of whom had “clean” records while the
other half had been involved in an accident.

Five traits were discovered in pilots prone to having
accidents. These pilots:

» Havedisdain toward rules

*  Havevery high correlation between accidentson their
flying records and safety violations on their driving
records

e Frequently fall into the“thrill and adventure seeking”
personality category

e Areimpulsiverather than methodical and disciplined,
both in their information gathering and in the speed
and selection of actionsto be taken

» Haveadisregard for or tend to under utilize outside
sources of information, including copilots, flight
attendants, flight service personnel, flight instructors,
and ATC

The Decision-Making Process

An understanding of the decision-making process provides
the pilot with a foundation for developing ADM and SRM
skills. While some situations, such asenginefailure, requirean
immediate pil ot response using established procedures, thereis
usually time during aflight to analyze any changesthat occur,
gather information, and assessrisksbeforereaching adecision.

Risk management and risk intervention ismuch morethan the
smpledefinitionsof thetermsmight suggest. Risk management
and risk intervention are decision-making processes designed
to systematically identify hazards, assessthe degree of risk, and



determine the best course of action. These processes involve
the identification of hazards, followed by assessments of the
risks, analysisof the controls, making control decisions, using
the controls, and monitoring the results.

The steps leading to this decision constitute a decision-
making process. Three models of a structured framework
for problem-solving and decision-making are the 5P, the 3P
using PAVE, CARE and TEAM, and the DECIDE models.
They provide assistance in organizing the decision process.
All these models have been identified as helpful tothe single
pilot in organizing critical decisions.

Single-Pilot Resource Management (SRM)
Single-Pilot Resource Management (SRM) is about how to
gather information, analyzeit, and make decisions. Learning
how to identify problems, analyzetheinformation, and make
informed and timely decisionsisnot as straightforward asthe
training involved in learning specific maneuvers. Learning
how to judge a situation and “how to think” in the endless
variety of situationsencountered whileflying out inthe“real
world” is more difficult.

There is no one right answer in ADM, rather each pilot is
expected to analyze each situation in light of experience
level, personal minimums, and current physical and mental
readiness level, and make his or her own decision.

The 5 Ps Check

SRM sounds good on paper, but it requires away for pilots
to understand and use it in their daily flights. One practical
application is called the “Five Ps (5 Ps).” [Figure 2-9] The
5Psconsist of “the Plan, the Plane, the Pil ot, the Passengers,
and the Programming.” Each of these areas consists of a set
of challenges and opportunities that every pilot encounters.
Each challenge and opportunity can substantially increase or
decrease therisk of successfully completing the flight based
on the pilot’ sability to makeinformed and timely decisions.
The 5 Ps are used to evaluate the pilot’s current situation at
key decision points during the flight or when an emergency

The SRM Five “Ps” Check

@
o

Figure 2-9. The Five Ps checklist.

arises. These decision points include preflight, pretakeoff,
hourly or at the midpoint of the flight, pre-descent, and just
prior to the final approach fix or for VFR operations, just
prior to entering the traffic pattern.

The 5 Ps are based on the idea that pilots have essentially
fivevariablesthat impact hisor her environment and forcing
him or her to make a single critical decision, or several less
critical decisions, that when added together can create a
critical outcome. These variables are the Plan, the Plane, the
Pilot, the Passengers, and the Programming. This concept
stems from the belief that current decision-making models
tended to be reactionary in nature. A change has to occur
and be detected to drive a risk management decision by the
pilot. For instance, many pilots complete risk management
sheets prior to takeoff. These form a catalog of risks
that may be encountered that day. Each of these risks is
assigned a numerical value. If the total of these numerical
values exceeds a predetermined level, theflight is altered or
cancelled. Informal research showsthat whilethese are useful
documents for teaching risk factors, they are almost never
used outside of formal training programs. The 5P concept is
an attempt to take the information contained in those sheets
and in the other available models and useiit.

The 5P concept relies on the pilot to adopt a “scheduled”
review of the critical variables at points in the flight where
decisions are most likely to be effective. For instance, the
easiest point to cancel aflight dueto bad weather isbeforethe
pilot and passengers walk out the door and load the aircraft.
So the first decision point is preflight in the flight planning
room, where al theinformation isreadily available to make
a sound decision, and where communication and Fixed
Base Operator (FBO) services are readily available to make
dternate travel plans.

The second easiest point in theflight to make acritical safety
decision is just prior to takeoff. Few pilots have ever had
to make an “emergency takeoff.” While the point of the 5P
check isto help the pilot fly, the correct application of the 5
P before takeoff isto assist in making a reasoned go/no-go
decision based on al theinformation available. That decision
will usually beto* go,” with certain restrictions and changes,
but may aso be a“no-go.” The key idea is that these two
pointsin the process of flying are critical go/no-go pointson
each and every flight.

The third place to review the 5 Psis at the midpoint of the
flight. Often, pilots may wait until the Automated Terminal
information Service (ATIS) isinrangeto check weather, yet,
at this point in the flight, many good options have already
passed behind the aircraft and pilot. Additionally, fatigue
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and low-altitude hypoxia serve to rob the pilot of much of
his or her energy by the end of along and tiring flight day.
Thisleadsto atransition from adecision-making modeto an
acceptance mode on the part of thepilot. If theflightislonger
than 2 hours, the 5 P check should be conducted hourly.

Thelast two decision pointsarejust prior to descent into the
terminal area and just prior to the final approach fix, or if
VFR, just prior to entering the traffic pattern as preparations
for landing commence. Most pilots execute approacheswith
the expectation that they will land out of the approach every
time. A healthier approach requires the pilot to assume that
changing conditions (the 5 Ps again) will cause the pilot to
divert or execute the missed approach on every approach.
This keeps the pilot alert to al manner of conditions that
may increaserisk and threaten the safe conduct of theflight.
Diverting from cruise altitude saves fuel, alows unhurried
use of the autopilot and is less reactive in nature. Diverting
from thefinal approach fix, while more difficult, still allows
the pilot to plan and coordinate better, rather than executing
afutile missed approach. Let’slook at a detailed discussion
of each of the Five Ps.

The Plan

The “Plan” can also be called the mission or the task. It
contains the basic elements of cross-country planning,
weather, route, fuel, publications currency, etc. The “Plan”
should be reviewed and updated several times during the
course of the flight. A delayed takeoff due to maintenance,
fast moving weather, and ashort notice TFR may all radically
alter the plan. The “plan” is not only about the flight plan,
but also all the events that surround the flight and allow the
pilot to accomplish the mission. The plan is always being
updated and modified and isespecially responsiveto changes
in the other four remaining Ps. If for no other reason, the5 P
check reminds the pilot that the day’ s flight planisread life
and subject to change at any time.

Obviously, weather is ahuge part of any plan. The addition
of datalink wesather information givesthe advanced avionics
pilot areal advantage in inclement westher, but only if the
pilot is trained to retrieve and evaluate the weather in real
timewithout sacrificing situational awareness. And of course,
weather information should drive a decision, even if that
decision isto continue on the current plan. Pilots of aircraft
without datalink weather should get updated weather inflight
through an FSS and/or Flight Watch.

The Plane

Both the “plan” and the “plane” are fairly familiar to most
pilots. The“plane” consists of the usual array of mechanical
and cosmetic issues that every aircraft pilot, owner, or
operator canidentify. With the advent of advanced avionics,
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the “plane” has expanded to include database currency,
automation status, and emergency backup systemsthat were
unknown a few years ago. Much has been written about
single pilot IFR flight, both with and without an autopilot.
Whilethisis apersonal decision, it isjust that—a decision.
Low IFR in a non-autopilot equipped aircraft may depend
on severa of the other Psto be discussed. Pilot proficiency,
currency, and fatigue are among them.

The Pilot

Flying, especially when business transportation isinvolved,
can expose a pilot to risks such as high altitudes, long trips
requiring significant endurance, and challenging weather.
Advanced avionics, wheninstalled, can exposeapilot to high
stresses because of theinherent additional capabilitieswhich
are available. When dealing with pilot risk, it is always best
to consult the “IMSAFE” checklist (see page 2-6).

The combination of late nights, pilot fatigue, and the effects
of sustained flight above 5,000 feet may cause pilots to
become less discerning, less critical of information, less
decisive, and more compliant and accepting. Just asthe most
critical portion of the flight approaches (for instance a night
instrument approach, in the weather, after a 4-hour flight),
the pilot’s guard is down the most. The 5 P process helps a
pilot recognize the physiological challenges that they may
face towardsthe end of the flight prior to takeoff and allows
them to update personal conditions as the flight progresses.
Once risks are identified, the pilot is in a better place to
make alternate plans that lessen the effect of these factors
and provide a safer solution.

The Passengers

One of the key differences between CRM and SRM is the
way passengers interact with the pilot. The pilot of a highly
capablesingle-engineaircraft maintainsamuch more personal
relationship with the passengers as he/sheis positioned within
an arm’ s reach of them throughout the flight.

The necessity of the passengers to make airline connections
or important business meetings in a timely manner enters
into this pilot’s decision-making loop. Consider a flight
to Dulles Airport in which and the passengers, both close
friends and business partners, need to get to Washington,
D.C. for an important meeting. The weather is VFR all the
way to southern Virginia, then turnsto low IFR as the pilot
approaches Dulles. A pilot employing the 5 P approach
might consider reserving arental car at an airport in northern
North Carolina or southern Virginia to coincide with a
refueling stop. Thus, the passengers have a way to get to
Washington, and the pilot hasan out to avoid being pressured
into continuing the flight if the conditions do not improve.



Passengers can also be pilots. If no oneisdesignated as pilot
in command (PIC) and unplanned circumstances arise, the
decision-making styles of several self-confident pilots may
come into conflict.

Pilots also need to understand that non-pilots may not
understand the level of risk involved in flight. There is an
element of risk in every flight. That iswhy SRM callsit risk
management, not risk elimination. While a pilot may feel
comfortable with the risk present in a night IFR flight, the
passengers may not. A pilot employing SRM should ensure
the passengersareinvolved in the decision-making and given
tasks and duties to keep them busy and involved. If, upon a
factual description of therisks present, the passengersdecide
to buy an airlineticket or rent acar, then agood decision has
generally been made. This discussion also allows the pilot
to move past what he or she thinks the passengers want to
do and find out what they actually want to do. Thisremoves
self-induced pressure from the pilot.

The Programming

The advanced avionics aircraft adds an entirely new
dimension to the way GA aircraft are flown. The electronic
instrument displays, GPS, and autopilot reduce pilot
workload and increase pilot situational awareness. While
programming and operation of these devices are fairly
simple and straightforward, unlike the analog instruments
they replace, they tend to capture the pilot’s attention and
hold it for long periods of time. To avoid this phenomenon,
the pilot should plan in advance when and where the
programming for approaches, route changes, and airport
information gathering should be accomplished, as well as
timesit should not. Pilot familiarity with the equipment, the
route, thelocal ATC environment, and personal capabilities
vis-a-visthe automation should drive when, where, and how
the automation is programmed and used.

The pilot should also consider what his or her capabilities
are in response to last minute changes of the approach (and
thereprogramming required) and ability to makelarge-scale
changes (areroutefor instance) while hand flying the aircraft.
Sinceformats are not standardized, simply moving from one
manufacturer’s equipment to another should give the pilot
pause and reguire more conservative planning and decisions.

The SRM process is simple. At least five times before
and during the flight, the pilot should review and consider
the “Plan, the Plane, the Pilot, the Passengers, and the
Programming” and make the appropriate decision required
by the current situation. It is often said that failure to make
adecision isadecision. Under SRM and the 5 Ps, even the
decision to make no changes to the current plan is made
through acareful consideration of all therisk factors present.

Perceive, Process, Perform (3P) Model

The Perceive, Process, Perform (3P) model for ADM offers
asimple, practical, and systematic approach that can be used
during all phases of flight. To useit, the pilot will:

*  Perceivethe given set of circumstances for aflight
*  Process by evaluating their impact on flight safety

»  Perform by implementing the best course of action

Usethe Perceive, Process, Perform, and Evaluate method as
acontinuous model for every aeronautical decision that you
make. Although human beingswill inevitably make mistakes,
anything that you can do to recognize and minimize potential
threats to your safety will make you a better pilot.

Depending upon the nature of the activity and the time
available, risk management processing can take place in
any of three timeframes. [ Figure 2-10] Most flight training
activities take place in the “time-critical” timeframe for
risk management. The six steps of risk management can be
combined into an easy-to-remember 3P model for practical
risk management: Perceive, Process, Performwiththe PAVE,
CARE and TEAM checklists. Pilots can help perceive
hazards by using the PAVE checklist of: Pilot, Aircraft,
enVironment, and External pressures. They can process
hazards by using the CARE checklist of: Consequences,
Alternatives, Redlity, External factors. Finally, pilots can
perform risk management by using the TEAM choice list
of: Transfer, Eliminate, Accept, or Mitigate.

PAVE Checklist: | dentify Hazards and Personal
Minimums

Inthefirst step, the goal isto develop situational awareness
by perceiving hazards, which are present events, objects, or
circumstances that could contribute to an undesired future
event. In this step, the pilot will systematically identify and

Strategic

Used in a complex operation (e.g.,
introduction of new equipment); involves
research, use of analysis tools, formal
testing, or long term tracking of risks.

Purpose

Deliberate

Uses experience and brainstorming to identify
hazards, assess risks, and develop controls
for planning operations, review of standard
operating or training procedures, etc.

Time-Critical

“On the fly” mental or verbal review using
the basic risk management process
during the execution phase of an activity.

Figure 2-10. Risk management processing can take place in any of three timeframes.
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list hazards associated with all aspects of the flight: Pilot,
Aircraft, enVironment, and External pressures, which makes
up the PAVE checklist. [Figure 2-11] For each element,
ask “what could hurt me, my passengers, or my aircraft?’
All four elements combine and interact to create a unique
situation for any flight. Pay special attention to the pilot-
aircraft combination, and consider whether the combined
“pilot-aircraft team” iscapable of themission you want tofly.
For example, you may be avery experienced and proficient
pilot, but your wesather flying ability is still limited if you
areflying a1970s-model aircraft with no weather avoidance
gear. On the other hand, you may have a new technically
advanced aircraft with moving map GPS, weather datalink,
and autopilot—but if you do not have much weather flying
experience or practice in using this kind of equipment, you
cannot rely on the airplane’s capability to compensate for
your own lack of experience.

CARE Checklist: Review Hazardsand Evaluate Risks
In the second step, the goal isto process this information to
determinewhether theidentified hazards congtituterisk, which
isdefined asthefutureimpact of ahazard that isnot controlled
or eliminated. The degree of risk posed by a given hazard
can be measured in terms of exposure (number of people or
resources affected), severity (extent of possible loss), and
probability (thelikelihood that ahazard will causealoss). The
goal isto evaluate their impact on the safety of your flight,
and consider “why must | CARE about these circumstances?’

For each hazard that you perceived in step one, process by
using the CARE checklist of: Consequences, Alternatives,
Readlity, External factors. [Figure 2-12] For example, let's
evaluate a night flight to attend a business meeting:

Consequences—departing after afull workday creates
fatigue and pressure

-

Alternatives—delay until morning; reschedule
meeting; drive

Reality —dangers and distractions of fatigue could
lead to an accident

External pressures—business meeting at destination
might influence me

A good rule of thumb for the processing phase: if you find
yourself saying that it will “probably” be okay, it isdefinitely
timefor asolid reality check. If you areworried about missing
a meeting, be realistic about how that pressure will affect
not just your initial go/no-go decision, but aso your inflight
decisions to continue the flight or divert.

TEAM Checklist: Choose and I mplement Risk
Controls

Once you have perceived a hazard (step one) and processed
itsimpact on flight safety (step two), itistimeto moveto the
third step, perform. Perform risk management by using the
TEAM checklist of: Transfer, Eliminate, Accept, Mitigate
to deal with each factor. [Figure 2-13]

Transfer—Should thisrisk decision be transferred to
someone else (e.g., do you need to consult the chief
flight instructor?)

Eliminate—Is there away to eliminate the hazard?

Accept—Do the benefits of accepting risk outweigh
the costs?

Mitigate—What can you do to mitigate the risk?

The goal isto perform by taking action to eliminate hazards
or mitigaterisk, and then continuously eval uate the outcome
of thisaction. With theexample of low ceilingsat destination,
for instance, the pilot can perform good ADM by selecting
a suitable alternate, knowing where to find good westher,

Pilots can perceive hazards by using the PAVE checklist:

Pilot |

Gayle is a healthy and well-rested private piloi
approximately 300 hours total flight time. Haz
lack of overall and cross-country experience
she has not flown at all in 2 months.

Aircraft |

Although it does not have a panel-mount GP
avoidance gear, the aircraft—a C182 Skylan
fuel tanks—is in good mechanical condition
equipment. The instrument panel is a stand

C

EnVironment |

Departure and destination airports have long runw.
Weather is the main hazard. Although it is VFR, it
summer day in the Mid-Atlantic region: hot (near
(visibility 7 miles), and humid with a density alti
feet. Weather at the destination airport (locate:
mountains) is still IMC but forecast to improv
meteorological conditions (VMC) prior to her
weather is VMC, but there is an AIRMET Si
IMC over mountain ridges along the prop

External pressures |
Gayle is making the trip to spend a weekend
does not see very often. Her family is very e
made a number of plans for the visit.

Figure 2-11. A real-world example of how the 3P model guides decisions on a cross-country trip using the PAVE checklist.
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Pilots can perceive hazards by using the CARE checklist:

Figure 2-12. A real-world examples of how the 3P model guides decisions on a cross-country trip using the CARE checklist.

and carrying sufficient fuel to reach it. This course of action
would mitigate the risk. The pilot also has the option to
eliminate it entirely by waiting for better weather.

Once the pilot has completed the 3P decision process and
selected acourse of action, the process begins anew because
now the set of circumstances brought about by the course of
action requires analysis. The decision-making process is a
continuous loop of perceiving, processing, and performing.
With practice and consistent use, running through the 3P
cycle can become a habit that is as smooth, continuous, and
automatic as a well-honed instrument scan. This basic set
of practical risk management tools can be used to improve
risk management.

Y our mental willingnessto follow through on safe decisions,
especialy thosethat requiredelay or diversioniscritica. You
can bulk up your mental muscles by:

Using personal minimums checklist to make some
decisionsin advance of the flight. To develop agood
personal minimums checklist, you need to assess your
abilitiesand capahilitiesin anon-flying environment,
whenthereisno pressureto makeaspecifictrip. Once
developed, a personal minimums checklist will give
you a clear and concise reference point for making
your go/no-go or continue/discontinue decisions.

In addition to having persona minimums, some pilots
alsoliketo use apreflight risk assessment checklist to
help with the ADM and risk management processes.
This kind of form assigns numbers to certain risks
and situations, which can make it easier to see when
aparticular flight involves a higher level of risk

Develop a list of good alternatives during your
processing phase. In margina westher, for instance,
you might mitigate therisk by identifying areasonable
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Pilots can perform risk management by using the TEAM checklist:

Figure 2-13. A real-world example of how the 3P model guides decisions on a cross-country trip using the TEAM checklist.
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alternative airport for every 25-30 nautical mile
segment of your route.

Preflight your passengers by preparing them for the
possibility of delay and diversion, and involve them
in your evaluation process.

Another important tool—overlooked by many pilots—
isagood post-flight analysis. When you have safely
secured the airplane, take the time to review and
analyzetheflight as objectively asyou can. Mistakes
and judgment errorsareinevitable; the most important
thing isfor you to recognize, analyze, and learn from
them before your next flight.

The DECIDE Model

Usingtheacronym“DECIDE,” the six-step process DECIDE
Model is another continuous loop process that provides the
pilot with alogical way of making decisions. [ Figure 2-14]
DECIDE means to Detect, Estimate, Choose a course of
action, ldentify solutions, Do the necessary actions, and
Evaluate the effects of the actions.

First, consider arecent accident involving aPiper Apache (PA-
23). The aircraft was substantially damaged during impact
with terrain at alocal airport in Alabama. The certificated
airline transport pilot (ATP) received minor injuries and the
certificated private pilot was not injured. The private pilot



was receiving a checkride from the ATP (who was also a
designated examiner) for a commercial pilot certificate with
a multi-engine rating. After performing airwork at altitude,
they returned to the airport and the private pilot performed a
single-engine approach to a full stop landing. He then taxied
back for takeoff, performed a short field takeoff, and then
joined the traffic pattern to return for another landing. During
the approach for the second landing, the ATP simulated a right

engine failure by reducing power on the right engine to zero
thrust. This caused the aircraft to yaw right.

The procedure to identify the failed engine is a two-step
process. First, adjust the power to the maximum controllable
level on both engines. Because the left engine is the only
engine delivering thrust, the yaw increases to the right, which
necessitates application of additional left rudder application.

Aeronautical Decision-Making

A. Analytical
Pilot | Aircraft | Enviroment | External factors
(—> Detection

\

' Evaluation of event l

v

* Risk or hazard

« Potential outcomes
« Capabilities of pilot
« Aircraft capabilities
« Outside factors

]

| Outcome desired

Solutions to get you there
Solution 1

Solution 2

Solution 3
Solution 4

v

' What is best action to do

v

' Effect of decision

Problem remains

B. Automatic/Naturalistic

Pilot Aircraft Enviroment External factors
Detection

&

' Evaluation of event l

l

* Risk to flight
« Pilot training
« Pilot experience

l

' Outcome desired l

v

l Take action l

A4

The DECIDE model

1. Detect. The decision maker detects the fact that change has occurred.

2. Estimate. The decision maker estimates the need to counter or react to the change.

3. Choose. The decision maker chooses a desirable outcome (in terms of success) for the flight.
4. Identify. The decision maker identifies actions which could successfully control the change.

5. Do. The decision maker takes the necessary action.

6. Evaluate. The decision maker evaluates the effect(s) of his/her action countering the change.

Figure 2-14. The DECIDE model has been recognized worldwide. Its application is illustrated in column A while automatic/naturalistic

decision-making is shown in column B.
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Thefailed engineisthesidethat requires no rudder pressure,
in this case the right engine. Second, having identified the
failed right engine, the procedureisto feather theright engine
and adjust power to maintain descent angle to alanding.

However, inthiscasethe pil ot feathered theleft engine because
he assumed the enginefailurewasaleft enginefailure. During
twin-engine training, the left engine out is emphasized more
than the right engine because the left engine on most light
twinsisthecritical engine. Thisisdueto multiengineairplanes
being subject to P-factor, as are single-engine airplanes.
The descending propeller blade of each engine will produce
greater thrust than the ascending blade when the airplane is
operated under power and at positive angles of attack. The
descending propeller blade of theright engineisalso agreater
distance from the center of gravity, and therefore has alonger
moment arm than the descending propeller blade of the left
engine. Asaresult, failure of the left enginewill result in the
most asymmetrical thrust (adverse yaw) because the right
enginewill be providing theremaining thrust. Many twinsare
designed with acounter-rotating right engine. With thisdesign,
the degree of asymmetrical thrust isthe samewith either engine
inoperative. Neither engine ismore critical than the other.

Since the pilot never executed the first step of identifying
which engine failed, he feathered the | eft engine and set the
right engine at zero thrust. This essentially restricted the
aircraft to a controlled glide. Upon realizing that he was
not going to make the runway, the pilot increased power to
both engines causing an enormous yaw to the left (the left
propeller wasfeathered) whereupon the aircraft started to turn
left. In desperation, the instructor closed both throttles and
the aircraft hit the ground and was substantially damaged.

This case is interesting because it highlights two particular
issues. First, taking action without forethought can be just
as dangerous as taking no action at all. In this case, the
pilot’s actions were incorrect; yet, there was sufficient
time to take the necessary steps to analyze the simulated
emergency. Thesecond and more subtleissueisthat decisions
made under pressure are sometimes executed based upon
limited experience and the actions taken may be incorrect,
incomplete, or insufficient to handle the situation.

Detect (the Problem)

Problem detection is the first step in the decision-making
process. It begins with recognizing a change occurred or an
expected change did not occur. A problem is perceived first
by the senses and then it is distinguished through insight
and experience. These same abilities, aswell asan objective
analysis of all available information, are used to determine
the nature and severity of the problem. One critical error
made during the decision-making process is incorrectly
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detecting the problem. In the previous example, the change
that occurred was ayaw.

Estimate (the Need To React)

In the engine-out example, the aircraft yawed right, the pilot
was on final approach, and the problem warranted a prompt
solution. In many cases, overreaction and fixation excludes
a safe outcome. For example, what if the cabin door of a
Mooney suddenly opened inflight whilethe aircraft climbed
through 1,500 feet on aclear sunny day? The sudden opening
would be alarming, but the perceived hazard the open door
presents is quickly and effectively assessed as minor. In
fact, the door’s opening would not impact safe flight and
can almost be disregarded. Most likely, a pilot would return
to the airport to secure the door after landing.

Thepilot flying on aclear day faced with thisminor problem
may rank the open cabin door as a low risk. What about
the pilot on an IFR climb out in IMC conditions with light
intermittent turbulencein rain who is receiving an amended
clearance from ATC? The open cabin door now becomes
a higher risk factor. The problem has not changed, but the
perception of risk a pilot assigns it changes because of the
multitude of ongoing tasks and the environment. Experience,
discipline, awareness, and knowledge influences how apilot
ranks a problem.

Choose (a Course of Action)

After the problem has been identified and its impact
estimated, the pilot must determine the desirable outcome
and choose a course of action. In the case of the multiengine
pilot given the simulated failed engine, the desired objective
isto safely land the airplane.

| dentify (Solutions)

The pilot formulates a plan that will take him or her to the
objective. Sometimes, there may be only one course of action
available. In the case of the engine failure already at 500
feet or below, the pilot solves the problem by identifying
one or more solutions that lead to a successful outcome. Itis
important for the pilot not to become fixated on the process
to the exclusion of making a decision.

Do (the Necessary Actions)

Once pathwaysto resolution areidentified, the pil ot selectsthe
most suitable onefor the situation. Themultienginepilot given
the simulated failed engine must now safely land the aircraft.

Evaluate (the Effect of the Action)

Finally, after implementing asolution, evaluate the decision
to seeif it was correct. If the action taken does not provide
the desired results, the process may have to be repeated.



Decision-Making in aDynamic Environment

A solid approach to decision-making is through the use of
analytical models, such asthe 5 Ps, 3P, and DECIDE. Good
decisionsresult when pilotsgather all availableinformation,
review it, analyzethe options, rate the options, select acourse
of action, and evaluate that course of action for correctness.

In somesituations, thereisnot alwaystimeto make decisions
based on analytical decision-making skills. A good example
isaquarterback whose actions are based upon ahighly fluid
and changing situation. Heintendsto execute aplan, but new
circumstances dictate decision-making on the fly. Thistype
of decision-making is called automatic decision-making or
naturalized decision-making. [ Figure 2-14B]

Automatic Decision-Making

In an emergency situation, a pilot might not survive if he or
she rigorously applies analytical models to every decision
made asthereisnot enough timeto go through al the options.
Under these circumstances he or she should attempt to find
the best possible solution to every problem.

For the past several decades, research into how people
actually make decisions has revealed that when pressed for
time, experts faced with a task loaded with uncertainty first
assess Whether the situation strikes them as familiar. Rather
than comparing the pros and cons of different approaches,
they quickly imagine how one or afew possible courses of
action in such situations will play out. Experts take the first
workable option they can find. Whileit may not be the best of
all possible choices, it often yields remarkably good results.

The terms “naturalistic” and “automatic decision-making”
have been coined to describe this type of decision-making.
The ability to make automatic decisions holds true for a
range of experts from firefighters to chess players. It appears
the expert’s ability hinges on the recognition of patterns and
consistenciesthat clarify optionsin complex situations. Experts
appear to make provisional sense of a situation, without
actually reaching a decision, by launching experience-based
actionsthat in turn trigger crestive revisions.

This is a reflexive type of decision-making anchored in
training and experience and is most often used in times of
emergencies when there is no time to practice analytical
decision-making. Naturalistic or automatic decision-making
improves with training and experience, and a pilot will find
himself or herself using a combination of decision-making
toolsthat correlate with individual experience and training.

Operational Pitfalls

Although more experienced pilots are likely to make more
automatic decisions, there are tendencies or operational

pitfalls that come with the development of pilot experience.
These are classic behavioral traps into which pilots have
been known to fall. More experienced pilots, as arule, try
to complete aflight as planned, please passengers, and meet
schedules. The desireto meet these goal s can have an adverse
effect on safety and contribute to an unrealistic assessment
of piloting skills. All experienced pilots have fallen prey to,
or have been tempted by, one or more of these tendenciesin
their flying careers. These dangerous tendencies or behavior
patterns, which must be identified and eliminated, include
the operationa pitfalls shown in Figure 2-15.

Stress Management

Everyoneisstressed to some degree almost al of thetime. A
certain amount of stressisgood sinceit keeps aperson aert
and prevents complacency. Effects of stress are cumulative
and, if the pilot does not cope with them in an appropriate
way, they can eventually add up to an intolerable burden.
Performance generally increases with the onset of stress,
peaks, and then begins to fall off rapidly as stress levels
exceed a person’s ability to cope. The ability to make
effective decisions during flight can be impaired by stress.
Therearetwo categories of stress—acute and chronic. These
are both explained in Chapter 17, “ Aeromedical Factors.”

Factors referred to as stressors can increase a pilot’ s risk of
error in the flight deck. [ Figure 2-16] Remember the cabin
door that suddenly opened in flight on the Mooney climbing
through 1,500 feet on a clear sunny day? It may startle the
pilot, but the stress would wane when it became apparent
the situation was not a serious hazard. Y et, if the cabin door
opened in IMC conditions, the stress|evel makes significant
impact on the pilot’s ability to cope with simple tasks. The
key to stress management isto stop, think, and analyze before
jumping to aconclusion. Thereisusually timeto think before
drawing unnecessary conclusions.

Thereare several techniquesto help managethe accumulation
of life stresses and prevent stress overload. For example, to
help reduce stress levels, set aside time for relaxation each
day or maintain a program of physical fitness. To prevent
stress overload, learn to manage time more effectively to
avoid pressuresimposed by getting behind schedul e and not
meeting deadlines.

Use of Resources

To makeinformed decisionsduring flight operations, apilot
must also become aware of the resources found inside and
outside the flight deck. Since useful tools and sources of
information may not always be readily apparent, learning
to recognize these resources is an essential part of ADM
training. Resources must not only be identified, but a pilot
must also develop the skills to evaluate whether there is
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Operational Pitfalls

Peer pressure
Poor decision-making may be based upon an emotional response to peers, rather than evaluating a situation objectively.

Mindset
A pilot displays mind set through an inability to recognize and cope with changes in a given situation.

Get-there-itis
This disposition impairs pilot judgment through a fixation on the original goal or destination, combined with a disregard for any
alternative course of action.

Duck-under syndrome

A pilot may be tempted to make it into an airport by descending below minimums during an approach. There may be a belief that
there is a built-in margin of error in every approach procedure, or a pilot may want to admit that the landing cannot be completed
and a missed approach must be initiated.

Scud running
This occurs when a pilot tries to maintain visual contact with the terrain at low altitudes while instrument conditions exist.

Continuing visual flight rules (VFR) into instrument conditions
Spatial disorientation or collision with ground/obstacles may occur when a pilot continues VFR into instrument conditions. This can
be even more dangerous if the pilot is not instrument rated or current.

Getting behind the aircraft
This pitfall can be caused by allowing events or the situation to control pilot actions. A constant state of surprise at what happens
next may be exhibited when the pilot is getting behind the aircraft.

Loss of positional or situational awareness
In extreme cases, when a pilot gets behind the aircraft, a loss of positional or situational awareness may result. The pilot may not
know the aircraft’'s geographical location or may be unable to recognize deteriorating circumstances.

Operating without adequate fuel reserves
Ignoring minimum fuel reserve requirements is generally the result of overconfidence, lack of flight planning, or disregarding
applicable regulations.

Descent below the minimum en route altitude
The duck-under syndrome, as mentioned above, can also occur during the en route portion of an IFR flight.

Flying outside the envelope
The assumed high performance capability of a particular aircraft may cause a mistaken belief that it can meet the demands
imposed by a pilot's overestimated flying skills.

Neglect of flight planning, preflight inspections, and checklists
A pilot may rely on short- and long-term memory, regular flying skills, and familiar routes instead of established procedures and
published checklists. This can be particularly true of experienced pilots.

Figure 2-15. Typical operational pitfalls requiring pilot awareness.

Environmental
Conditions associated with the environment, such as temperature and humidity extremes, noise, vibration, and lack of oxygen.

Physiological stress
Physical conditions, such as fatigue, lack of physical fithess, sleep loss, missed meals (leading to low blood sugar levels), and
illness.

Psychological stress
Social or emotional factors, such as a death in the family, a divorce, a sick child, or a demotion at work. This type of stress may
also be related to mental workload, such as analyzing a problem, navigating an aircraft, or making decisions.

Figure 2-16. System stressors. Environmental, physiological, and psychological stress are factors that affect decision-making skills.
These stressors have a profound impact especially during periods of high workload.
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time to use a particular resource and the impact its use will
have upon the safety of flight. For example, the assistance
of ATC may be very useful if a pilot becomes lost, but in
an emergency situation, there may be no time available to
contact ATC.

I nternal Resources

One of the most underutilized resources may be the
person in theright seat, even if the passenger has no flying
experience. When appropriate, the PIC can ask passengers
to assist with certain tasks, such as watching for traffic or
reading checklist items. The following are some other ways
a passenger can assist:

e Provide information in an irregular situation,
especidly if familiar with flying. A strange smell or
sound may alert a passenger to a potential problem.

e Confirm after the pilot that the landing gear is down.

e Learntolook at the altimeter for agiven altitudein a
descent.

e Listentologic or lack of logic.

Also, the process of a verbal briefing (which can happen
whether or not passengers are aboard) can help the PIC in
the decision-making process. For example, assume a pilot
provides a lone passenger a briefing of the forecast landing
weather before departure. When the Automatic Terminal
Information Service (ATIS) is picked up, the weather
has significantly changed. The discussion of this forecast
change can lead the pilot to reexamine his or her activities
and decision-making. [ Figure 2-17] Other valuable internal
resourcesinclude ingenuity, aviation knowledge, and flying
skill. Pilots can increase flight deck resources by improving
these characteristics.

When flying alone, another internal resource is verbal
communication. It has been established that verbal
communication reinforces an activity; touching an object
while communicating further enhances the probability an
activity has been accomplished. For this reason, many solo
pilots read the checklist out loud; when they reach critical
items, they touch the switch or control. For example, to
ascertain the landing gear is down, the pilot can read the
checklist. But, if he or shetouchesthe gear handle during the
process, a safe extension of the landing gear is confirmed.

Itisnecessary for apilot to have athorough understanding
of all the equipment and systemsin the aircraft being flown.
Lack of knowledge, such as knowing if the oil pressure
gauge is direct reading or uses a sensor, is the difference
between making a wise decision or poor one that leads to
atragic error.

Figure 2-17. When possible, have a passenger reconfirmthat critical
tasks are completed.

Checklists are essential flight deck internal resources. They
are used to verify the aircraft instruments and systems are
checked, set, and operating properly, as well as ensuring
the proper procedures are performed if there is a system
malfunction or in-flight emergency. Students reluctant to
use checklists can be reminded that pilots at all levels of
experiencerefer to checklists, and that the more advanced the
aircraftis, themore crucia checklistsbecome. Inaddition, the
pilot’ s operating handbook (POH) isrequired to be carried on
board the aircraft and isessential for accurateflight planning
and resolving in-flight equipment malfunctions. However,
themost valuableresource apilot hasisthe ability to manage
workload whether alone or with others.

External Resources

ATC and flight service specialists are the best external
resources during flight. In order to promote the safe, orderly
flow of air traffic around airportsand, along flight routes, the
ATC provides pilots with traffic advisories, radar vectors,
and assistance in emergency situations. Although it is the
PIC’ s responsibility to make the flight as safe as possible,
a pilot with a problem can request assistance from ATC.
[Figure 2-18] For example, if a pilot needs to level off, be

Figure 2-18. Controllers work to make flights as safe as possible.
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given avector, or decrease speed, ATC assists and becomes
integrated aspart of the crew. The servicesprovided by ATC
can not only decrease pilot workload, but also help pilots
make informed in-flight decisions.

The Flight Service Stations (FSSs) are air traffic facilities
that provide pilot briefing, en route communications, VFR
search and rescue services, assist lost aircraft and aircraft
in emergency situations, relay ATC clearances, originate
Notices to Airmen (NOTAM), broadcast aviation weather
and National Airspace System (NAS) information, receive
and process | FR flight plans, and monitor navigational aids
(NAVAIDSs). Inaddition, at selected locations, FSSsprovide
En Route Flight Advisory Service (Flight Watch), issue
airport advisories, and advise Customs and Immigration of
transborder flights. Selected FSSs in Alaska also provide
TWEB recordings and take weather observations.

Situational Awareness

Situational awareness is the accurate perception and
understanding of all the factors and conditions within
the five fundamental risk elements (flight, pilot, aircraft,
environment, and type of operation that comprise any given
aviation situation) that affect safety before, during, and after
the flight. Monitoring radio communications for traffic,
weather discussion, and ATC communication can enhance
situational awareness by helping the pilot develop a mental
picture of what is happening.

Maintaining situational awarenessrequires an understanding
of therelativesignificanceof all flight related factorsand their
futureimpact on theflight. When apilot understandswhat is
going on and hasan overview of thetotal operation, he or she
is not fixated on one perceived significant factor. Not only
isitimportant for apilot to know the aircraft’ s geographical
location, it is aso important he or she understand what is
happening. For instance, while flying above Richmond,
Virginia, toward Dulles Airport or Leesburg, the pilot
should know why he or sheis being vectored and be able to
anticipate spatial location. A pilot whoissimply making turns
without understanding why has added an additional burden
to his or her management in the event of an emergency. To
maintain situational awareness, al of the skillsinvolved in
ADM are used.

Obstacles to Maintaining Situational Awareness

Fatigue, stress, and work overload can cause apilot to fixate
on a single perceived important item and reduce an overall
situational awareness of the flight. A contributing factor
in many accidents is a distraction that diverts the pilot’s
attention from monitoring the instruments or scanning
outside the aircraft. Many flight deck distractions beginasa
minor problem, such asagaugethat isnot reading correctly,
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but result in accidents as the pilot diverts attention to the
perceived problem and neglects proper control of theaircraft.

Workload Management

Effective workload management ensures essential operations
are accomplished by planning, prioritizing, and sequencing
tasks to avoid work overload. [ Figure 2-19] As experience
is gained, a pilot learns to recognize future workload
requirements and can prepare for high workload periods
during times of low workload. Reviewing the appropriate
chart and setting radio frequencies well in advance of when
they are needed helpsreduce workload astheflight nearsthe
airport. In addition, apilot should listento ATIS, Automated
Surface Observing System (ASOS), or Automated Weather
Observing System (AWOS), if available, and then monitor
thetower frequency or Common Traffic Advisory Frequency
(CTAF) to get a good idea of what traffic conditions to
expect. Checklists should be performed well in advance so
thereistimeto focus on traffic and ATC instructions. These
procedures are especially important prior to entering ahigh-
density traffic area, such as Class B airspace.

Recognizing a work overload situation is also an important
component of managing workload. The first effect of
high workload is that the pilot may be working harder but
accomplishing less. Asworkload increases, attention cannot
be devoted to severa tasks at one time, and the pilot may
begin to focus on one item. When a pilot becomes task
saturated, thereisno awareness of input from various sources,
so decisions may be made on incompleteinformation and the
possibility of error increases. [ Figure 2-20]

When awork overload situation exists, apilot needsto stop,
think, slow down, and prioritize. It isimportant to understand
how to decrease workload. For example, in the case of the
cabin door that openedin VFR flight, theimpact on workload
should be insignificant. If the cabin door opens under
IFR different conditions, its impact on workload changes.
Therefore, placing a situation in the proper perspective,

Figure 2-19. Balancing workloads can be a difficult task.



remaining calm, and thinking rationally are key elementsin
reducing stress and increasing the capacity to fly safely. This
ability depends upon experience, discipline, and training.

Managing Risks
The ability to manage risks begins with preparation. Here
are some things a pilot can do to manage risks:

e Assess the flight's risk based upon experience. Use
some form of risk assessment. For example, if the
weather is marginal and the pilot has little IMC
training, itisprobably agood ideato cancel theflight.

e Brief passengers using the SAFETY list:

S Seat beltsfastened for taxi, takeoff, landing
Shoulder harness fastened for takeoff, landing
Seat position adjusted and locked in place

A Air vents (location and operation)

All environmental controls (discussed)
Action in case of any passenger discomfort

F Fireextinguisher (location and operation)
Exit doors (how to secure; how to open)
Emergency evacuation plan
Emergency/survival kit (location and contents)

T  Traffic (scanning, spotting, notifying pilot)
Talking, (“sterile flight deck” expectations)

Y Your questions? (Speak up!)

e |In addition to the SAFETY list, discuss with
passengers whether or not smoking ispermitted, flight
route altitudes, time en route, destination, weather
during flight, expected weather at the destination,
controlsand what they do, and the general capabilities
and limitations of the aircraft.

e Useasterileflight deck (onethat iscompletely silent
with no pilot communication with passengers or by
passengers) from the time of departure to the first
intermediate altitude and clearance from the local
airspace.

o Useadterileflight deck during arrival from the first
radar vector for approach or descent for the approach.

e Keepthe passengersinformed during timeswhen the
workload is low.

e Consider using the passenger in the right seat for
simple tasks, such as holding the chart. Thisrelieves
the pilot of atask.

Automation

In the GA community, an automated aircraft is generally
comprised of an integrated advanced avionics system
consisting of aprimary flight display (PFD), amultifunction
flight display (MFD) including an instrument-certified global
positioning system (GPS) with traffic and terrain graphics,
and a fully integrated autopilot. This type of aircraft is
commonly known as atechnically advanced aircraft (TAA).
InaTAA aircraft, therearetypically two display (computer)
screens. PFD (left display screen) and MFD.

=
a
=7

Task load

Low

Figure 2-20. The pilot has a certain capacity of doing work and handling tasks. However, there is a point where the tasking exceeds the
pilot’s capability. When this happens, tasks are either not performed properly or some are not performed at all.
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Automation isthe single most important advancein aviation
technologies. Electronic flight displays (EFDs) have made
vast improvements in how information is displayed and
what information is available to the pilot. Pilots can access
electronic databases that contain all of the information
traditionally contained in multiple handbooks, reducing
clutter in the flight deck. [ Figure 2-21]

MFDs are capable of displaying moving maps that mirror
sectional charts. These detailed displays depict all airspace,
including Temporary Flight Restrictions (TFRs). MFDs are
so descriptive that many pilots fall into the trap of relying
solely on the moving maps for navigation. Pilots also draw
upon the database to familiarize themselves with departure
and destination airport information.

More pilots now rely on electronic databases for flight
planning and use automated flight planning tools rather
than planning the flight by the traditional methods of laying
out charts, drawing the course, identifying navigation
points (assuming a VFR flight), and using the POH to
figure out the weight and balance and performance charts.
Whichever method a pilot chooses to plan a flight, it is

Figure 2-21. Electronic flight instrumentation comes in many
systems and provides a myriad of information to the pilot.
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important to remember to check and confirm calculations.
Always remember that it is up to the pilot to maintain basic
airmanship skills and use those skills often to maintain
proficiency in all tasks.

Although automation has made flying safer, automated
systems can make some errors more evident and sometimes
hide other errors or make them less evident. There are
concerns about the effect of automation on pilots. In astudy
published in 1995, the British Airline Pilots Association
officialy voiced itsconcern that “ Airline pilotsincreasingly
lack ‘basicflying skills' asaresult of reliance on automation.”

Thisreliance on automation trand atesinto alack of basicflying
skillsthat may affect the pilot’ sahility to copewith anin-flight
emergency, such assudden mechanicad failure. Theworry that
pilots are becoming too reliant on automated systemsand are
not being encouraged or trained to fly manually has grown
with the increase in the number of MFD flight decks.

As automated flight decks began entering everyday line
operations, instructors and check airmen grew concerned
about some of the unanticipated side effects. Despite the
promise of reducing human mistakes, the flight managers
reported the automation actually created much larger errors
at times. In the terminal environment, the workload in an
automated flight deck actually seemed higher thanintheolder
analog flight decks. At other times, the automation seemed
tolull theflight crewsinto complacency. Over time, concern
surfaced that the manual flying skills of the automated flight
crews deteriorated due to over-reliance on computers. The
flight crew managers said they worried that pilots would
have less “ stick-and-rudder” proficiency when those skills
were needed to manually resume direct control of theaircraft.

A mgjor study was conducted to evaluate the performance
of two groups of pilots. The control group was composed of
pilotswho flew an older version of acommon twin-jet airliner
equipped with analog instrumentation and the experimental
group was composed of pilots who flew the same aircraft,
but newer models equipped with an electronic flight
instrument system (EFIS) and a flight management system
(FMS). The pilots were evaluated in maintaining aircraft
parameters, such as heading, atitude, airspeed, glidesiope,
andlocalizer deviations, aswell aspilot control inputs. These
were recorded during a variety of normal, abnormal, and
emergency maneuvers during 4 hours of simulator sessions.



Results of the Study

When pilots who had flown EFIS for severa years were
required to fly various maneuvers manually, the aircraft
parameters and flight control inputs clearly showed some
erosion of flying skills. During normal maneuvers, such as
turns to headings without a flight director, the EFIS group
exhibited somewhat greater deviationsthan the anal og group.
Most of thetime, the deviationswere within the practical test
standards (PTS), but the pilots definitely did not keep on the
localizer and glidesl ope as smoothly as the analog group.

Thedifferencesin hand-flying skills between the two groups
became more significant during abnormal maneuvers, such as
accelerated descent profiles known as “slam-dunks.” When
given close crossing restrictions, the anal og crewsweremore
adept at the mental math and usually maneuvered the aircraft
in a smoother manner to make the restriction. On the other
hand, the EFIS crews tended to go “heads down” and tried
to solve the crossing restriction on the FMS. [ Figure 2-22]

Another situation used in the simulator experiment reflected
real world changes in approach that are common and can
be assigned on short notice. Once again, the analog crews
transitioned more easily to the paralel runway’s localizer,
whereasthe EFI S crews had amuch more difficult timewith
the pilot going head down for a significant amount of time
trying to program the new approach into the FM S.

While a pilot’s lack of familiarity with the EFIS is often
an issue, the approach would have been made easier by
disengaging the automated system and manually flying the
approach. At the time of this study, the general guidelines
in the industry were to | et the automated system do as much
of the flying as possible. That view has since changed and
it is recommended that pilots use their best judgment when
choosing which level of automation will most efficiently do
thetask considering the workload and situational awareness.

Emergency maneuvers clearly broadened the difference in
manual flying skills between the two groups. In generd, the
analog pilots tended to fly raw data, so when they were given
an emergency, such as an engine failure, and were instructed
to fly the maneuver without a flight director, they performed
it expertly. By contrast, SOP for EFIS operations at the time
wasto usetheflight director. When EFIS crewshad their flight
directors disabled, their eye scan again began a more erratic
searching pattern and their manual flying subsequently suffered.

Those who reviewed the data saw that the EFIS pilots who
better managed the automation also had better flying skills.
While the data did not reveal whether those skills preceded
or followed automation, it did indicate that automation
management needed to be improved. Recommended “best

practices” and procedures have remedied some of the earlier
problems with automation.

Pilotsmust maintaintheir flight skillsand ability to maneuver
aircraft manually within the standards set forthinthe PTS. It
isrecommended that pilots of automated aircraft occasionally
disengage the automation and manually fly the aircraft to
maintain stick-and-rudder proficiency. It is imperative that
the pilots understand that the EFD addsto the overall quality
of the flight experience, but it can also lead to catastrophe if
not utilized properly. At no timeisthe moving map meant to
substitutefor aVFR sectional or low altitude en route chart.

Equipment Use

Autopilot Systems

Inasingle-pilot environment, an autopilot system can greatly
reduce workload. [Figure 2-23] Asaresult, the pilot isfree
to focus his or her attention on other flight deck duties. This
canimprove situational awarenessand reduce the possibility
of a CFIT accident. While the addition of an autopilot may
certainly be considered a risk control measure, the real
challenge comesin determining theimpact of an inoperative
unit. If the autopilot is known to be inoperative prior to
departure, this may factor into the evaluation of other risks.

For example, the pilot may be planning for a VHF
omnidirectional range (V OR) approach down to minimums
on adark night into an unfamiliar airport. In such acase, the
pilot may have been relying heavily on afunctioning autopilot
capable of flying a coupled approach. This would free the
pilot to monitor aircraft performance. A malfunctioning
autopilot could be the single factor that takes this from a
medium to a serious risk. At this point, an alternative needs
to be considered. On the other hand, if the autopilot were to
fail at acritical (high workload) portion of this same flight,
the pilot must be prepared to take action. Instead of simply
being an inconvenience, this could quickly turn into an
emergency if not properly handled. The best way to ensure
apilot is prepared for such an event isto carefully study the
issue prior to departure and determine well in advance how
an autopilot failure is to be handled.

Familiarity

Aspreviously discussed, pilot familiarity with all equipment
iscritical inoptimizing both safety and efficiency. If apilotis
unfamiliar with any aircraft systems, thiswill add to workload
and may contribute to a loss of situational awareness. This
level of proficiency iscritical and should be looked upon as
arequirement, not unlike carrying an adequate supply of fuel.
Asaresult, pilotsshould not look upon unfamiliarity with the
aircraft and itssystemsasarisk control measure, but instead as
ahazard with highrisk potential. Disciplineiskey to success.
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Figure 2-22. Two similar flight decks equipped with the same information two different ways, analog and digital. What are they indicating?
Chances are that the analog pilot will review the top display before the bottom display. Conversely, the digitally trained pilot will review
the instrument panel on the bottom first.
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Figure 2-23. An example of an autopilot system.

Respect for Onboard Systems

Automation can assist the pilot in many ways, but a
thorough understanding of the system(s) in useis essential
to gaining the benefits it can offer. Understanding leads
to respect, which is achieved through discipline and the
mastery of the onboard systems. It is important to fly the
aircraft using minimal information from the primary flight
display (PFD). This includes turns, climbs, descents, and
being able to fly approaches.

Reinforcement of Onboard Suites

The use of an EFD may not seem intuitive, but competency
becomes better with understanding and practice. Computer-
based software and incremental training hel p the pilot become
comfortable with the onboard suites. Then the pilot needs
to practice what was learned in order to gain experience.
Reinforcement not only yields dividends in the use of
automation, it also reduces workload significantly.

Getting Beyond Rote Workmanship

The key to working effectively with automation is getting
beyond the sequential process of executing an action. If a
pilot has to analyze what key to push next, or always uses
the same sequence of keystrokes when others are available,
he or she may be trapped in arote process. This mechanical
process indicates a shallow understanding of the system.
Again, the desire isto become competent and know what to
do without having to think about, “what keystroke is next.”
Operating the system with competency and comprehension
benefits a pilot when situations become more diverse and
tasks increase.

Understand the Platform

Contrary to popular belief, flight in aircraft equipped with
different electronic management suites requires the same
attention as aircraft equipped with analog instrumentation
and aconventional suite of avionics. The pilot should review
and understand the different waysin which EFD areused in
aparticular aircraft. [Figure 2-24]

The following are two simple rules for use of an EFD:

» Beabletofly theaircraft to the standardsin the PTS.
Although thismay seeminsignificant, knowing how to
fly theaircraft to astandard makesapilot’ sairmanship
smoother and allows him or her more time to attend
to the system instead of managing multiple tasks.

* Read and understand the installed electronic flight
systems manuals to include the use of the autopilot
and the other onboard el ectronic management tools.

Managing Aircraft Automation

Before any pilot can master aircraft automation, he or she
must first know how to fly the aircraft. Maneuvers training
remains an important component of flight training because
almost 40 percent of al GA accidents take place in the

Figure 2-24. Examples of different platforms. Top to bottomarethe
Beechcraft Baron G58, Cirrus SR22, and Cirrus Entega.
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landing phase, onerealm of flight that still does not involve
programming a computer to execute. Another 15 percent
of al GA accidents occurs during takeoff and initial climb.

An advanced avionics safety issue identified by the FAA
concerns pilots who apparently develop an unwarranted
over-reliance in their avionics and the aircraft, believing
that the equipment will compensate for pilot shortcomings.
Related to the over-reliance is the role of ADM, which is
probably the most significant factor inthe GA accident record
of high performance aircraft used for cross-country flight.
The FAA advanced avionics aircraft safety study found that
poor decision-making seemsto afflict new advanced avionics
pilotsat arate higher than that of GA asawhole. Thereview
of advanced avionics accidents cited in this study showsthe
majority are not caused by something directly related to the
aircraft, but by the pilot’s lack of experience and a chain of
poor decisions. One consistent theme in many of the fatal
accidentsis continued VFR flight into IMC.

Thus, pilot skillsfor normal and emergency operationshinge
not only on mechanical manipulation of the stick and rudder,
but also include the mental mastery of the EFD. Three key
flight management skills are needed to fly the advanced
avionics safely: information, automation, and risk.

I nformation Management

For the newly transitioning pilot, the PFD, MFD, and GPS/
VHF navigator screens seem to offer too much information
presented in colorful menus and submenus. In fact, the pilot
may be drowning in information but unableto find aspecific
piece of information. It might be helpful to remember these
systems are similar to computers that store some folders on
a desktop and some within a hierarchy.

Thefirst critical information management skill for flying with
advanced avionicsisto understand the system at aconceptual
level. Remembering how the system is organized helps the
pilot manage the available information. It is important to
understanding that |earning knob-and-dial proceduresisnot
enough. Learning more about how advanced avionicssystems
work leadsto better memory for proceduresand allows pilots
to solve problems they have not seen before.

Thereareadsolimitsto understanding. Itisgenerally impossible
to understand al of the behaviors of a complex avionics
system. Knowing to expect surprises and to continually learn
new things is more effective than attempting to memorize
mechanical manipulation of the knobs. Simulation software
and books on the specific system used are of great value.

The second critical information management skill is stop,
look, and read. Pilots new to advanced avionics often become
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fixated on the knobs and try to memorize each and every
sequence of button pushes, pulls, and turns. A far better
strategy for accessing and managing theinformation available
in advanced avionics computers is to stop, look, and read.
Reading before pushing, pulling, or twisting can often save
apilot sometrouble.

Once behind the display screens on an advanced avionics
aircraft, the pilot’ s goal isto meter, manage, and prioritize
the information flow to accomplish specific tasks.
Certificated flight instructors (CFlIs), as well as pilots
transitioning to advanced avionics, will find it helpful to
corra the information flow. Thisis possible through such
tactics as configuring the aspects of the PFD and MFD
screens according to personal preferences. For example,
most systems offer map orientation options that include
“north up,” “track up,” “DTK” (desired track up), and
“heading up.” Another tactic is to decide, when possible,
how much (or how little) information to display. Pilots can
also tailor the information displayed to suit the needs of a
specific flight.

Information flow can also be managed for a specific
operation. The pilot has the ability to prioritize information
for atimely display of exactly theinformation needed for any
given flight operation. Examples of managing information
display for a specific operation include:

* Program map scale settings for en route versus
terminal area operation.

o Utilize the terrain awareness page on the MFD for a
night or IMC flight in or near the mountains.

*  Usethe nearest airportsinset on the PFD at night or
over inhospitable terrain.

»  Program the weather datalink set to show echoes and
METAR status flags.

Enhanced Situational Awareness

An advanced avionics aircraft offers increased safety with
enhanced situational awareness. Although aircraft flight
manuals (AFM) explicitly prohibit using the moving map,
topography, terrain awareness, traffic, and weather datalink
displays as the primary data source, these tools nonetheless
give the pilot unprecedented information for enhanced
situational awareness. Without a well-planned information
management strategy, these tools also make it easy for an
unwary pilot to slide into the complacent role of passenger
in command.

Consider the pilot whose navigational information
management strategy consists solely of following the
magenta line on the moving map. He or she can easily fly
into geographic or regulatory disaster, if the straight-line GPS



course goes through high terrain or prohibited airspace, or if
the moving map display fails.

A good strategy for maintaining situational awareness
information management should include practices that help
ensurethat awarenessisenhanced, not diminished, by theuse
of automation. Two basic procedures are to always double-
check the system and verbal callouts. At a minimum, ensure
the presentation makes sense. Wasthe correct destination fed
into the navigation system? Callouts—even for single-pilot
operations—are an excellent way to maintain situational
awareness, as well as manage information.

Other ways to maintain situational awareness include:

e Perform verification check of all programming. Before
departure, check all information programmed while
on the ground.

e Check theflight routing. Before departure, ensure all
routing matches the planned flight route. Enter the
planned route and legs, to include headings and leg
length, on a paper log. Use this log to evaluate what
has been programmed. If the two do not match, do not
assumethe computer datais correct, double check the
computer entry.

e Verify waypoints.

e Make use of al onboard navigation equipment. For
example, use VOR to back up GPS and vice versa.

e Match the use of the automated system with pilot
proficiency. Stay within personal limitations.

e Plan arealistic flight route to maintain situational
awareness. For example, although the onboard
equipment allows a direct flight from Denver,
Colorado, to Destin, Florida, the likelihood of
rerouting around Eglin Air Force Base's airspace is
high.

e Beready toverify computer dataentries. For example,
incorrect keystrokes could lead to loss of situational
awareness because the pilot may not recognize errors
made during a high workload period.

Automation Management

Advanced avionicsoffer multiplelevelsof automation, from
strictly manual flight to highly automated flight. No onelevel
of automation is appropriate for al flight situations, but in
order to avoid potentially dangerous distractionswhen flying
with advanced avionics, the pilot must know how to manage
the course deviation indicator (CDI), the navigation source,
and the autopilot. It is important for a pilot to know the
peculiarities of the particular automated system being used.
Thisensuresthe pilot knowswhat to expect, how to monitor

for proper operation, and promptly take appropriate action if
the system does not perform as expected.

For example, at the most basic level, managing the autopilot
means knowing at all times which modes are engaged
and which modes are armed to engage. The pilot needs to
verify that armed functions (e.g., navigation tracking or
atitude capture) engage at the appropriate time. Automation
management is another good place to practice the callout
technique, especially after arming the system to make a
change in course or altitude.

In advanced avionicsaircraft, proper automation management
aso requires athorough understanding of how the autopilot
interacts with the other systems. For example, with some
autopilots, changing the navigation source onthee-HSI from
GPSto LOC or VOR whilethe autopilot isengaged in NAV
(coursetracking mode) causes the autopilot’sNAV modeto
disengage. Theautopilot’ slateral control will default to ROL
(wing level) until the pil ot takes action to reengage the NAV
mode to track the desired navigation source.

Risk Management

Risk management is the last of the three flight management
skillsneeded for mastery of the glassflight deck aircraft. The
enhanced situational awareness and automation capabilities
offered by aglassflight deck airplanevastly expand its safety
and utility, especially for personal transportation use. At the
same time, there is some risk that lighter workloads could
lead to complacency.

Humans are characteristically poor monitors of automated
systems. When asked to passively monitor an automated
system for faults, abnormalities, or other infrequent events,
humans perform poorly. The more reliable the system, the
poorer the human performance. For example, the pilot only
monitors a backup alert system, rather than the situation
that the alert system is designed to safeguard. It is a paradox
of automation that technically advanced avionics can both
increase and decrease pilot awareness.

It is important to remember that EFDs do not replace basic
flight knowledge and skills. They are a tool for improving
flight safety. Risk increaseswhen the pil ot believesthe gadgets
compensate for lack of skill and knowledge. It is especialy
important to recognize there are limits to what the electronic
systems in any light GA aircraft can do. Being PIC requires
sound ADM, which sometimes means saying “no” to aflight.

Risk is also increased when the pilot fails to monitor the

systems. By failing to monitor the systems and failing to
check theresults of the processes, the pil ot becomes detached
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from theaircraft operation and didesinto the complacent role
of passenger in command. Complacency led to tragedy in a
1999 aircraft accident.

In Colombia, a multi-engine aircraft crewed with two pilots
struck the face of the Andes Mountains. Examination of
their FMS revealed they entered a waypoint into the FMS
incorrectly by one degree resulting in a flight path taking
them to a point 60 NM off their intended course. The pilots
were equipped with the proper charts, their route was posted
on the charts, and they had a paper navigation log indicating
the direction of each leg. They had dl the tools to manage
and monitor their flight, but instead allowed the automation
to fly and manage itself. The system did exactly what it was
programmed to do; it flew on a programmed course into a
mountain resulting in multiple deaths. Thepilotssimply failed
to managethe system and inherently created their own hazard.
Although this hazard was self-induced, what is notableisthe
risk the pilots created through their owninattention. By failing
to evaluate each turn made at the direction of automation, the
pilots maximized risk instead of minimizing it. In thiscase, a
totally avoidable accident become a tragedy through simple
pilot error and complacency.

For the GA pilot transitioning to automated systems, it is
helpful to note that all human activity involving technical
devicesentails some element of risk. Knowledge, experience,
and mission requirements tilt the odds in favor of safe and
successful flights. The advanced avionics aircraft offers
many new capabilities and simplifies the basic flying tasks,
but only if the pilot is properly trained and all the equi pment
isworking as advertised.

Chapter Summary

This chapter focused on helping the pilot improve his or
her ADM skills with the goal of mitigating the risk factors
associated with flight in both classic and automated aircraft.
In the end, the discussion is not so much about aircraft, but
about the people who fly them.
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Introduction

Anaircraftisadevicethat isused, or intended to be used, for
flight according to the current Title 14 of the Code of Federal
Regulations (14 CFR) part 1, Definitionsand Abbreviations.
Categories of aircraft for certification of airmen include
airplane, rotorcraft, glider, lighter-than-air, powered-lift,
powered parachute, and weight-shift control aircraft. Title
14 CFR part 1 aso defines airplane as an engine-driven,
fixed-wing aircraft that is supported in flight by the dynamic
reaction of air against its wings. Another term, not yet
codified in 14 CFR part 1, is advanced avionics aircraft,
which refersto an aircraft that contains aglobal positioning
system (GPS) navigation system with amoving map display,
in conjunction with another system, such as an autopilot.
This chapter provides a brief introduction to the structure
of aircraft and uses an airplane for most illustrations. Light
Sport Aircraft (LSA), such as weight-shift control aircraft,
balloon, glider, powered parachute, and gyroplane, havetheir
own handbooks to include detailed information regarding
aerodynamics and control.
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Aircraft Design, Certification, and
Airworthiness

The FAA certifies three types of aviation products: aircraft,
aircraft engines, and propellers. Each of these products
has been designed to a set of airworthiness standards.
These standards are parts of Title 14 of the Code of
Federal Regulations (14 CFR), published by the FAA. The
airworthiness standards were developed to help ensure that
aviation products are designed with no unsafe features.
Different airworthiness standards apply to the different
categories of aviation products as follows:

e Normal, Utility, Acrobatic, and Commuter Category
Airplanes- 14 CFR part 23

e Transport Category Airplanes—14 CFR part 25
e Normal Category—14 CFR part 27

e Transport Category Rotorcraft—14 CFR part 29
¢ Manned Free Balloons—14 CFR part 31

e Aircraft Engines—14 CFR part 33

e Propellers—14 CFR part 35

Someaircraft are considered “ special classes’ of aircraft and
do not havetheir own airworthiness standards, such asgliders
and powered lift. The airworthiness standards used for these
aircraft are a combination of requirementsin 14 CFR parts
23,25, 27, and 29 that the FAA and the designer have agreed
are appropriate for the proposed aircraft.

The FAA issues a Type Certificate (TC) for the product
when they are satisfied it complies with the applicable
airworthiness standards. When the TC is issued, a Type
Certificate Data Sheet (TCDS) is generated that specifies
the important design and operational characteristics of the
aircraft, aircraft engine, or propeller. The TCDS defines the
product and are availableto the public from the FAA website
at www.faa.gov.

A Note About Light Sport Aircraft

Light sport aircraft are not designed according to FAA
airworthiness standards. Instead, they are designed to a
consensus of standards agreed upon in the aviation industry.
The FAA hasagreed the consensus of standardsisacceptable
asthedesign criteriafor these aircraft. Light sport aircraft do
not necessarily have individually type certificated engines
and propellers. Instead, a TC is issued to the aircraft as a
whole. It includes the airframe, engine, and propeller.

Aircraft, aircraft engines, and propel lers can be manufactured
one at atime from the design drawings, or through an FAA
approved manufacturing process, depending on the size and
capabilities of the manufacturer. During the manufacturing
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process, each part isinspected to ensurethat it has been built
exactly according to the approved design. Thisinspectionis
called a conformity inspection.

Whentheaircraft is complete, with the airframe, engine, and
propeller, itisinspected and the FAA issuesan airworthiness
certificate for the aircraft. Having an airworthiness
certificate means the compl ete aircraft meetsthe design and
manufacturing standards, and isin acondition for safeflight.
This airworthiness certificate must be carried in the aircraft
during all flight operations. The airworthiness certificate
remains valid as long as the required maintenance and
inspections are kept up to date for the aircraft.

Airworthiness certificates are classified as either “ Standard”
or “Special.” Standard airworthiness certificates are white,
and are issued for normal, utility, acrobatic, commuter, or
transport category aircraft. They are also issued for manned
free balloons and aircraft designated as “ Special Class.”

Special airworthiness certificates are pink, and are issued
for primary, restricted, and limited category aircraft, and
light sport aircraft. They are also issued as provisional
airworthiness certificates, special flight permits (ferry
permits), and for experimental aircraft.

Moreinformation on airworthiness certificates can befound
in Chapter 9, in 14 CFR parts 175-225, and also onthe FAA
website at www.faa.gov.

Lift and Basic Aerodynamics

In order to understand the operation of the major components
and subcomponents of an aircraft, it is important to
understand basic aerodynamic concepts. Thischapter briefly
introduces aerodynamics; amore detailed explanation can be
found in Chapter 5, Aerodynamics of Flight.

Four forces act upon an aircraft in relation to straight-and-
level, unaccelerated flight. These forces are thrust, lift,
weight, and drag. [ Figure 3-1]

Thrust is the forward force produced by the powerplant/
propeller. It opposes or overcomes the force of drag. As a
general rule, it issaid to act parallel to the longitudinal axis.
Thisis not always the case as explained later.

Dragisarearward, retarding forceand is caused by disruption
of airflow by thewing, fuselage, and other protruding objects.
Drag opposesthrust and actsrearward parallel totherelative
wind.
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Figure 3-1. The four forces.

Weight is the combined load of the aircraft itself, the crew,
the fuel, and the cargo or baggage. Weight pulls the aircraft
downward because of the force of gravity. It opposes lift
and acts vertically downward through the aircraft’s center
of gravity (CG).

Lift opposes the downward force of weight, is produced by
the dynamic effect of the air acting on the wing, and acts
perpendicular to the flight path through the wing's center
of lift (CL).

An aircraft moves in three dimensions and is controlled by
moving it about one or more of its axes. The longitudinal,
or roll, axis extends through the aircraft from nose to tail,
with the line passing through the CG. The latera or pitch
axis extends across the aircraft on a line through the wing
tips, again passing through the CG. Thevertical, or yaw, axis
passesthrough theaircraft vertically, intersecting the CG. Al
control movements cause the aircraft to move around one or
more of these axes and allows for the control of the aircraft
inflight. [Figure 3-2]

One of the most significant components of aircraft designis
CG. It is the specific point where the mass or weight of an
aircraft may be said to center; that is, a point around which,
if the aircraft could be suspended or balanced, the aircraft
would remain relatively level. The position of the CG of
an aircraft determines the stability of the aircraft in flight.
As the CG moves rearward (towards the tail), the aircraft
becomes more and more dynamically unstable. In aircraft
with fuel tanks situated in front of the CG, it is important
that the CG is set with the fuel tank empty. Otherwise, asthe
fuel isused, the aircraft becomesunstable. [ Figure 3-3] The
CG is computed during initial design and construction and
isfurther affected by the installation of onboard equipment,
aircraft loading, and other factors.

Major Components

Although airplanesaredesigned for avariety of purposes, most
of them have the same magjor components. [ Figure 3-4] The
overall characteristics are largely determined by the original
design objectives. Most airplane structuresinclude afusel age,
wings, an empennage, landing gear, and a powerplant.

Fuselage

Thefuselageisthe central body of an airplaneandisdesigned
to accommodate the crew, passengers, and cargo. It also
provides the structural connection for the wings and tail
assembly. Older typesof aircraft design utilized an open truss
structure constructed of wood, steel, or aluminum tubing.
[Figure 3-5] The most popular types of fuselage structures
used in today’s aircraft are the monocoque (French for
“single shell”) and semimonocoque. These structure types
arediscussed in more detail under aircraft construction later
in the chapter.

Wings
The wings are airfoils attached to each side of the fuselage
and are the main lifting surfaces that support the airplanein

Pitching

Lateral axis

Longitudinal axis

Rolling

Yawing

<«
1

Vertical axis

Figure 3-2. lllustrates the pitch, roll, and yaw motion of the aircraft along the lateral, longitudinal, and vertical axes, respectively.
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Figure 3-3. Center of gravity (CG).

Figure 3-4. Airplane components.
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Figure 3-5. Truss-type fuselage structure.

flight. There are numerous wing designs, sizes, and shapes
used by the various manufacturers. Each fulfillsacertain need
with respect to the expected performance for the particular
airplane. How thewing produceslift is explained in Chapter
5, Aerodynamics of Flight.

Wings may be attached at the top, middle, or lower portion
of the fuselage. These designs are referred to as high-, mid-,
and low-wing, respectively. The number of wings can also
vary. Airplanes with asingle set of wings are referred to as
monoplanes, while those with two sets are called biplanes.
[Figure 3-6]

Many high-wing airplanes have external braces, or wing
struts that transmit the flight and landing loads through the
struts to the main fuselage structure. Since the wing struts
areusually attached approximately halfway out onthewing,
this type of wing structure is called semi-cantilever. A few
high-wing and most low-wing airplaneshaveafull cantilever
wing designed to carry the loads without external struts.

The principal structural parts of the wing are spars, ribs,
and stringers. [ Figure 3-7] These are reinforced by trusses,
I-beams, tubing, or other devices, including the skin. The
wing ribs determine the shape and thickness of the wing
(arfoil). In most modern airplanes, the fuel tanks are either
anintegral part of the wing's structure or consist of flexible
containers mounted inside of the wing.



Figure 3-6. Monoplane (left) and biplane (right).

Attached to the rear, or trailing edges, of the wings are two
types of control surfaces referred to as ailerons and flaps.
Ailerons extend from about the midpoint of each wing
outward toward the tip, and move in opposite directions to
create aerodynamic forces that cause the airplane to roll.
Flaps extend outward from the fuselage to near the midpoint
of each wing. The flaps are normally flush with the wing's
surface during cruising flight. When extended, the flapsmove
simultaneously downward to increase the lifting force of the
wing for takeoffs and landings. [ Figure 3-8]

Alternate Types of Wings
Alternate types of wings are often found on aircraft. The
shape and design of a wing is dependent upon the type of

operation for which an aircraft is intended and is tailored
to specific types of flying. These design variations are
discussed in Chapter 5, Aerodynamics of Flight, which
provides information on the effect controls have on lifting
surfacesfrom traditional wingsto wingsthat use both flexing
(due to hillowing) and shifting (through the change of the
aircraft’'s CG). For example, the wing of the weight-shift
control aircraft is highly swept in an effort to reduce drag
and alow for the shifting of weight to provide controlled
flight. [Figure 3-9] Handbooks specific to most categories
of aircraft are available for the interested pilot and can be
found onthe Federal Aviation Administration (FAA) website
at www.faa.gov.

Figure 3-7. Wing components.
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Figure 3-8. Types of flaps.

Empennage

The empennage includes the entire tail group and consists
of fixed surfaces, such as the vertical stabilizer and the
horizontal stabilizer. The movable surfaces include the
rudder, the elevator, and one or moretrimtabs. [ Figure 3-10]

The rudder is attached to the back of the vertical stabilizer.
During flight, it is used to move the airplane’s nose left
and right. The elevator, which is attached to the back of the
horizontal stabilizer, isused to movethe nose of theairplane
up and down during flight. Trim tabs are small, movable
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Figure 3-9. Weight-shift control aircraft use the shifting of weight
for control.

portions of the trailing edge of the control surface. These
movabletrimtabs, which are controlled from the flight deck,
reduce control pressures. Trim tabs may be installed on the
ailerons, the rudder, and/or the elevator.

A second type of empennage design does not require an
elevator. Instead, it incorporates a one-piece horizontal
stabilizer that pivots from acentral hinge point. Thistype of
design is called a stabilator and is moved using the control
wheel, just as the elevator is moved. For example, when a
pilot pulls back on the control wheel, the stabilator pivots so
the trailing edge moves up. This increases the aerodynamic
tail load and causes the nose of the airplane to move up.
Stabilators have an antiservo tab extending across their
trailing edge. [Figure 3-11]

The antiservo tab movesin the same direction asthetrailing
edge of the stabilator and helps make the stabilator less
sensitive. The antiservo tab aso functions as a trim tab to
relieve control pressures and helps maintain the stabilator in
the desired position.

Figure 3-10. Empennage components.



Figure 3-11. Stabilator components.

Landing Gear

Thelanding gear isthe principal support of theairplanewhen
parked, taxiing, taking off, or landing. The most common type
of landing gear consists of wheels, but airplanes can also be
equipped with floats for water operations or skisfor landing
on snow. [Figure 3-12]

Wheeled landing gear consists of three wheels—two main
wheelsand athird wheel positioned either at thefront or rear
of the airplane. Landing gear with a rear mounted wheel is
called conventional landing gear.

Airplanes with conventional landing gear are sometimes
referred to as tailwheel airplanes. When the third wheel is
located on the nosg, it is called anosewheel, and the design
is referred to as a tricycle gear. A steerable nosewheel or
taillwheel permitstheairplaneto be controlled throughout all
operations while on the ground. Most aircraft are steered by
moving the rudder pedals, whether nosewheel or tailwheel.
Additionally, someaircraft are steered by differential braking.

The Powerplant

The powerplant usually includes both the engine and the
propeller. The primary function of the engine is to provide
the power to turn the propeller. It also generates electrical
power, provides avacuum sourcefor someflight instruments,
and in most single-engine airplanes, provides a source of
heat for the pilot and passengers. [ Figure 3-13] The engine
is covered by a cowling, or a nacelle, which are both types
of covered housing. The purpose of the cowling or nacelle
isto streamlinethe flow of air around the engine and to help
cool the engine by ducting air around the cylinders.

The propeller, mounted on the front of the engine, translates
the rotating force of the engineinto thrust, aforward acting
forcethat helpsmovetheairplanethroughtheair. A propeller

Figure 3-12. Typesof landing gear: floats (top), skis (middle), and
wheels (bottom).

isarotating airfoil that producesthrust through aerodynamic
action. A high-pressure area is formed at the back of the
propeller’ sairfoil, and low pressureis produced at the face of
the propeller, similar to theway lift isgenerated by an airfoil
used as alifting surface or wing. This pressure differential
develops thrust from the propeller, which in turn pulls the
airplaneforward. Enginesmay beturned around to be pushers
with the propeller at the rear.

There are two significant factors involved in the design
of a propeller that impact its effectiveness. The angle of a
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Figure 3-13. Engine compartment.

propeller blade, as measured against the hub of the propeller,
keepstheangle of attack (AOA) (Seedefinitionin Glossary)
relatively constant along the span of the propeller blade,
reducing or eliminating the possibility of astall. The amount
of lift being produced by the propeller is directly related to
the AOA, whichistheangleat which therelative wind meets
the blade. The AOA continuously changes during the flight
depending upon the direction of the aircraft.

Thepitchisdefined asthe distance apropeller would travel in
onerevolutionif it wereturning in asolid. Thesetwo factors
combineto alow ameasurement of the propeller’ sefficiency.
Propellers are usually matched to a specific aircraft/
powerplant combination to achieve the best efficiency at a
particular power setting, and they pull or push depending on
how the engine is mounted.

Subcomponents

The subcomponents of an airplane include the airframe,
electrical system, flight controls, and brakes.

The airframe is the basic structure of an aircraft and is
designed to withstand all aerodynamic forces, aswell asthe
stressesimposed by theweight of thefuel, crew, and payload.

The primary function of an aircraft electrical system is to
generate, regulate, and distribute el ectrical power throughout
the aircraft. There are several different power sources on
aircraft to power the aircraft electrical systems. These
power sources include: engine-driven alternating current
(AC) generators, auxiliary power units (APUs), and external
power. The aircraft’s electrical power system is used to
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operate the flight instruments, essential systems, such as
anti-icing, and passenger services, such as cabin lighting.

The flight controls are the devices and systems that govern
the attitude of an aircraft and, as a result, the flight path
followed by the aircraft. In the case of many conventional
airplanes, the primary flight controls utilize hinged, trailing-
edge surfaces called elevatorsfor pitch, aileronsfor roll, and
the rudder for yaw. These surfaces are operated by the pilot
in the flight deck or by an automatic pilot.

Inthe case of most modern airplanes, airplane brakes consist
of multiple pads (called caliper pads) that are hydraulically
squeezed toward each other with a rotating disk (called a
rotor) between them. The pads place pressure on the rotor
whichisturning with thewheels. Asaresult of theincreased
friction on the rotor, the wheels inherently slow down and
stop turning. The disks and brake pads are made either from
stedl, likethoseinacar, or from acarbon material that weighs
lessand can absorb more energy. Because airplane brakesare
used principally during landings and must absorb enormous
amounts of energy, their life is measured in landings rather
than miles.

Types of Aircraft Construction

The construction of aircraft fuselagesevolved fromthe early
wood truss structural arrangements to monocoque shell
structures to the current semimonocoque shell structures.

Truss Structure

The main drawback of truss structure is its lack of a
streamlined shape. In this construction method, lengths of
tubing, called longerons, arewelded in place to form awell-
braced framework. Vertical and horizontal struts are welded
to thelongeronsand givethe structure asquare or rectangular
shapewhen viewed from theend. Additiona strutsare needed
to resist stress that can come from any direction. Stringers
and bulkheads, or formers, are added to shape the fuselage
and support the covering.

Astechnology progressed, aircraft designersbegan to enclose
the truss members to streamline the airplane and improve
performance. This was originally accomplished with cloth
fabric, which eventually gave way to lightweight metalssuch
as aluminum. In some cases, the outside skin can support all
or amajor portion of the flight loads. Most modern aircraft
useaform of thisstressed skin structure known as monocoque
or semimonocoque construction. [ Figure 3-14]

Monocoque

M onocoque construction uses stressed skin to support almost
al loads much like an aluminum beverage can. Although
very strong, monocoque construction is not highly tolerant
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Figure 3-14. Semimonocogue and monocoque fuselage design.

to deformation of the surface. For example, an aluminum
beverage can supports considerable forces at the ends of
the can, but if the side of the can is deformed slightly while
supporting aload, it collapses easily.

Because most twisting and bending stresses are carried by
the external skin rather than by an open framework, the need
for internal bracing was eliminated or reduced, saving weight
and maximizing space. One of the notable and innovative
methods for using monocoque construction was employed by
Jack Northrop. In 1918, he devised a new way to construct
a monocoque fuselage used for the Lockheed S-1 Racer.
The technique utilized two molded plywood half-shells that
were glued together around wooden hoops or stringers. To
construct the half shells, rather than gluing many strips of
plywood over aform, three large sets of spruce strips were
soaked with glue and laid in a semi-circular concrete mold
that looked like a bathtub. Then, under a tightly clamped
lid, a rubber balloon was inflated in the cavity to press
the plywood against the mold. Twenty-four hours later,
the smooth half-shell was ready to be joined to ancther to
create the fuselage. The two halves were each less than a
quarter inch thick. Although employed in the early aviation
period, monocoque construction would not reemerge for
several decades due to the complexities involved. Every
day examples of monocoque construction can be found in

automobile manufacturing where the unibody is considered
standard in manufacturing.

Semimonocoque

Semimonocoque construction, partial or one-half, uses a
substructure to which the airplane’s skin is attached. The
substructure, which consists of bulkheads and/or formers
of various sizes and stringers, reinforces the stressed skin
by taking some of the bending stress from the fuselage. The
main section of the fuselage also includes wing attachment
pointsand afirewall. On single-engine airplanes, the engine
is usually attached to the front of the fuselage. There is a
fireproof partition between the rear of the engine and the
flight deck or cabin to protect the pilot and passengers from
accidental enginefires. Thispartitioniscalled afirewall and
is usually made of heat-resistant material such as stainless
steel. However, a new emerging process of construction is
the integration of composites or aircraft made entirely of
composites.

Composite Construction

History

The use of composites in aircraft construction can be dated
to World War 11 aircraft when soft fiberglassinsulation was
used in B-29 fuselages. By the late 1950s, European high
performance sail plane manufacturers were using fiberglass
as primary structures. In 1965, the FAA type certified the
first al-fiberglass aircraft in the normal category, a Swiss
sailplane called a Diamant HBV. Four years later, the FAA
certified a four-seat, single-engine Windecker Eagle in the
normal category. By 2005, over 35 percent of new aircraft
were constructed of composite materials.

Composite is a broad term and can mean materials such as
fiberglass, carbon fiber cloth, Kevliar™ cloth, and mixtures
of all of the above. Composite construction offers two
advantages: extremely smooth skinsand the ability to easily
form complex curved or streamlined structures. [ Figure 3-15]

Composite Materialsin Aircraft

Composite materials are fiber-reinforced matrix systems.
The matrix is the “glue” used to hold the fibers together
and, when cured, givesthe part its shape, but thefibers carry
most of the load. There are many different types of fibers
and matrix systems.

In aircraft, the most common matrix isepoxy resin, whichis
atype of thermosetting plastic. Compared to other choices
such as polyester resin, epoxy isstronger and has good high-
temperature properties. There are many different types of
epoxies available with awide range of structural properties,
cure times and temperatures, and costs.
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Figure 3-15. Composite aircraft.

The most common reinforcing fibers used in aircraft
construction are fiberglass and carbon fiber. Fiberglass
has good tensile and compressive strength, good impact
resistance, iseasy to work with, andisrelatively inexpensive
and readily available. Its main disadvantage is that it is
somewhat heavy, and itisdifficult to make afiberglass|oad-
carrying structure lighter than a well designed equivalent
aluminum structure.

Carbonfiber isgenerally stronger intensile and compressive
strength than fiberglass and has much higher bending
stiffness. It is also considerably lighter than fiberglass.
However, itisrelatively poor inimpact resistance; thefibers
are brittle and tend to shatter under sharp impact. This can
be greatly improved with a“toughened” epoxy resin system,
as used inthe Boeing 787 horizontal and vertical stabilizers.
Carbon fiber ismore expensive than fiberglass, but the price
has dropped due to innovations driven by the B-2 program
in the 1980s and Boeing 777 work in the 1990s. Very well-
designed carbon fiber structures can be significantly lighter
than an equivalent aluminum structure, sometimes by 30
percent or so.

Advantages of Composites

Composite construction offers several advantages over
metal, wood, or fabric, with itslighter weight being the most
frequently cited. Lighter weight is not always automatic. It
must be remembered that building an aircraft structure out of
composites does not guarantee it will be lighter; it depends
onthe structure, aswell asthetype of composite being used.

A moreimportant advantageisthat avery smooth, compound
curved, aerodynamic structure made from composites
reduces drag. This is the main reason sailplane designers
switched from metal and wood to composites in the 1960s.
In aircraft, the use of composites reduces drag for the Cirrus
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and Columbialine of production aircraft, leading to their high
performance despitetheir fixed landing gear. Compositesa so
help mask the radar signature of “stealth” aircraft designs,
such as the B-2 and the F-22. Today, composites can be
foundin aircraft asvaried asglidersto most new helicopters.

Lack of corrosionisathird advantage of composites. Boeing
isdesigning the 787, with itsall-composite fusel age, to have
both a higher pressure differential and higher humidity in
the cabin than previous airliners. Engineers are no longer as
concerned about corrosion from moisture condensation onthe
hidden areas of the fuselage skins, such as behind insulation
blankets. This should lead to lower long-term maintenance
costs for the airlines.

Another advantage of compositesistheir good performance
in aflexing environment, such asin helicopter rotor blades.
Compositesdo not suffer from metal fatigue and crack growth
as do metals. While it takes careful engineering, composite
rotor blades can have considerably higher design lives than
metal blades, and most new large helicopter designshaveall
composite blades, and in many cases, composite rotor hubs.

Disadvantages of Composites

Composite construction comes with its own set of
disadvantages, the most important of which is the lack of
visual proof of damage. Compositesrespond differently from
other structural materials to impact, and there is often no
obvious sign of damage. For example, if acar backsinto an
aluminum fuselage, it might dent the fuselage. If thefuselage
is not dented, there is no damage. If the fuselage is dented,
the damage is visible and repairs are made.

In a composite structure, a low energy impact, such as a
bump or atool drop, may not leave any visible sign of the
impact on the surface. Underneath the impact site there may
be extensive delaminations, spreading in acone-shaped area
from the impact location. The damage on the backside of
the structure can be significant and extensive, but it may be
hidden from view. Anytime one has reason to think there
may have been an impact, even a minor one, it is best to
get an inspector familiar with composites to examine the
structure to determine underlying damage. The appearance
of “whitish” areasin afiberglass structure is a good tip-off
that delaminations of fiber fracture has occurred.

A medium energy impact (perhaps the car backing into the
structure) results in local crushing of the surface, which
should bevisibleto the eye. The damaged areaislarger than
the visible crushed area and will need to berepaired. A high
energy impact, such as a bird strike or hail while in flight,
results in a puncture and a severely damaged structure. In



medium and high energy impacts, the damageisvisibleto the
eye, but low energy impact isdifficult to detect. [ Figure 3-16]

If animpact resultsin delaminations, crushing of the surface,
or a puncture, then a repair is mandatory. While waiting
for the repair, the damaged area should be covered and
protected from rain. Many composite parts are composed
of thin skins over a honeycomb core, creating a“ sandwich”
structure. While excellent for structural stiffness reasons,
such astructureisan easy target for water ingress (entering),
leading to further problems later. A piece of “speed tape”
over the punctureisagood way to protect it from water, but
itisnot astructural repair. The use of a paste filler to cover
up the damage, while acceptable for cosmetic purposes, is
not a structural repair, either.
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Figure 3-16. Impact energy affects the visibility, as well as the
severity, of damage in composite structures. High and medium
energy impacts, while severe, areeasy to detect. Low energy impacts
can easily cause hidden damage.

The potential for heat damage to the resin is another
disadvantage of using composites. While “too hot” depends
on the particular resin system chosen, many epoxies begin
to weaken over 150 °F. White paint on composites is often
used to minimize this issue. For example, the bottom of
a wing that is painted black facing a black asphalt ramp
on a hot, sunny day can get as hot as 220 °F. The same
structure, painted white, rarely exceeds 140 °F. As aresult,
composite aircraft often have specific recommendations
on alowable paint colors. If the aircraft is repainted, these
recommendations must be followed. Heat damage can also
occur dueto afire. Even aquickly extinguished small brake
fire can damage bottom wing skins, composite landing gear
legs, or wheel pants.

Also, chemical paint strippersarevery harmful to composites
and must not be used on them. If paint needs to be removed
from composites, only mechanical methodsareallowed, such
asgentlegrit blasting or sanding. Many expensive composite
parts have been ruined by the use of paint stripper and such
damage is generally not repairable.

Fluid Spills on Composites

Some owners are concerned about fud, ail, or hydraulic fluid
spillson composite surfaces. Theseare generally not aproblem
with modern composites using epoxy resin. Usualy, if the
spill does not attack the paint, it will not hurt the underlying
composite. Someaircraft usefiberglassfud tanks, for example,
in which the fuel rides directly against the composite surface
with no sealant being used. If the fiberglass structure is made
with some of the more inexpensive types of polyester resin,
there can be a problem when using auto gas with ethanol
blended into the mixture. The more expensive types of
polyester resin, as well as epoxy resin, can be used with auto
gas, aswell as 100 octane aviation gas (avgas) and jet fuel.

Lightning Strike Protection

Lightning strike protection is an important consideration in
aircraft design. When an aircraft is hit by lightning, a very
large amount of energy isdelivered to the structure. Whether
flying alight genera aviation (GA) aircraft or alargeairliner,
the basic principle of lightning strike protection isthe same.
For any sizeaircraft, the energy from the strike must be spread
over alarge surface area to lower the amps per square inch
to aharmless level.

If lightning strikes an aluminum airplane, the electrical
energy naturally conducts easily through the aluminum
structure. The challengeisto keep the energy out of avionics,
fuel systems, etc., until it can be safely conducted overboard.
The outer skin of the aircraft isthe path of least resistance.
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In a composite aircraft, fiberglass is an excellent electrical
insulator, while carbon fiber conducts electricity, but not
as easily as aluminum. Therefore, additional electrical
conductivity needs to be added to the outside layer of
composite skin. Thisisdonetypically with finemetal meshes
bonded to the skin surfaces. Aluminum and copper mesh
are the two most common types, with aluminum used on
fiberglass and copper on carbon fiber. Any structural repairs
on lightning-strike protected areas must al so include themesh
aswell asthe underlying structure.

For composite aircraft with interna radio antennas, there
must be “windows’ in the lightning strike mesh in the area
of the antenna. Internal radio antennas may be found in
fiberglass composites because fiberglass is transparent to
radio frequencies, where carbon fiber is not.

The Future of Composites

In the decades since World War 11, composites have earned
an important role in aircraft structure design. Their design
flexibility and corrosion resistance, as well as the high
strength-to-weight ratios possible, will undoubtedly continue
to lead to more innovative aircraft designs in the future.
From the Cirrus SR-20 to the Boeing 787, it is obvious that
composites have found a home in aircraft construction and
are hereto stay. [Figure 3-17]

Instrumentation: Moving into the Future

Until recently, most GA aircraft were equipped with
individual instruments utilized collectively to safely operate
and maneuver the aircraft. With the release of the electronic
flight display (EFD) system, conventional instruments have
been replaced by multiple liquid crystal display (LCD)
screens. The first screen is installed in front of the pilot
position andisreferred to asthe primary flight display (PFD).
The second screen, positioned approximately in the center
of the instrument panel, is referred to as the multi-function
display (MFD). These two screens de-clutter instrument
panels while increasing safety. This has been accomplished
through the utilization of solid state instruments that have
a failure rate far less than those of conventional analog
instrumentation. [ Figure 3-18]

With today’ simprovementsin avionics and theintroduction
of EFDs, pilots at any level of experience need an astute
knowledge of the onboard flight control systems, aswell as
an understanding of how automation meldswith aeronautical
decision-making (ADM). These subjectsare covered in detail
in Chapter 2, Aeronautical Decision-Making.

Whether an aircraft hasanal og or digital (glass) instruments,

the instrumentation falls into three different categories:
performance, control, and navigation.
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Figure 3-17. Composite materialsin aircraft, such as Columbia 350
(top), Boeing 787 (middle€), and a Coast Guard HH-65 (bottom).

Performance Instruments

The performance instruments indicate the aircraft’s actual
performance. Performanceis determined by referenceto the
altimeter, airspeed or vertical speedindicator (V Sl), heading
indicator, and turn-and-slip indicator. The performance
instruments directly reflect the performance the aircraft
is achieving. The speed of the aircraft can be referenced
on the airspeed indicator. The atitude can be referenced
on the atimeter. The aircraft’s climb performance can be
determined by referencing the VSI. Other performance
instruments available are the heading indicator, angle of
attack indicator, and the slip-skid indicator. [ Figure 3-19]
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Figure 3-18. Analog display (top) and digital display (bottom) from
a Cessna 172.

Control Instruments

The control instruments display immediate attitude and power
changes and are calibrated to permit adjustments in precise
increments. [ Figure 3-20] Theinstrument for attitude display
is the attitude indicator. The control instruments do not
indicate aircraft speed or altitude. In order to determinethese
variables and others, apilot must reference the performance
instruments.

Navigation Instruments

The navigation instruments indicate the position of the
aircraft in relation to a selected navigation facility or fix.
This group of instruments includes various types of course
indicators, range indicators, glideslope indicators, and
bearing pointers. Newer aircraft with more technologically
advanced instrumentation provide blended information,
giving the pilot more accurate positional information.

Navigation instruments are comprised of indicators that
display GPS, very high frequency (VHF) omni-directional
radio range (VOR), nondirectional beacon (NDB),
and instrument landing system (ILS) information. The
instruments indicate the position of the aircraft relative to a

selected navigation facility or fix. They also provide pilotage
information so the aircraft can be maneuvered to keep it on
a predetermined path. The pilotage information can be in
either two or three dimensionsrelative to the ground-based or
space-based navigation information. [ Figures 3-21 and 3-22]

Global Positioning System (GPS)

GPS is a satellite-based navigation system composed of a
network of satellites placed into orbit by the United States
Department of Defense (DOD). GPSwas originally intended
for military applications, but in the 1980s the government
made the system available for civilian use. GPS works in
all weather conditions, anywhere in the world, 24 hours a
day. A GPS receiver must be locked onto the signal of at
least three satellites to calculate atwo-dimensional position
(latitude and longitude) and track movement. With four or
more satellitesin view, the receiver can determinetheuser’s
three-dimensional position (latitude, longitude, and altitude).
Other satellites must also be in view to offset signal loss
and signal ambiguity. The use of the GPS is discussed in
more detail in Chapter 17, Navigation. Additionally, GPSis
discussed in the Aeronautical Information Manual (AIM).

Chapter Summary

This chapter provides an overview of aircraft structures.
A more in-depth understanding of aircraft structures and
controls can be gained through the use of flight simulation
software or interactive programs available online through
aviation organizations, such asthe Aircraft Ownersand Pilots
Association (AOPA). Pilotsare al so encouraged to subscribe
to or review the various aviation periodicals that contain
valuable flying information. As discussed in Chapter 1, the
National Aeronauticsand Space Administration (NASA) and
the FAA also offer free information for pilots.
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Figure 3-21. A comparison of navigation information as depicted on both analog and digital displays.
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Introduction

This chapter examines the fundamental physical laws
governing the forces acting on an aircraft in flight, and
what effect these natural laws and forces have on the
performance characteristicsof aircraft. To control an aircraft,
be it an airplane, helicopter, glider, or balloon, the pilot
must understand the principles involved and learn to use or
counteract these natural forces.

Structure of the Atmosphere

Theatmosphereisan envelopeof air that surroundsthe Earth
and rests upon its surface. It isas much apart of the Earth as
theseasor theland, but air differsfrom land and water asitis
amixture of gases. It has mass, weight, and indefinite shape.

The atmosphere is composed of 78 percent nitrogen, 21
percent oxygen, and 1 percent other gases, such as argon
or helium. Some of these elements are heavier than others.
The heavier elements, such as oxygen, settle to the surface
of the Earth, while the lighter elements are lifted up to the
region of higher atitude. Most of the atmosphere’s oxygen
is contained below 35,000 feet altitude.
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Air is a Fluid

When most people hear theword “fluid,” they usually think
of liquid. However, gasses, like air, are also fluids. Fluids
take on the shape of their containers. Fluids generally do not
resist deformation when even the smallest stressis applied,
or they resist it only dlightly. We call this dight resistance
viscosity. Fluidsalso havethe ability to flow. Just asaliquid
flowsandfillsacontainer, air will expand tofill theavailable
volumeof itscontainer. Both liquidsand gasses display these
unique fluid properties, even though they differ greatly in
density. Understanding thefluid propertiesof air isessential
to understanding the principles of flight.

Viscosity

Viscosity is the property of a fluid that causes it to resist
flowing. The way individual molecules of the fluid tend to
adhere, or stick, to each other determines how much afluid
resistsflow. High-viscosity fluidsare“thick” and resist flow;
low-viscosity fluidsare“thin” and flow easily. Air hasalow
viscosity and flows easily.

Using two liquids as an example, similar amounts of oil and
water poured down twoidentical rampswill flow at different
ratesdueto their different viscosity. Thewater seemsto flow
freely while the il flows much more slowly.

As another example, different types of similar liquids will
display different behaviors because of different viscosities.
Grease is very viscous. Given time, grease will flow, even
though the flow rate will be slow. Motor ail is less viscous
than grease and flows much more easily, but it ismore viscous
and flows more slowly than gasoline.

All fluids are viscous and have aresistance to flow, whether
or not we observe this resistance. We cannot easily observe

the viscosity of air. However, since air is a fluid and has
viscosity properties, it resists flow around any object to
some extent.

Friction

Another factor at work when a fluid flows over or around
an object iscalled friction. Friction isthe resistance that one
surface or object encounters when moving over another.
Friction exists between any two materials that contact each
other.

The effects of friction can be demonstrated using a similar
example as before. If identical fluids are poured down two
identical ramps, they flow in the same manner and at the
same speed. If the surface of oneramp isrough, and the other
smooth, the flow down the two ramps differs significantly.
The rough surface ramp impedes the flow of the fluid due
to resistance from the surface (friction). It is important to
remember that all surfaces, no matter how smooth they
appear, are hot smooth on a microscopic level and impede
the flow of afluid.

The surface of awing, like any other surface, has a certain
roughness at the microscopic level. The surface roughness
causes resistance and slows the velocity of the air flowing
over thewing. [Figure 4-1]

Moleculesof air passover the surface of thewing and actually
adhere (stick, or cling) to the surface because of friction. Air
molecules near the surface of thewing resist motion and have
arelative velocity near zero. The roughness of the surface
impedes their motion. The layer of moleculesthat adhereto
the wing surface is referred to as the boundary layer.

Leading edge of wing under 1,500x magnification

Figure 4-1. Microscopic surface of awing.
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Once the boundary layer of the air adheres to the wing by
friction, further resistance to the airflow is caused by the
viscosity, the tendency of the air to stick to itself. When
these two forces act together to resist airflow over awing,
itiscalled drag.

Pressure

Pressureistheforce applied inaperpendicular directiontothe
surface of an object. Often, pressureis measured in pounds of
force exerted per square inch of an object, or PSI. An object
completely immersed in afluid will feel pressure uniformly
around the entire surface of the object. If the pressure on one
surface of the object becomes |ess than the pressure exerted
on the other surfaces, the object will move in the direction
of the lower pressure.

Atmospheric Pressure

Although there are various kinds of pressure, pilots are
mainly concerned with atmospheric pressure. It is one of
the basic factorsin weather changes, helpsto lift an aircraft,
and actuates some of theimportant flight instruments. These
instruments are the altimeter, airspeed indicator, vertical
speed indicator, and manifold pressure gauge.

Air is very light, but it has mass and is affected by the
attraction of gravity. Therefore, like any other substance,
it has weight, and because of its weight, it has force. Since
air is a fluid substance, this force is exerted equaly in all
directions. Itseffect on bodieswithintheair iscalled pressure.
Under standard conditions at sealevel, the average pressure
exerted by the weight of the atmosphere is approximately
14.70 pounds per square inch (psi) of surface, or 1,013.2
millibars (mb). The thickness of the atmosphere is limited;
therefore, the higher the atitude, the less air there is above.
For this reason, the weight of the atmosphere at 18,000 feet
isone-half what it is at sealevel.

The pressure of the atmosphere varieswith time and location.
Due to the changing atmospheric pressure, a standard
reference was developed. The standard atmosphere at sea
level isasurfacetemperature of 59 °F or 15 °C and asurface
pressure of 29.92 inches of mercury ("Hg) or 1,013.2 mb.
[Figure 4-2]

A standard temperature lapse rate is when the temperature
decreases at the rate of approximately 3.5 °F or 2 °C per
thousand feet up to 36,000 feet, which is approximately —-65
°F or —55 °C. Abovethispoint, thetemperatureis considered
constant up to 80,000 feet. A standard pressure lapse rate is
when pressure decreases at a rate of approximately 1 "Hg
per 1,000 feet of altitude gain to 10,000 feet. [Figure 4-3]
The International Civil Aviation Organization (ICAO) has
established this as a worldwide standard, and it is often
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Figure 4-2. Sandard sea level pressure.

Standard Atmosphere

i Temperature
Altitude (ft) | Pressure (Hg) “0) )
0 29.92 15.0 59.0
1,000 28.86 13.0 55.4
2,000 27.82 11.0 51.9
3,000 26.82 9.1 48.3
4,000 25.84 7.1 44.7
5,000 24.89 5.1 41.2
6,000 23.98 Bl 37.6
7,000 23.09 1.1 34.0
8,000 22.22 -0.9 30.5
9,000 21.38 -2.8 26.9
10,000 20.57 -4.8 23.3
11,000 19.79 -6.8 19.8
12,000 19.02 -8.8 16.2
13,000 18.29 -10.8 12.6
14,000 17.57 -12.7 9.1
15,000 16.88 -14.7 55
16,000 16.21 -16.7 1.9
17,000 15.56 -18.7 -1.6
18,000 14.94 -20.7 -5.2
19,000 14.33 -22.6 -8.8
20,000 13.74 -24.6 -12.3

Figure 4-3. Properties of standard atmosphere.

referred to as International Standard Atmosphere (ISA) or
ICAO Standard Atmosphere. Any temperature or pressure
that differs from the standard lapse rates is considered
nonstandard temperature and pressure.
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Since aircraft performance is compared and evaluated with
respect to the standard atmosphere, all aircraft instrumentsare
calibrated for the standard atmosphere. In order to properly
account for the nonstandard atmosphere, certain related terms
must be defined.

Pressure Altitude

Pressure atitude is the height above a standard datum plane
(SDP), which is a theoretical level where the weight of the
atmosphere is 29.92 "Hg (1,013.2 mb) as measured by a
barometer. An altimeter is essentially a sensitive barometer
calibrated to indicate altitude in the standard atmosphere. If
the altimeter is set for 29.92 "Hg SDP, the dltitude indicated
isthe pressure altitude. Asatmospheric pressure changes, the
SDP may be below, at, or above sealevel. Pressure altitude
isimportant asabasisfor determining airplane performance,
aswell asfor assigning flight levelsto airplanes operating at
or above 18,000 feet.

The pressure altitude can be determined by one of the
following methods:

1. Setting the barometric scale of the altimeter to 29.92
and reading the indicated altitude

2. Applying a correction factor to the indicated atitude
according to the reported altimeter setting

Density Altitude

SDPisatheoretical pressurealtitude, but aircraft operateina
nonstandard atmosphere and the term density altitudeisused
for correlating aerodynamic performancein the nonstandard
atmosphere. Density atitudeisthevertical distanceabove sea
level in the standard atmosphere at which a given density is
to be found. The density of air has significant effects on the
aircraft’s performance because as air becomes less dense,
it reduces:

e Power because the engine takesin less air
e Thrust because a propeller isless efficient in thin air
e Liftbecausethethinair exertslessforceontheairfoils

Density dtitudeis pressurealtitude corrected for nonstandard
temperature. As the density of the air increases (lower
density altitude), aircraft performanceincreases; conversely
as air density decreases (higher density altitude), aircraft
performance decreases. A decrease in air density means
a high density altitude; an increase in air density means a
lower density altitude. Density altitudeisused in calculating
aircraft performance because under standard atmospheric
conditions, air at each level in the atmosphere not only has
a specific density, its pressure atitude and density altitude
identify the same level.
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The computation of density altitude involves consideration
of pressure (pressure atitude) and temperature. Since aircraft
performance dataat any level isbased upon air density under
standard day conditions, such performance data apply to
air density levels that may not be identical with altimeter
indications. Under conditions higher or lower than standard,
theselevelscannot be determined directly from the altimeter.

Density altitude is determined by first finding pressure
altitude, and then correcting this altitude for nonstandard
temperature variations. Since density varies directly with
pressure and inversely with temperature, a given pressure
altitude may exist for a wide range of temperatures by
allowing the density to vary. However, a known density
occurs for any one temperature and pressure atitude. The
density of the air has a pronounced effect on aircraft and
engine performance. Regardless of the actual atitude of the
aircraft, it will perform as though it were operating at an
atitude equal to the existing density altitude.

Air density is affected by changes in altitude, temperature,
and humidity. High density altitude refersto thin air, while
low density atitude refers to dense air. The conditions that
result in a high density altitude are high elevations, low
atmospheric pressures, high temperatures, high humidity, or
some combination of these factors. Lower elevations, high
atmospheric pressure, low temperatures, and low humidity
are more indicative of low density altitude.

Effect of Pressure on Density

Since air isagas, it can be compressed or expanded. When
air iscompressed, agreater amount of air can occupy agiven
volume. Conversely, when pressure on agiven volume of air
is decreased, the air expands and occupies a greater space.
At alower pressure, the origina column of air contains a
smaller massof air. The density isdecreased because density
isdirectly proportional to pressure. If the pressureis doubled,
thedensity isdoubled; if the pressureislowered, thedensity is
lowered. Thisstatement istrue only at aconstant temperature.

Effect of Temperature on Density

Increasing the temperature of a substance decreases its
density. Conversely, decreasing the temperature increases
the density. Thus, the density of air varies inversely with
temperature. Thisstatement istrue only at aconstant pressure.

In the atmosphere, both temperature and pressure decrease
with altitude and have conflicting effects upon density.
However, afairly rapid drop in pressure asaltitude increases
usually hasadominating effect. Hence, pilots can expect the
density to decrease with altitude.



Effect of Humidity (Moisture) on Density

The preceding paragraphsrefer to air that is perfectly dry. In
reality, itisnever completely dry. The small amount of water
vapor suspended in the atmosphere may be almost negligible
under certain conditions, but in other conditions humidity
may become an important factor in the performance of an
aircraft. Water vapor islighter than air; consequently, moist
air is lighter than dry air. Therefore, as the water content
of the air increases, the air becomes less dense, increasing
density altitude and decreasing performance. It islightest or
least dense when, inagiven set of conditions, it containsthe
maximum amount of water vapor.

Humidity, also called relative humidity, refersto the amount
of water vapor contained in the atmosphere and is expressed
as a percentage of the maximum amount of water vapor the
air can hold. Thisamount varieswith temperature. Warm air
holds more water vapor, while cold air holds less. Perfectly
dry air that contains no water vapor has arelative humidity
of zero percent, while saturated air, which cannot hold any
more water vapor, has a relative humidity of 100 percent.
Humidity aloneisusually not considered an important factor
in calculating density altitude and aircraft performance, but
it isacontributing factor.

As temperature increases, the air can hold greater amounts
of water vapor. When comparing two separate air masses,
the first warm and moist (both qualities tending to lighten
the air) and the second cold and dry (both qualities making
it heavier), the first must be less dense than the second.
Pressure, temperature, and humidity have a great influence
on aircraft performance because of their effect upon density.
There are no rules of thumb that can be easily applied, but
the affect of humidity can be determined using several online
formulas. In the first example, the pressure is needed at the
atitude for which density atitude is being sought. Using
Figure 4-2, select the barometric pressure closest to the
associated atitude. Asan example, the pressure at 8,000 feet
is22.22 "Hg. Using the National Oceanic and Atmospheric
Administration (NOAA) website (www.srh.noaa.gov/
epz/?n=wxcalc_densityaltitude) for density altitude, enter
the 22.22 for 8,000 feet in the station pressure window. Enter
atemperature of 80° and a dew point of 75°. Theresultisa
density altitude of 11,564 feet. With no humidity, the density
altitude would be almost 500 feet lower.

Another website (www.wahiduddin.net/calc/density
atitude.htm) provides a more straight forward method of
determining the effects of humidity on density altitude
without using additional interpretive charts. In any case, the
effects of humidity on density altitude include adecrease in
overall performance in high humidity conditions.

Theories in the Production of Lift

In order to achieveflight inamachinethat isheavier than air,
there are several obstacles we must overcome. One of those
obstacles, discussed previoudly, istheresistance to movement
called drag. The most challenging obstacle to overcomein
aviation, however, is the force of gravity. A wing moving
through air generates the force called lift, aso previously
discussed. Lift from thewing that isgreater than the force of
gravity, directed opposite to the direction of gravity, enables
an aircraft to fly. Generating thisforce called lift isbased on
some important principles, Newton's basic laws of motion,
and Bernoulli's principle of differential pressure.

Newton’s Basic Laws of Motion

The formulation of lift has historically been an adaptation
over the past few centuries of basic physical laws. These
laws, although seemingly applicable to all aspects of lift,
do not explain how lift is formulated. In fact, one must
consider the many airfoilsthat are symmetrical, yet produce
significant lift.

The fundamental physical laws governing the forces acting
upon an aircraft in flight were adopted from postulated
theories developed before any human successfully flew
an aircraft. The use of these physical laws grew out of the
Scientific Revolution, which began in Europe in the 1600s.
Driven by the belief the universe operated in a predictable
manner open to human understanding, many philosophers,
mathematicians, natural scientists, and inventors spent their
lives unlocking the secrets of the universe. One of the most
well-known was Sir | saac Newton, who not only formulated
the law of universal gravitation, but also described the three
basic laws of motion.

Newton’'sFirst Law: “Every object persistsin its state of rest
or uniform motionin astraight line unlessit is compelled to
change that state by forces impressed on it.”

This means that nothing starts or stops moving until some
outsideforce causesit to do so. An aircraft at rest ontheramp
remains at rest unless a force strong enough to overcome
its inertia is applied. Once it is moving, its inertia keeps
it moving, subject to the various other forces acting on it.
These forces may add to its motion, slow it down, or change
itsdirection.

Newton's Second Law: “Force is equal to the change in

momentum per change in time. For a constant mass, force
equals mass times acceleration.”
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When abody is acted upon by a constant force, itsresulting
accelerationisinversely proportional to the mass of the body
and is directly proportional to the applied force. This takes
into account the factors involved in overcoming Newton's
First Law. It covers both changes in direction and speed,
including starting up from rest (positive acceleration) and
coming to a stop (negative acceleration or deceleration).

Newton’s Third Law: “For every action, there is an equal
and opposite reaction.”

In an airplane, the propeller moves and pushes back the
air; consequently, the air pushes the propeller (and thus the
airplane) inthe oppositedirection—forward. Inajet airplane,
the engine pushes ablast of hot gases backward; the force of
equal and opposite reaction pushes against the engine and
forces the airplane forward.

Bernoulli’s Principle of Differential Pressure

A half-century after Newton formulated his laws, Daniel
Bernoulli, a Swiss mathematician, explained how the pressure
of a moving fluid (liquid or gas) varies with its speed of
motion. Bernoulli’ s Principle states that as the velocity of a
moving fluid (liquid or gas) increases, the pressure within
the fluid decreases. This principle explains what happensto
air passing over the curved top of the airplane wing.

A practical application of Bernoulli’ s Principleisthe venturi
tube. The venturi tube has an air inlet that narrows to a
throat (constricted point) and an outlet section that increases
in diameter toward the rear. The diameter of the outlet is
the same as that of the inlet. The mass of air entering the
tube must exactly equal the mass exiting the tube. At the
constriction, the speed must increase to allow the same
amount of air to pass in the same amount of time asin al
other parts of the tube. When the air speeds up, the pressure
also decreases. Past the constriction, the airflow slows and
the pressure increases. [ Figure 4-4]

Since air is recognized as a body, and it is understood that
air will follow the above laws, one can begin to see how
and why an airplane wing develops lift. Asthe wing moves
through the air, the flow of air across the curved top surface
increases in velocity creating alow-pressure area.

Although Newton, Bernoulli, and hundreds of other early
scientists who studied the physical laws of the universe did
not have the sophisticated laboratories avail able today, they
provided great insight to the contemporary viewpoint of how
lift is created.

Airfoil Design

An airfoil isastructure designed to obtain reaction upon its
surface from the air through which it moves or that moves
past such astructure. Air actsin variouswayswhen submitted
to different pressures and velocities; but this discussion
is confined to the parts of an aircraft that a pilot is most
concerned with in flight—namely, the airfoils designed to
produce lift. By looking at a typical airfoil profile, such as
the cross section of a wing, one can see several obvious
characteristics of design. [Figure 4-5] Notice that there is
adifferencein the curvatures (called cambers) of the upper
and lower surfaces of the airfoil. The camber of the upper
surface is more pronounced than that of the lower surface,
which is usually somewhat flat.

NOTE: Thetwo extremitiesof theairfoil profileaso differin
appearance. Therounded end, which facesforward in flight,
is called the leading edge; the other end, thetrailing edge, is
quite narrow and tapered.

A reference line often used in discussing the airfoil is
the chord line, a straight line drawn through the profile
connecting the extremities of the leading and trailing edges.
The distance from this chord line to the upper and lower
surfaces of the wing denotes the magnitude of the upper and
lower camber at any point. Another reference line, drawn
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Figure 4-4. Air pressure decreasesin a venturi tube.
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Figure 4-5. Typical airfoil section.

fromtheleading edgeto thetrailing edge, isthe mean camber
line. Thismean lineisequidistant at all pointsfrom the upper
and lower surfaces.

An airfail is constructed in such a way that its shape takes
advantage of theair’ sresponseto certain physical laws. This
develops two actions from the air mass: a positive pressure
lifting action from the air massbelow thewing, and anegative
pressurelifting action fromlowered pressure above thewing.

Asthe air stream strikes the relatively flat lower surface of
awing or rotor blade when inclined at a small angle to its
direction of motion, the air is forced to rebound downward,
causing an upward reactionin positivelift. At the sametime,
theair stream striking the upper curved section of theleading
edge is deflected upward. An airfoil is shaped to cause an
action on the air, and forces air downward, which provides
an equal reaction from the air, forcing the airfoil upward. If
awing is constructed in such form that it causes a lift force
greater than the weight of the aircraft, the aircraft will fly.

If all the lift required were obtained merely from the
deflection of air by the lower surface of the wing, an aircraft
would only need aflat wing like akite. However, the balance
of thelift needed to support the aircraft comesfrom the flow
of air above the wing. Herein lies the key to flight.

Itisneither accurate nor useful to assign specific valuesto the
percentage of lift generated by the upper surface of an airfoil
versus that generated by the lower surface. These are not
constant values. They vary, not only with flight conditions,
but also with different wing designs.

Different airfoils have different flight characteristics. Many
thousands of airfoils have been tested inwind tunnelsand in
actual flight, but no one airfoil has been found that satisfies
every flight requirement. The weight, speed, and purpose
of each aircraft dictate the shape of its airfoil. The most
efficient airfoil for producing the greatest lift is one that has
aconcave or “scooped out” lower surface. Asafixed design,
thistype of airfoil sacrificestoo much speed while producing

lift and is not suitable for high-speed flight. Advancements
in engineering have made it possible for today’ s high-speed
jets to take advantage of the concave airfoil’s high lift
characteristics. Leading edge (Kreuger) flaps and trailing
edge (Fowler) flaps, when extended from the basic wing
structure, literally change the airfoil shape into the classic
concave form, thereby generating much greater lift during
slow flight conditions.

On the other hand, an airfoil that is perfectly streamlined
and offers little wind resistance sometimes does not have
enough lifting power to take the airplane off the ground.
Thus, modern airplanes have airfoils that strike a medium
between extremes in design. The shape varies according to
the needs of the airplane for whichitisdesigned. Figure 4-6
shows some of the more common airfoil designs.

Low Pressure Above

Inawindtunnel or inflight, anairfoil issimply astreamlined
object inserted into a moving stream of air. If the airfoil
profile were in the shape of a teardrop, the speed and the
pressure changes of the air passing over the top and bottom
would be the same on both sides. But if the teardrop shaped
airfoil were cut in haf lengthwise, a form resembling the
basic airfoil (wing) section would result. If the airfoil were
then inclined so the airflow strikes it at an angle, the air
moving over the upper surface would be forced to move
faster than the air moving along the bottom of the airfoil.
Thisincreased velocity reducesthe pressure abovetheairfoil.

Applying Bernoulli’s Principle of Pressure, the increase in
the speed of the air across the top of an airfoil produces a

s N

Early airfoil A

Later airfoil Q
Clark "Y* airfoil

(Subsonic) (

Laminar flow airfoil
(Subsonic)

Circular arc airfoil
(Supersonic)

Double wedge airfoil
(Supersonic)

L J

Figure 4-6. Airfoil designs.
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drop in pressure. This lowered pressure is a component of
total lift. The pressure difference between the upper and
lower surface of awing alone does not account for the total
lift force produced.

The downward backward flow from the top surface of an
airfoil creates a downwash. This downwash meets the flow
from the bottom of the airfoil at the trailing edge. Applying
Newton’ sthird law, the reaction of thisdownward backward
flow resultsin an upward forward force on the airfoil.

High Pressure Below

A certain amount of lift is generated by pressure conditions
underneath the airfoil. Because of the manner in which air
flows underneath the airfoil, a positive pressure results,
particularly at higher angles of attack. However, there is
another aspect to this airflow that must be considered. At a
point closeto theleading edge, theairflow isvirtually stopped
(stagnation point) and then gradually increases speed. At
some point near the trailing edge, it again reaches avelocity
equal to that on the upper surface. In conformance with
Bernoulli’ s principle, wherethe airflow was slowed beneath
the airfoil, a positive upward pressure was created (i.e., as
the fluid speed decreases, the pressure must increase). Since
the pressure differential between the upper and lower surface
of the airfoil increases, total lift increases. Both Bernoulli’s
Principle and Newton’'s Laws are in operation whenever lift
is being generated by an airfoil.

Pressure Distribution

From experiments conducted on wind tunnel models and on
full size airplanes, it has been determined that as air flows
along the surface of a wing at different angles of attack
(AOA), thereareregionsaong the surface where the pressure
is negative, or less than atmospheric, and regions where the
pressureispositive, or greater than atmospheric. Thisnegative
pressure on the upper surface createsarelatively larger force
on thewing than is caused by the positive pressure resulting
fromtheair striking the lower wing surface. Figure4-7 shows
the pressure distribution along an airfoil at three different
angles of attack. The average of the pressure variation for
any given AOA isreferred to asthe center of pressure (CP).
Aerodynamic force acts through this CP. At high angles of
attack, the CP moves forward, while at low angles of attack
the CP moves aft. In the design of wing structures, this CP
travel is very important, since it affects the position of the
air loadsimposed on the wing structurein both low and high
AOA conditions. An airplane's aerodynamic balance and
controllability are governed by changesin the CP.

Airfoil Behavior

Although specific examples can be cited in which each of
the principles predict and contribute to the formation of lift,
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Figure 4-7. Pressure distribution on an airfoil and CP changes
with ACA.

liftisacomplex subject. The production of liftismuch more
complex than a simple differential pressure between upper
and lower airfoil surfaces. In fact, many lifting airfoils do
not have an upper surface longer than the bottom, asin the
case of symmetrical airfoils. These are seen in high-speed
aircraft having symmetrical wings, or on symmetrical rotor
blades for many helicopterswhose upper and lower surfaces



are identical. In both examples, the only difference is the
relationship of the airfoil with the oncoming airstream
(angle). A paper airplane, whichissimply aflat plate, hasa
bottom and top exactly the same shape and length. Y et, these
airfoilsdo producelift, and “flow turning” ispartly (or fully)
responsible for creating lift.

As an airfoil moves through air, the airfoil is inclined
against the airflow, producing adifferent flow caused by the
airfoil’s relationship to the oncoming air. Think of a hand
being placed outside the car window at a high speed. If the
hand is inclined in one direction or another, the hand will
move upward or downward. This is caused by deflection,
which in turn causes the air to turn about the object within
the air stream. As aresult of this change, the velocity about
the object changes in both magnitude and direction, in turn
resulting in a measurable velocity force and direction.

A Third Dimension

To this point, the discussion has centered on the flow across
the upper and lower surfaces of an airfoil. While most of the
lift is produced by these two dimensions, athird dimension,
thetip of theairfoil also hasan aerodynamic effect. The high-
pressure areaon the bottom of an airfoil pushesaround thetip
to thelow-pressure areaon the top. [ Figure 4-8] Thisaction
creates arotating flow called atip vortex. The vortex flows
behind the airfoil creating a downwash that extends back to
the trailing edge of the airfoil. This downwash resultsin an
overall reductioninlift for the affected portion of theairfail.
Manufacturers have developed different methods to
counteract this action. Winglets can be added to the tip of
an airfoil to reduce this flow. The winglets act as a dam
preventing the vortex from forming. Winglets can be on the
top or bottom of the airfoil. Another method of countering
the flow is to taper the airfoil tip, reducing the pressure
differential and smoothing the airflow around the tip.

Figure 4-8. Tip vortex.

Chapter Summary

Modern general aviation aircraft havewhat may be considered
high performance characteristics. Therefore, it isincreasingly
necessary that pilots appreciate and understand the principles
upon which the art of flying is based. For additional
information on the principles discussed in this chapter, visit
the National Aeronauticsand Space Administration (NASA)
Beginner’'s Guide to Aerodynamics at www.grc.nasa.gov/
www/k-12/airplane/bga.html.
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Forces Acting on the Aircraft

Thrust, drag, lift, and weight are forces that act upon all
aircraft in flight. Understanding how these forces work and
knowing how to control them with the use of power and
flight controls are essential to flight. This chapter discusses
the aerodynamicsof flight—how design, weight, load factors,
and gravity affect an aircraft during flight maneuvers.

The four forces acting on an aircraft in straight-and-level,
unaccelerated flight are thrust, drag, lift, and weight. They
are defined as follows:

Thrust—theforward force produced by the powerplant/
propeller or rotor. It opposes or overcomes the force
of drag. As a general rule, it acts parallel to the
longitudinal axis. However, thisisnot alwaysthe case,
asexplained later.

Drag—arearward, retarding force caused by disruption
of airflow by the wing, rotor, fuselage, and other
protruding objects. As a general rule, drag opposes
thrust and acts rearward parallel to the relative wind.

Lift—isaforcethat isproduced by the dynamic effect
of theair acting on the airfoil, and acts perpendicular
to the flight path through the center of lift (CL) and
perpendicular to the lateral axis. In level flight, lift
opposes the downward force of weight.
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e Weight—the combined load of the aircraft itself, the
crew, the fuel, and the cargo or baggage. Weight is
a force that pulls the aircraft downward because of
the force of gravity. It opposes lift and acts vertically
downward through theaircraft’ scenter of gravity (CG).

In steady flight, the sum of these opposing forcesis always
zero. There can be no unbalanced forces in steady, straight
flight based upon Newton's Third Law, which statesthat for
every action or forcethereisan equal, but opposite, reaction
or force. Thisistrue whether flying level or when climbing
or descending.

It does not mean the four forces are equal. It means the
opposing forcesareequal to, and thereby cancel, the effects of
each other. In Figure5-1, theforce vectorsof thrust, drag, lift,
and weight appear to be equal invalue. The usual explanation
states (without stipulating that thrust and drag do not equal
weight and lift) that thrust equalsdrag and lift equalsweight.
Although true, this statement can be misleading. It should be
understood that in straight, level, unaccelerated flight, it is
true that the opposing lift/weight forces are equal. They are
also greater than the opposing forces of thrust/drag that are
equal only to each other. Therefore, in steady flight:

e Thesum of al upward components of forces (hot just
lift) equals the sum of all downward components of
forces (not just weight)

e Thesum of al forward components of forces (not just
thrust) equalsthe sum of all backward components of
forces (not just drag)

This refinement of the old “thrust equals drag; lift equals
weight” formula explains that a portion of thrust is directed
upward in climbs and slow flight and acts as if it were lift
whileaportion of weight isdirected backward oppositeto the
direction of flight and acts asiif it were drag. In slow flight,

thrust hasan upward component. But becausetheaircraftisin
level flight, weight does not contributeto drag. [ Figure 5-2]

In glides, a portion of the weight vector is directed along
the forward flight path and, therefore, acts asthrust. In other
words, any timetheflight path of theaircraft isnot horizontal,
lift, weight, thrust, and drag vectors must each be broken down
into two components.

Another important concept to understand is angle of attack
(AOA). Sincetheearly daysof flight, AOA isfundamental to
understanding many aspectsof airplane performance, stability,
and control. The AOA isdefined asthe acute angle betweenthe
chord line of the airfoil and the direction of the relative wind.

Discussions of the preceding concepts are frequently omitted
in aeronautical texts/handbooks/manuals. The reason is
not that they are inconsequential, but because the main
ideas with respect to the aerodynamic forces acting upon
an aircraft in flight can be presented in their most essential
elements without being involved in the technicalities of the
aerodynamicist. In point of fact, considering only level flight,
and normal climbs and glidesin a steady state, it is still true
that lift provided by the wing or rotor isthe primary upward
force, and weight is the primary downward force.

By using the aerodynamic forces of thrust, drag, lift, and
weight, pilotscan fly acontrolled, safeflight. A moredetailed
discussion of these forces follows.

Thrust

For an aircraft to start moving, thrust must be exerted and be
greater than drag. The aircraft continues to move and gain
speed until thrust and drag are equal. In order to maintain a

1

Rearward component of weight

Figure 5-1. Relationship of forces acting on an aircraft.
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constant airspeed, thrust and drag must remain equal, just as
[ift and weight must be equal to maintain aconstant altitude.
If in leve flight, the engine power is reduced, the thrust is
lessened, and the aircraft slows down. Aslong as the thrust
isless than the drag, the aircraft continues to decelerate. To
apoint, as the aircraft slows down, the drag force will also
decrease. Theaircraft will continueto slow down until thrust
again equals drag at which point the airspeed will stabilize.

Likewise, if the engine power isincreased, thrust becomes
greater than drag and the airspeed increases. As long as
the thrust continues to be greater than the drag, the aircraft
continuesto accelerate. When drag equal sthrust, the aircraft
flies at a constant airspeed.

Straight-and-level flight may be sustained at a wide range
of speeds. The pilot coordinates AOA and thrust in all
speed regimes if the aircraft isto be held in level flight. An
important fact related to the principal of lift (for a given
airfoil shape) is that lift varies with the AOA and airspeed.
Therefore, alarge AOA at low airspeeds produces an equal
amount of lift at high airspeeds with alow AOA. The speed
regimes of flight can be grouped in three categories: low-
speed flight, cruising flight, and high-speed flight.

When the airspeed is low, the AOA must be relatively high
if the balance between lift and weight is to be maintained.
[Figure 5-3] If thrust decreases and airspeed decreases, lift
will become less than weight and the aircraft will start to
descend. To maintain level flight, the pilot can increase the
AOA an amount that generates alift force again equal to the
weight of the aircraft. While the aircraft will be flying more
slowly, it will still maintainlevel flight. The AOA isadjusted
to maintain lift equal weight. The airspeed will naturally
adjust until drag equal sthrust and then maintain that airspeed
(assumes the pilot is not trying to hold an exact speed).

Straight-and-level flight in the slow-speed regime provides
some interesting conditions relative to the equilibrium of
forces. With the aircraft in a nose-high attitude, there is a
vertical component of thrust that helps support it. For one
thing, wing loading tends to be less than would be expected.

In level flight, when thrust is increased, the aircraft speeds
up and the lift increases. The aircraft will start to climb
unless the AOA s decreased just enough to maintain the
relationship between lift and weight. The timing of this
decrease in AOA needs to be coordinated with the increase
inthrust and airspeed. Otherwise, if the AOA isdecreased too
fast, the aircraft will descend, and if the AOA is decreased
too slowly, the aircraft will climb.

Astheairspeed varies due to thrust, the AOA must also vary
to maintain level flight. At very high speedsand level flight,
itiseven possibleto haveadlightly negative AOA. Asthrust
is reduced and airspeed decreases, the AOA must increase
in order to maintain altitude. If speed decreases enough, the
required AOA will increaseto the critical AOA. Any further
increaseinthe AOA will resultinthewing stalling. Therefore,
extravigilanceisrequired at reduced thrust settings and low
speeds so as not to exceed the critical angle of attack. If the
airplane is equipped with an AOA indicator, it should be
referenced to hel p monitor the proximity to the critical AOA.

Some aircraft have the ability to change the direction of the
thrust rather than changing the AOA. This is accomplished
either by pivoting the engines or by vectoring the exhaust
gases. [Figure 5-4]

Lift

The pilot can control the lift. Any time the control yoke
or stick is moved fore or aft, the AOA is changed. As the
AOA increases, lift increases (all other factorsbeing equal).
When the aircraft reaches the maximum AOA, lift begins
to diminish rapidly. This is the stalling AOA, known as
C_.max critical AOA. Examine Figure 5-5, noting how the
C, increasesuntil thecritical AOA isreached, then decreases
rapidly with any further increasein the AOA.

Before proceeding further with the topic of lift and how it
can be controlled, velocity must be discussed. The shape of
the wing or rotor cannot be effective unless it continually
keeps " attacking” new air. If an aircraft isto keep flying, the
lift-producing airfoil must keep moving. In a helicopter or
gyroplane, this is accomplished by the rotation of the rotor
blades. For other types of aircraft, such asairplanes, weight-
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Figure 5-3. Angle of attack at various speeds.
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Figure 5-4. Some aircraft have the ability to change the direction of thrust.

shift control, or gliders, air must be moving acrossthelifting
surface. This is accomplished by the forward speed of the
aircraft. Lift is proportional to the square of the aircraft’'s
velocity. For example, an airplane traveling at 200 knots has
four timesthelift asthe sameairplanetraveling at 100 knots,
if the AOA and other factors remain constant.

_ CL ‘p- \VZARES

L= 2

The above lift equation exemplifies this mathematically
and supportsthat doubling of the airspeed will result in four
times the lift. As aresult, one can see that velocity is an
important component to the production of lift, which itself
can be affected through varying AOA. When examining the
equation, lift (L) isdetermined through the rel ationship of the
air density (p), theairfail velocity (V), the surface areaof the
wing (S) and the coefficient of lift (C,) for agiven airfoil.

Taking the equation further, one can see an aircraft could
not continueto travel inlevel flight at a constant atitude and
maintain the same AOA if the velocity isincreased. The lift
would increase and the aircraft would climb as a result of
the increased lift force or speed up. Therefore, to keep the
aircraft straight and level (not accelerating upward) and in a
state of equilibrium, asvelocity isincreased, lift must be kept
constant. Thisisnormally accomplished by reducing the AOA
by lowering the nose. Conversely, astheaircraft isslowed, the
decreasing velocity requiresincreasing the AOA to maintain
lift sufficient to maintain flight. Thereis, of course, alimit to
how far the AOA can beincreased, if astall isto be avoided.

All other factors being constant, for every AOA there is
a corresponding airspeed required to maintain altitude in
steady, unaccelerated flight (true only if maintaining level
flight). Since an airfoil always stalls at the same AOA, if
increasing weight, lift must also be increased. The only
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Figure 5-5. Coefficients of lift and drag at various angles of attack.
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method of increasing liftisby increasing velocity if the AOA
isheld constant just short of the “critical,” or stalling, AOA
(assuming no flaps or other high lift devices).

Lift and drag also vary directly with the density of the air.
Density isaffected by several factors: pressure, temperature,
and humidity. At an atitude of 18,000 feet, the density of
the air has one-half the density of air at sealevel. In order to
maintain its lift at a higher altitude, an aircraft must fly at a
greater true airspeed for any given AOA.

Warm air is less dense than cool air, and moist air is less
dense than dry air. Thus, on a hot humid day, an aircraft
must be flown at a greater true airspeed for any given AOA
than on acool, dry day.

If the density factor is decreased and the total lift must equal
the total weight to remain in flight, it follows that one of the
other factors must beincreased. Thefactor usually increased
is the airspeed or the AOA because these are controlled
directly by the pilot.

Lift varies directly with the wing area, provided thereis no
change in the wing's planform. If the wings have the same
proportion and airfoil sections, awing with a planform area
of 200 square feet liftstwice as much at the same AOA asa
wing with an area of 100 square feet.

Two major aerodynamic factors from the pilot’s viewpoint
are lift and airspeed because they can be controlled readily
and accurately. Of course, the pilot can also control density by
adjusting the atitude and can control wing area if the aircraft
happens to have flaps of the type that enlarge wing area.
However, for most Situations, the pilot controlslift and airspeed
tomaneuver anaircraft. For instance, in straight-and-level flight,
cruising along at a constant altitude, atitude is maintained by
adjusting lift to match the aircraft’ svelocity or cruiseairspeed,
while maintaining a state of equilibrium in which lift equals
weight. In an approach to landing, when the pilot wishes to
land asdowly aspracticd, it isnecessary toincrease AOA near
maximum to maintain lift equal to the weight of the aircraft.

Lift/Drag Ratio

Thelift-to-drag ratio (L/D) isthe amount of lift generated by
awingor airfoil comparedtoitsdrag. A ratio of L/D indicates
airfoil efficiency. Aircraft with higher L/D ratios are more
efficient than those with lower L/D ratios. In unaccelerated
flight with the lift and drag data steady, the proportions of
the coefficient of lift (C_) and coefficient of drag (Cp) can
be calculated for specific AOA. [Figure 5-5]

The coefficient of lift is dimensionless and relates the lift
generated by alifting body, the dynamic pressure of thefluid

flow around the body, and a reference area associated with
thebody. The coefficient of dragisalso dimensionlessandis
used to quantify the drag of an object in afluid environment,
such asair, and isaways associated with aparticular surface
area.

The L/D ratio is determined by dividing the C; by the Cp,
which is the same as dividing the lift equation by the drag
equation as all of the variables, aside from the coefficients,
cancel out. The lift and drag equations are as follows (L =
Liftin pounds; D = Drag; C = coefficient of lift; p = density
(expressed in slugs per cubic feet); V = velocity (in feet per
second); g = dynamic pressure per square foot (g = % pv2);
S=the area of the lifting body (in square feet); and
Cp = Ratio of drag pressure to dynamic pressure):

_CD-p-VZ-S
D=="—

Typicaly at low AOA, the coefficient of drag is low and
small changes in AOA create only slight changes in the
coefficient of drag. At high AOA, small changesinthe AOA
cause significant changesin drag. The shape of an airfoil, as
well as changesin the AOA, affects the production of lift.

Notice in Figure 5-5 that the coefficient of lift curve (red)
reaches its maximum for this particular wing section at 20°
AOA and then rapidly decreases. 20° AOA istherefore the
critical angleof attack. The coefficient of drag curve (orange)
increases very rapidly from 14° AOA and completely
overcomes the lift curve at 21° AOA. The lift/drag ratio
(green) reachesits maximum at 6° AOA, meaning that at this
angle, the most lift is obtained for the least amount of drag.

Note that the maximum lift/drag ratio (L/Dyax) occurs at
onespecific C_ and AOA. If theaircraft isoperated in steady
flight at L/Dyax, thetotal dragisat aminimum. Any AOCA
lower or higher than that for L/Dyax reduces the L/D and
consequently increases the total drag for a given aircraft's

Drag

Total drag

Minimum
drag

Airspeed

Figure 5-6. Drag versus speed.
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lift. Figure 5-6 depictsthe L/Dyax by the lowest portion of
the blue line labeled “total drag.” The configuration of an
aircraft has agreat effect onthe L/D.

Drag

Dragistheforcethat resistsmovement of an aircraft through
the air. There are two basic types: parasite drag and induced
drag. Thefirstiscalled parasite becauseit in no way functions
toaid flight, while the second, induced drag, isaresult of an
airfoil developing lift.

Parasite Drag

Parasite drag is comprised of all theforcesthat work to slow
an aircraft’ smovement. Astheterm parasiteimplies, itisthe
drag that is not associated with the production of lift. This
includesthe displacement of theair by theaircraft, turbulence
generated in the airstream, or ahindrance of air moving over
the surface of theaircraft and airfoil. There arethree types of
parasitedrag: form drag, interference drag, and skinfriction.

Form Drag

Form drag is the portion of parasite drag generated by the
aircraft duetoitsshape and airflow aroundit. Examplesinclude
the engine cowlings, antennas, and the aerodynamic shape of
other components. When theair hasto separateto move around
a moving aircraft and its components, it eventualy rejoins
after passing the body. How quickly and smoothly it rejoinsis
representative of the resistance that it creates, which requires
additional force to overcome. [Figure 5-7]

Notice how theflat platein Figure 5-7 causestheair to swirl
around the edgesuntil it eventually rejoins downstream. Form
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Figure 5-7. Formdrag.
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drag isthe easiest to reduce when designing an aircraft. The
solution isto streamline as many of the parts as possible.

Interference Drag

Interference drag comes from the intersection of airstreams
that creates eddy currents, turbulence, or restricts smooth
airflow. For example, the intersection of the wing and the
fuselage at the wing root has significant interference drag.
Air flowing around the fuselage collideswith air flowing over
thewing, merging into acurrent of air different from thetwo
origina currents. Themost interference drag isobserved when
two surfaces meet at perpendicular angles. Fairings are used
to reduce this tendency. If ajet fighter carries two identical
wing tanks, the overall drag is greater than the sum of the
individual tanks because both of these create and generate
interference drag. Fairings and distance between lifting
surfaces and external components (such as radar antennas
hung from wings) reduce interference drag. [ Figure 5-8]

Skin Friction Drag

Skin friction drag is the aerodynamic resistance due to the
contact of moving air with the surface of an aircraft. Every
surface, no matter how apparently smooth, has a rough,
ragged surface when viewed under a microscope. The air
molecules, which come in direct contact with the surface of
the wing, are virtually motionless. Each layer of molecules
above the surface moves dlightly faster until the molecules
are moving at the velocity of the air moving around the
aircraft. Thisspeediscalled thefree-stream velocity. Thearea
between thewing and thefree-stream vel ocity level isabout as
wideasaplaying card and iscalled the boundary layer. At the
top of theboundary layer, themoleculesincrease vel ocity and
move at the same speed asthe mol ecul es outside the boundary
layer. Theactual speed at which the molecules move depends
upon the shape of the wing, the viscosity (stickiness) of
the air through which the wing or airfoil is moving, and its
compressibility (how much it can be compacted).

Figure 5-8. Awing root can cause interference drag.



The airflow outside of the boundary layer reacts to the
shape of the edge of the boundary layer just as it would
to the physical surface of an object. The boundary layer
gives any object an “ effective” shapethat is usually slightly
different from the physical shape. The boundary layer may
also separate from the body, thus creating an effective shape
much different from the physical shape of the object. This
change in the physical shape of the boundary layer causes a
dramatic decrease in lift and an increase in drag. When this
happens, the airfoil has stalled.

In order to reduce the effect of skin friction drag, aircraft
designers utilize flush mount rivets and remove any
irregularities that may protrude above the wing surface. In
addition, a smooth and glossy finish aids in transition of
air across the surface of the wing. Since dirt on an aircraft
disrupts the free flow of air and increases drag, keep the
surfaces of an aircraft clean and waxed.

Induced Drag

The second basic type of drag is induced drag. It is an
established physical fact that no system that doeswork inthe
mechanical sense can be 100 percent efficient. This means
that whatever the nature of the system, the required work
is obtained at the expense of certain additional work that is
dissipated or lost in the system. The more efficient the system,
the smaller thisloss.

Inlevel flight, the aerodynamic properties of awing or rotor
produce a required lift, but this can be obtained only at the
expense of acertain penalty. The name given to this penalty
isinduced drag. Induced drag isinherent whenever an airfoil
isproducing lift and, in fact, thistype of drag isinseparable
from the production of lift. Consequently, it isalways present
if lift is produced.

An airfoil (wing or rotor blade) produces the lift force by
making use of the energy of the free airstream. Whenever
an airfail isproducing lift, the pressure on the lower surface
of it is greater than that on the upper surface (Bernoulli’s
Principle). As aresult, the air tends to flow from the high
pressure area below the tip upward to the low pressure area
on the upper surface. In the vicinity of the tips, there is a
tendency for these pressuresto equalize, resulting in alateral
flow outward from the underside to the upper surface. This
lateral flow impartsarotational velocity totheair at thetips,
creating vortices that trail behind the airfoil.

When the aircraft is viewed from the tail, these vortices
circulate counterclockwise about the right tip and clockwise
about theleft tip. [ Figure5-9] Astheair (and vortices) roll off
the back of your wing, they angle down, which is known as
downwash. Figure 5-10 showsthe differencein downwash at

Figure 5-9. Wingtip vortex from a crop duster.

altitude versusnear the ground. Bearing in mind the direction
of rotation of these vortices, it can be seen that they induce
an upward flow of air beyond the tip and a downwash flow
behind thewing' strailing edge. Thisinduced downwash has
nothing in common with the downwash that is necessary to
produce lift. It is, in fact, the source of induced drag.

Downwash points the relative wind downward, so the more
downwash you have, the more your relative wind points
downward. That'simportant for one very good reason: liftis
awaysperpendicular totherelativewind. In Figure5-11, you
can see that when you have less downwash, your lift vector
ismorevertical, opposing gravity. And when you have more
downwash, your lift vector pointsback more, causinginduced
drag. On top of that, it takes energy for your wingsto create
downwash and vortices, and that energy creates drag.

( High Altitude Vortices

Low Altitude Vortices

D

()

Figure 5-10. Thedifferencein wingtip vortex size at altitude versus
near the ground.
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( More Induced Drag Due To Downwash

Figure 5-11. The difference in downwash at altitude versus near
the ground.

The greater the size and strength of the vortices and
conseguent downwash component on the net airflow over
theairfail, the greater the induced drag effect becomes. This
downwash over the top of the airfoil at the tip has the same
effect as bending the lift vector rearward; therefore, the lift
isdlightly aft of perpendicular to the relative wind, creating
arearward lift component. Thisisinduced drag.

In order to create agreater negative pressure on thetop of an
airfoil, theairfoil can beinclinedto ahigher AOA. If theAOA
of asymmetrical airfoil werezero, therewould be no pressure
differential, and consequently, no downwash component and
no induced drag. In any case, as AOA increases, induced
drag increasesproportionally. To state thisanother way—the
lower the airspeed, the greater the AOA required to produce
lift equal to the aircraft’s weight and, therefore, the greater
induced drag. The amount of induced drag varies inversely
with the square of the airspeed.

Conversely, parasite drag increases as the sguare of the
airspeed. Thus, in steady state, as airspeed decreases to
near the stalling speed, the total drag becomes grester, due
mainly to the sharp rise in induced drag. Similarly, as the
aircraft reaches its never-exceed speed (Vng), the total drag
increases rapidly due to the sharp increase of parasite drag.
Asseen in Figure 5-6, at some given airspeed, total drag is
at its minimum amount. In figuring the maximum range of
aircraft, thethrust required to overcomedragisat aminimum
if drag isat aminimum. The minimum power and maximum
endurance occur at a different point.
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Weight

Gravity is the pulling force that tends to draw &ll bodies to
the center of the earth. The CG may be considered as a point
at which al the weight of the aircraft is concentrated. If the
aircraft were supported at its exact CG, it would balance in
any attitude. It will benoted that CG isof major importancein
an aircraft, for its position has agreat bearing upon stability.
Theallowablelocation of the CG isdetermined by thegeneral
design of each particular aircraft. The designers determine
how far the center of pressure (CP) will travel. Itisimportant
to understand that an aircraft’s weight is concentrated at the
CG and the aerodynamic forces of lift occur at the CP. When
the CG is forward of the CP, there is a natural tendency for
the aircraft to want to pitch nose down. If the CP is forward
of the CG, a nose up pitching moment is created. Therefore,
designers fix the aft limit of the CG forward of the CP for the
corresponding flight speed in order to retain flight equilibrium.

Weight has a definite relationship to lift. This relationship
is simple, but important in understanding the aerodynamics
of flying. Lift is the upward force on the wing acting
perpendicular to the relative wind and perpendicular to
the aircraft’s lateral axis. Lift is required to counteract the
aircraft’ sweight. In stabilized level flight, whenthelift forceis
equal totheweight force, theaircraftisinastate of equilibrium
and neither accelerates upward or downward. If lift becomes
lessthan weight, the vertical speed will decrease. Whenliftis
greater than weight, the vertical speed will increase.

Wingtip Vortices

Formation of Vortices

Theaction of the airfoil that gives an aircraft lift al so causes
induced drag. When an airfoil is flown at a positive AOA,
a pressure differential exists between the upper and lower
surfaces of the airfoil. The pressure above the wing is less
than atmospheric pressure and the pressure below the wing
is equal to or greater than atmospheric pressure. Since air
always moves from high pressure toward low pressure,
and the path of least resistance is toward the airfoil’s tips,
there is a spanwise movement of air from the bottom of the
airfoil outward from the fuselage around the tips. This flow
of air resultsin “spillage” over thetips, thereby setting up a
whirlpool of air called avortex. [ Figure 5-12]

At the sametime, the air on the upper surface hasatendency
to flow in toward the fuselage and off the trailing edge. This
air current formsasimilar vortex at theinboard portion of the
trailing edge of theairfail, but because the fuselage limitsthe
inward flow, the vortex is insignificant. Conseguently, the
deviation in flow direction is greatest at the outer tipswhere
the unrestricted lateral flow is the strongest.



Figure 5-12. Wingtip vortices.

Asthe air curls upward around the tip, it combines with the
downwash to form a fast-spinning trailing vortex. These
vorticesincrease drag because of energy spent in producing
theturbulence. Whenever an airfoil isproducing lift, induced
drag occurs and wingtip vortices are created.

Just as lift increases with an increase in AOA, induced
drag also increases. This occurs because as the AOA is
increased, there is a greater pressure difference between the
top and bottom of the airfoil, and agreater lateral flow of air;
consequently, this causes more violent vortices to be set up,
resulting in more turbulence and more induced drag.

In Figure 5-12, it is easy to see the formation of wingtip
vortices. Theintensity or strength of the vorticesis directly
proportional to the weight of the aircraft and inversely
proportional to the wingspan and speed of the aircraft. The
heavier and slower the aircraft, the greater the AOA and the
stronger the wingtip vortices. Thus, an aircraft will create
wingtip vortices with maximum strength occurring during
the takeoff, climb, and landing phases of flight. These

vortices lead to a particularly dangerous hazard to flight,
wake turbulence.

Avoiding Wake Turbulence

Wingtip vortices are greatest when the generating aircraft is
“heavy, clean, and slow.” This condition is most commonly
encountered during approaches or departures because an
aircraft’ s AOA is at the highest to produce thelift necessary
toland or take off. To minimize the chances of flying through
an aircraft’ s wake turbulence:

*  Avoid flying through another aircraft’s flight path.

»  Rotate prior to thepoint at which the preceding aircraft
rotated when taking off behind another aircraft.

» Avoid following another aircraft on a similar flight
path at an altitude within 1,000 feet. [ Figure 5-13]

e Approach the runway above a preceding aircraft’s
path when landing behind another aircraft and touch
down after the point at which the other aircraft wheels
contacted the runway. [ Figure 5-14]

A hovering helicopter generates a down wash from its main
rotor(s) similar to the vortices of an airplane. Pilots of small
aircraft should avoid a hovering helicopter by at least three
rotor disc diametersto avoid the effects of this down wash. In
forward flight, thisenergy istransformedinto apair of strong,
high-speed trailing vorticessimilar towing-tip vortices of larger
fixed-wing aircraft. Helicopter vortices should be avoided
because helicopter forward flight airspeeds are often very
dow and can generate exceptionally strong wake turbulence.

Wind is an important factor in avoiding wake turbulence
becausewingtip vorticesdrift with thewind at the speed of the
wind. For example, awind speed of 10 knotscausesthevortices
to drift at about 1,000 feet in a minute in the wind direction.
When following another aircraft, apilot should consider wind
speed and direction when selecting an intended takeoff or
landing point. If apilot isunsure of the other aircraft’ stakeoff
or landing point, approximately 3 minutes providesamargin of
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Figure 5-13. Avoid following another aircraft at an altitude within 1,000 feet.
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Figure 5-15. When the vortices of larger aircraft sink close to the ground (within 100 to 200 feet), they tend to move laterally over the
ground at a speed of 2 or 3 knots (top). A crosswind will decrease the lateral movement of the upwind vortex and increase the movement
of the downwind vortex. Thus a light wind with a cross runway component of 1 to 5 knots could result in the upwind vortex remaining in
the touchdown zone for a period of time and hasten the drift of the downwind vortex toward another runway (bottom).
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safety that allows wake turbulence dissipation. [ Figure 5-15]
For more information on wake turbulence, see Advisory
Circular (AC) 90-23, Aircraft Wake Turbulence.

Ground Effect

Ever since the beginning of manned flight, pilots realized
that just before touchdown it would suddenly fedl like the
aircraft did not want to go lower, and it would just want to go
on and on. Thisisdue to the air that is trapped between the
wing and the landing surface, asif therewere an air cushion.
This phenomenon is called ground effect.

When an aircraft in flight comes within several feet of the
surface, ground or water, a change occurs in the three-
dimensional flow pattern around the aircraft because the
vertical component of the airflow around the wing is
restricted by the surface. This alters the wing's upwash,
downwash, and wingtip vortices. [Figure 5-16] Ground
effect, then, isdueto theinterference of the ground (or water)
surface with the airflow patterns about the aircraft in flight.
While the aerodynamic characteristics of the tail surfaces
and the fuselage are altered by ground effect, the principal
effects due to proximity of the ground are the changes in
the aerodynamic characteristics of the wing. As the wing
encounters ground effect and is maintained at a constant
AOA, there is consequent reduction in the upwash,
downwash, and wingtip vortices.

Induced drag is a result of the airfoil’s work of sustaining
the aircraft, and a wing or rotor lifts the aircraft simply by
accelerating a mass of air downward. It is true that reduced
pressure on top of an airfoil is essential to lift, but that is
only one of the things contributing to the overall effect of
pushing an air mass downward. The more downwash there
is, the harder the wing pushes the mass of air down. At high
anglesof attack, the amount of induced drag ishigh; sincethis
correspondsto lower airspeedsin actua flight, it can be said
that induced drag predominates at low speed. However, the
reduction of the wingtip vortices due to ground effect alters

Figure 5-16. Ground effect changes airflow.

the spanwise lift distribution and reduces the induced AOA
and induced drag. Therefore, the wing will require a lower
AOA inground effect to produce the same C, . If aconstant
AOA ismaintained, anincreasein C, results. [Figure5-17]

Ground effect also altersthe thrust required versus velocity.
Sinceinduced drag predominates at |low speeds, thereduction
of induced drag due to ground effect will cause a significant
reduction of thrust required (parasite plusinduced drag) at low
speeds. Dueto the changein upwash, downwash, and wingtip
vortices, theremay beachangein position (installation) error
of the airspeed system associated with ground effect. In the
majority of cases, ground effect causesanincreaseinthelocal
pressure at the static source and produces alower indication
of airspeed and altitude. Thus, an aircraft may be airborne at
an indicated airspeed less than that normally required.

In order for ground effect to be of significant magnitude, the
wing must be quite close to the ground. One of the direct
results of ground effect isthe variation of induced drag with
wing height above the ground at a constant C_. When the
wing isat aheight equal to its span, the reduction ininduced
drag is only 1.4 percent. However, when the wing is a a
height equal to one-fourth its span, the reduction ininduced
drag is 23.5 percent and, when the wing is at a height equal
to one-tenth its span, the reduction in induced drag is 47.6
percent. Thus, alarge reduction in induced drag takes place
only when the wing is very close to the ground. Because of
thisvariation, ground effect ismost usually recognized during
theliftoff for takeoff or just prior to touchdown when landing.
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Figure 5-17. Ground effect changes drag and lift.
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During the takeoff phase of flight, ground effect produces
some important relationships. An aircraft leaving ground
effect after takeoff encountersjust the reverse of an aircraft
entering ground effect during landing. The aircraft leaving
ground effect will:

e Requireanincreasein AOA to maintain the same C,

e Experience an increase in induced drag and thrust
required

e Experience a decrease in stability and a nose-up
change in moment

e Experience areduction in static source pressure and
increase in indicated airspeed

Ground effect must be considered during takeoffsand landings.
For example, if a pilot fails to understand the relationship
between the aircraft and ground effect during takeoff, a
hazardous situation is possible because the recommended
takeoff speed may not be achieved. Due to the reduced drag
inground effect, theaircraft may seem capable of takeoff well
below the recommended speed. As the aircraft rises out of
ground effect with adeficiency of speed, the greater induced
drag may result in margina initia climb performance. In
extreme conditions, such as high gross weight, high density
altitude, and high temperature, adeficiency of airspeed during
takeoff may permit the aircraft to become airborne but be
incapable of sustaining flight out of ground effect. Inthiscase,
the aircraft may become airborne initially with a deficiency
of speed and then settle back to the runway.

A pilot should not attempt to force an aircraft to become
airborne with a deficiency of speed. The manufacturer’s
recommended takeoff speed isnecessary to provide adequate
initial climb performance. It is also important that a definite
climb be established before a pilot retracts the landing gear
or flaps. Never retract the landing gear or flaps prior to

establishing apositiverate of climb and only after achieving
asafe altitude.

If, during the landing phase of flight, the aircraft is brought
into ground effect with a constant AOA, the aircraft
experiences an increase in C; and a reduction in the thrust
required, and a “floating” effect may occur. Because of the
reduced drag and lack of power-off deceleration in ground
effect, any excess speed at the point of flare may incur a
considerable“float” distance. Asthe aircraft nears the point
of touchdown, ground effect ismost realized at altitudes|ess
than the wingspan. During the final phases of the approach
as the aircraft nears the ground, a reduction of power is
necessary to offset the increase in lift caused from ground
effect otherwise the aircraft will have a tendency to climb
above the desired glidepath (GP).

Axes of an Aircraft

The axes of an aircraft are three imaginary lines that pass
through an aircraft’'s CG. The axes can be considered as
imaginary axles around which the aircraft turns. The three
axes pass through the CG at 90° angles to each other. The
axis passes through the CG and parallel to aline from nose
to tail is the longitudinal axis, the axis that passes parallel
to aline from wingtip to wingtip is the lateral axis, and the
axis that passes through the CG at right angles to the other
two axes is the vertical axis. Whenever an aircraft changes
itsflight attitude or position in flight, it rotates about one or
more of the three axes. [Figure 5-18]

The aircraft’s motion about its longitudinal axis resembles
the roll of a ship from side to side. In fact, the names
used to describe the motion about an aircraft’s three axes
were originally nautical terms. They have been adapted to
aeronautical terminology due to the similarity of motion of
aircraft and seagoing ships. The motion about the aircraft’'s
longitudinal axisis“roll,” the motion about its lateral axisis

Pitching

Lateral axis

Rolling

Longitudinal axis

Yawing

Vertical axis

Figure 5-18. Axes of an airplane.
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“pitch,” and the motion about itsvertical axisis“yaw.” Yaw
isthe left and right movement of the aircraft’s nose.

The three motions of the conventional airplane (roll, pitch,
and yaw) are controlled by three control surfaces. Roll is
controlled by theailerons; pitchiscontrolled by the elevators,
yaw is controlled by the rudder. The use of these controls
is explained in Chapter 6, Flight Controls. Other types of
aircraft may utilize different methods of controlling the
movements about the various axes.

For example, weight-shift control aircraft control two axes
(roll and pitch) using an “A” frame suspended from the
flexible wing attached to a three-wheeled carriage. These
aircraft are controlled by moving a horizontal bar (caled a
control bar) in roughly the same way hang glider pilots fly.
[Figure 5-19] They are termed weight-shift control aircraft
because the pilot controls the aircraft by shifting the CG.
For more information on weight-shift control aircraft, see
the Federal Aviation Administration (FAA) Weight-Shift
Control Flying Handbook, FAA-H-8083-5. In the case of
powered parachutes, aircraft control is accomplished by
altering the airfoil via steering lines.

A powered parachutewing isaparachute that hasacambered
upper surface and aflatter under surface. Thetwo surfacesare
separated by ribsthat act as cells, which open to the airflow
at the leading edge and have internal ports to allow latera
airflow. The principle at work holds that the cell pressureis
greater than the outside pressure, thereby forming awing that
maintainsits airfoil shapein flight. The pilot and passenger
sit in tandem in front of the engine, which islocated at the
rear of avehicle. The airframe is attached to the parachute
viatwo attachment pointsand lines. Control isaccomplished
by both power and the changing of the airfoil viathe control
lines. [Figure 5-20]
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Figure 5-19. A weight-shift control aircraft.

Figure 5-20. A powered parachute.

Moment and Moment Arm

A study of physics shows that a body that is free to rotate
will always turn about its CG. In aerodynamic terms, the
mathematical measure of an aircraft’s tendency to rotate
about its CG is caled a“moment.” A moment is said to be
equal to the product of the force applied and the distance at
which the force is applied. (A moment arm is the distance
from adatum [reference point or ling] to the applied force.)
For aircraft weight and balance computations, “moments”
are expressed in terms of the distance of the arm times the
aircraft’ sweight, or simply, inch-pounds.

Aircraft designers locate the fore and aft position of the
aircraft’'s CG as nearly as possible to the 20 percent point
of the mean aerodynamic chord (MAC). If the thrust line
is designed to pass horizontally through the CG, it will not
cause the aircraft to pitch when power is changed, and there
will be no differencein moment dueto thrust for apower-on
or power-off condition of flight. Although designers have
some control over thelocation of the drag forces, they are not
always ableto make the resultant drag forces passthrough the
CG of the aircraft. However, the one item over which they
have the greatest control is the size and location of the tail.
The objectiveisto makethe moments (dueto thrust, drag, and
lift) as small as possible and, by proper location of the tail,
to provide the means of balancing an aircraft longitudinally
for any condition of flight.

The pilot has no direct control over the location of forces
acting on the aircraft in flight, except for controlling the
center of lift by changing the AOA. The pilot can control
the magnitude of the forces. Such a change, however,
immediately involves changes in other forces. Therefore,
the pilot cannot independently change the location of one
force without changing the effect of others. For example,
a change in airspeed involves a change in lift, aswell as a
change in drag and a change in the up or down force on the
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tail. As forces such as turbulence and gusts act to displace
the aircraft, the pilot reacts by providing opposing control
forces to counteract this displacement.

Someaircraft are subject to changesin thelocation of the CG
with variations of load. Trimming devices, such as elevator
trim tabs and adjustable horizontal stabilizers, are used to
counteract the moments set up by fuel burnoff and loading
or off-loading of passengers or cargo.

Aircraft Design Characteristics

Each aircraft handles somewhat differently because each
resists or responds to control pressuresin its own way. For
example, a training aircraft is quick to respond to control
applications, while a transport aircraft feels heavy on the
controls and responds to control pressures more slowly.
These features can be designed into an aircraft to facilitate
the particular purpose of the aircraft by considering certain
stability and maneuvering requirements. The following
discussion summarizes the more important aspects of an
aircraft’s stability, maneuverability, and controllability
qualities; how they are analyzed; and their relationship to
various flight conditions.

Stability

Stability is the inherent quality of an aircraft to correct for
conditions that may disturb its equilibrium and to return to
or to continue on the original flight path. It is primarily an
aircraft design characteristic. Theflight pathsand attitudes an
aircraft fliesarelimited by the aerodynamic characteristics of
theaircraft, itspropulsion system, and its structural strength.
These limitations indicate the maximum performance and

maneuverability of the aircraft. If the aircraft is to provide
maximum utility, it must be safely controllable to the full
extent of these limits without exceeding the pilot’s strength
or requiring exceptional flying ability. If an aircraft isto fly
straight and steady along any arbitrary flight path, theforces
acting on it must be in static equilibrium. The reaction of
any body when its equilibrium is disturbed is referred to as
stability. The two types of stability are static and dynamic.

Static Stability

Static stability refersto the initial tendency, or direction of
movement, back to equilibrium. In aviation, it refers to the
aircraft’ sinitial response when disturbed from agiven pitch,
yaw, or bank.

* Positive static stability—the initial tendency of the
aircraft to return to the original state of equilibrium
after being disturbed. [ Figure 5-21]

* Neutral static stability—the initial tendency of
the aircraft to remain in a new condition after its
equilibrium has been disturbed. [ Figure 5-21]

* Negative static stability—the initial tendency of the
aircraft to continue away from the original state of
equilibrium after being disturbed. [Figure 5-21]

Dynamic Stability

Static stability has been defined as the initial tendency to
return to equilibrium that the aircraft displays after being
disturbed from its trimmed condition. Occasionally, the
initial tendency is different or opposite from the overall
tendency, so a distinction must be made between the two.
Dynamic stability refers to the aircraft response over time

Positive Static Stability

Applied

Applied
force

force

Neutral Static Stability

Negative Static Stability

Applied
force
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L

Figure 5-21. Types of static stability.
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when disturbed from a given pitch, yaw, or bank. Thistype
of stahility also has three subtypes: [ Figure 5-22]

e Positive dynamic stability—over time, the motion
of the displaced object decreases in amplitude and,
because it is positive, the object displaced returns
toward the equilibrium state.

e Neutral dynamic stability—once displaced, the
displaced object neither decreases nor increases in
amplitude. A worn automobile shock absorber exhibits
this tendency.

e Negative dynamic stability—over time, the motion
of the displaced object increases and becomes more
divergent.

Stability in an aircraft affects two areas significantly:

e Maneuverability—the quality of an aircraft that
permits it to be maneuvered easily and to withstand
the stressesimposed by maneuvers. It is governed by
theaircraft’ sweight, inertia, sizeand location of flight
controls, structural strength, and powerplant. It toois
an aircraft design characteristic.

e Controllability—the capability of an aircraft to
respond to the pilot’s control, especially with regard
to flight path and attitude. It is the quality of the
aircraft’s response to the pilot’s control application
when maneuvering the aircraft, regardless of its
stability characteristics.

Longitudinal Stability (Pitching)

In designing an aircraft, a great deal of effort is spent in
developing the desired degree of stability around al three
axes. But longitudinal stability about the lateral axisis

considered to be the most affected by certain variables in
various flight conditions.

Longitudinal stability is the quality that makes an aircraft
stable about its lateral axis. It involves the pitching motion
as the aircraft’s nose moves up and down in flight. A
longitudinally unstable aircraft has a tendency to dive or
climb progressively into avery steep dive or climb, or even
astall. Thus, anaircraft with longitudinal instability becomes
difficult and sometimes dangerousto fly.

Static longitudinal stability, or instability in an aircraft, is
dependent upon three factors:

1. Location of the wing with respect to the CG

2. Location of the horizontal tail surfaces with respect
to the CG

3. Areaor size of the tail surfaces

In analyzing stability, it should be recalled that a body free
to rotate always turns about its CG.

To obtain static longitudinal stability, the relation of the
wing and tail moments must be such that, if the moments
are initially balanced and the aircraft is suddenly nose up,
the wing moments and tail moments change so that the sum
of their forces provides an unbal anced but restoring moment
which, in turn, brings the nose down again. Similarly, if the
aircraft isnose down, the resulting changein momentsbrings
the nose back up.

The Center of Lift (CL) in most asymmetrical airfoils hasa
tendency to changeitsfore and aft positionswith achangein
the AOA. The CL tendsto move forward with anincreasein
AOA and to move aft with adecrease in AOA. This means
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Figure 5-22. Damped versus undamped stability.
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that when the AOA of an airfail is increased, the CL, by
moving forward, tends to lift the leading edge of the wing
till more. Thistendency gives the wing an inherent quality
of instability. (NOTE: CL is aso known as the center of
pressure (CP).)

Figure5-23 showsan aircraft in straight-and-level flight. The
line CG-CL-T representstheaircraft’ slongitudinal axisfrom
the CG to apoint T on the horizontal stabilizer.

Most aircraft are designed so that thewing'sCL istotherear
of the CG. Thismakestheaircraft “ nose heavy” and requires
that there be a slight downward force on the horizontal
stabilizer in order to balance the aircraft and keep the nose
from continually pitching downward. Compensation for this
nose heavinessis provided by setting the horizontal stabilizer
at adlight negative AOA. The downward forcethus produced
holds the tail down, counterbalancing the “heavy” nose. It
isasif theline CG-CL-T were alever with an upward force
at CL and two downward forces balancing each other, one
a strong force at the CG point and the other, a much lesser
force, at point T (downward air pressure on the stabilizer).
To better visualize this physics principle: If aniron bar were
suspended at point CL, with aheavy weight hanging on it at
the CG, it would take downward pressure at point T to keep
the“lever” in balance.

Even though the horizontal stabilizer may be level when the
aircraftisinlevel flight, thereisadownwash of air from the
wings. This downwash strikes the top of the stabilizer and
produces a downward pressure, which at a certain speed is
just enough to balance the “lever.” The faster the aircraft
is flying, the greater this downwash and the greater the
downward force on the horizontal stabilizer (except T-tails).
[Figure 5-24] In aircraft with fixed-position horizontal
stabilizers, the aircraft manufacturer sets the stabilizer at an
anglethat providesthe best stability (or balance) during flight
at the design cruising speed and power setting.

If the aircraft’'s speed decreases, the speed of the airflow
over the wing is decreased. As a result of this decreased

| §

Figure 5-23. Longitudinal stability.
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Figure 5-24. Effect of speed on downwash.

flow of air over the wing, the downwash isreduced, causing
alesser downward force on the horizontal stabilizer. Inturn,
the characteristic nose heaviness is accentuated, causing the
aircraft’ snoseto pitch down more. [ Figure 5-25] Thisplaces
theaircraft in anose-low attitude, lessening thewing’' SACA
and drag and allowing the airspeed to increase. Astheaircraft
continues in the nose-low attitude and its speed increases,
the downward force on the horizontal stabilizer isonceagain
increased. Consequently, the tail isagain pushed downward
and the nose rises into a climbing attitude.

Reduced downwash

L J

Figure 5-25. Reduced power allows pitch down.



Asthisclimb continues, the airspeed again decreases, causing
the downward force on the tail to decrease until the nose
lowersonce more. Becausetheaircraft isdynamically stable,
the nose does not lower asfar thistime asit did before. The
aircraft acquires enough speed in this more gradual dive to
start it into another climb, but the climb is not as steep as
the preceding one.

After several of these diminishing oscillations, in which
the nose aternately rises and lowers, the aircraft finally
settles down to a speed at which the downward force on the
tail exactly counteracts the tendency of the aircraft to dive.
When this condition is attained, the aircraft isonce again in
balanced flight and continues in stabilized flight as long as
this attitude and airspeed are not changed.

A similar effect is noted upon closing the throttle. The
downwash of the wings is reduced and the force a T in
Figure 5-23 is not enough to hold the horizontal stabilizer
down. It seemsasif theforceat T onthelever wereallowing
theforce of gravity to pull the nose down. Thisisadesirable
characteristic because the aircraft is inherently trying to
regain airspeed and reestablish the proper balance.

Power or thrust can also have a destabilizing effect in that
an increase of power may tend to make the nose rise. The
aircraft designer can offset this by establishing a “high
thrust line” wherein the line of thrust passes above the CG.
[Figures 5-26 and 5-27] In this case, as power or thrust is

Above center of gravity

L J

Figure 5-26. Thrust line affects longitudinal stability.

Full power

L J

Figure 5-27. Power changes affect longitudinal stability.

increased amoment is produced to counteract the down load
onthetail. Ontheother hand, avery “low thrust line” would
tend to add to the nose-up effect of the horizontal tail surface.
Conclusion: with CG forward of the CL and with an
aerodynamic tail-down force, the aircraft usually tries to
return to a safe flying attitude.

The following is a simple demonstration of longitudinal
stability. Trim the aircraft for “hands off” control in level
flight. Then, momentarily give the controls a slight push to
nosetheaircraft down. If, within abrief period, the noserises
towardsthe original position, the aircraft is statically stable.
Ordinarily, the nose passesthe original position (that of level
flight) and aseriesof slow pitching oscillationsfollows. If the
oscillationsgradually cease, theaircraft has positive stability;
if they continue unevenly, the aircraft has neutral stability;
if they increase, the aircraft is unstable.

Lateral Stability (Rolling)

Stability about the aircraft’ slongitudinal axis, which extends
from the nose of the aircraft to its tail, is called latera
stability. Positivelateral stability helpsto stabilizethelateral
or “rolling effect” when one wing gets lower than the wing
on the opposite side of the aircraft. There are four main
design factorsthat make an aircraft laterally stable: dihedral,
sweepback, keel effect, and weight distribution.
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Dihedral

Someaircraft are designed so that the outer tips of thewings
are higher than thewing roots. The upward anglethusformed
by the wingsis called dihedral. [ Figure 5-28] When a gust
causes aroll, asideslip will result. This sideslip causes the
relative wind affecting the entire airplane to be from the
direction of the dlip. When therelative wind comes from the
side, thewing slipping into thewind is subject to an increase
in AOA and develops an increase in lift. The wing away
from thewind is subject to adecreasein angle of attack, and
developsadecreaseinlift. The changesinlift effect arolling
moment tending to raise the windward wing, hence dihedral
contributes to a stable roll due to sideslip. [Figure 5-29]

Sweepback and Wing Location

Many aspects of an aircraft's configuration can affect its
effective dihedral, but two major components are wing
sweepback and thewing location with respect to the fuselage
(such as alow wing or high wing). As a rough estimation,
10° of sweepback on awing provides about 1° of effective
dihedral, while ahigh wing configuration can provide about
5° of effective dihedral over alow wing configuration.

A sweptback wing is one in which the leading edge slopes
backward. [Figure 5-30] When a disturbance causes an
aircraft with sweepback to slip or drop a wing, the low
wing presents its leading edge at an angle that is more
perpendicular to the relative airflow. As a result, the low
wing acquires more lift, rises, and the aircraft is restored to
itsoriginal flight attitude.

Keel Effect and Weight Distribution

A high wing aircraft dways has the tendency to turn the
longitudinal axisof the aircraft into the relative wind, whichis
often referred to asthe keel effect. These aircraft are laterally
stable simply because the wings are attached in a high
position on the fuselage, making the fuselage behave like a
kedl exerting a steadying influence on the aircraft lateraly
about the longitudinal axis. When a high-winged aircraft is

Restoring lift ‘

Wing has decreased
AOA, hence reduced lift
due to sideslip.

Sideslip
Wing has increased AOA, hence
increased lift due to sideslip.

Figure 5-29. Sdedlip causing different AOA on each blade.

Figure 5-30. Sweepback wings.

disturbed and one wing dips, the fuselage weight acts like a
pendulum returning the aircraft to the horizontal level.

Laterally stable aircraft are constructed so that the greater
portion of thekeel areaisabovethe CG. [ Figure5-31] Thus,
when the aircraft dips to one side, the combination of the

Figure 5-28. Dihedral is the upward angle of the wings from a horizontal (front/rear view) axis of the plane as shown in the graphic

depiction and the rear view of a Ryanair Boeing 737.
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Figure 5-31. Keel area for lateral stability.

aircraft’s weight and the pressure of the airflow against the
upper portion of the keel area (both acting about the CG)
tendsto roll the aircraft back to wings-level flight.

Directional Stability (Yawing)

Stability about the aircraft’s vertical axis (the sideways
moment) is called yawing or directional stability. Yawing
or directional stability is the most easily achieved stability
in aircraft design. The area of the vertical fin and the sides
of the fuselage aft of the CG are the prime contributors that
make the aircraft act like the well known weather vane or
arrow, pointing its nose into the relative wind.

In examining aweather vane, it can be seenthat if exactly the
same amount of surface were exposed to the wind in front
of the pivot point as behind it, the forces fore and aft would
be in balance and little or no directional movement would
result. Consequently, it is necessary to have agreater surface
aft of the pivot point than forward of it.

Similarly, the aircraft designer must ensure positive
directional stability by making the side surface greater aft
than ahead of the CG. [Figure 5-32] To provide additional
positive stability to that provided by the fuselage, a vertical
fin is added. The fin acts similar to the feather on an arrow
in maintaining straight flight. Like the weather vane and the
arrow, thefarther aft thisfinisplaced and the larger its size,
the greater the aircraft’ s directional stability.

If an aircraft isflying in astraight line, and a sideward gust
of air gives the aircraft a dlight rotation about its vertical
axis (i.e., the right), the motion is retarded and stopped by
the fin because while the aircraft is rotating to the right, the
air is striking the left side of the fin at an angle. This causes
pressure on the left side of the fin, which resists the turning
motion and slows down the aircraft’s yaw. In doing so, it
acts somewhat like the weather vane by turning the aircraft
into the relative wind. Theinitial change in direction of the
aircraft’s flight path is generally slightly behind its change
of heading. Therefore, after a slight yawing of the aircraft
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Figure 5-32. Fuselage and fin for directional stability.

to theright, thereis abrief moment when the aircraft is still
moving along its original path, but its longitudinal axisis
pointed slightly to the right.

The aircraft is then momentarily skidding sideways and,
during that moment (since it is assumed that although the
yawing motion has stopped, the excess pressure on the left
side of the fin till persists), there is necessarily a tendency
for the aircraft to be turned partially back to the left. That is,
there is amomentary restoring tendency caused by the fin.

Thisrestoring tendency isrelatively slow in developing and
ceases when the aircraft stops skidding. When it ceases, the
aircraft is flying in a direction dlightly different from the
original direction. In other words, it will not return of itsown
accord to the original heading; the pilot must reestablish the
initial heading.

A minor improvement of directional stability may be obtained
through sweepback. Sweepback isincorporated in thedesign
of the wing primarily to delay the onset of compressibility
during high-speed flight. In lighter and slower aircraft,
sweepback aids in locating the center of pressure in the
correct relationship with the CG. A longitudinally stable
aircraft is built with the center of pressure aft of the CG.

Because of structural reasons, aircraft designers sometimes
cannot attach the wings to the fuselage at the exact desired
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point. If they had to mount the wings too far forward, and at
right anglesto the fuselage, the center of pressure would not
be far enough to the rear to result in the desired amount of
longitudinal stahility. By building sweepback into thewings,
however, the designers can movethe center of pressuretoward
the rear. The amount of sweepback and the position of the
wingsthen placethe center of pressurein the correct location.

When turbulence or rudder application causes the aircraft to
yaw to one side, the opposite wing presents alonger leading
edge perpendicular to the relative airflow. The airspeed of
the forward wing increases and it acquires more drag than
the back wing. The additional drag ontheforward wing pulls
the wing back, turning the aircraft back to its original path.

The contribution of the wing to static directional stability is
usually small. The swept wing provides astable contribution
depending on the amount of sweepback, but the contribution
isrelatively small when compared with other components.

Free Directional Oscillations (Dutch Roll)

Dutch roll is a coupled lateral/directional oscillation that is
usually dynamically stable but isunsafein an aircraft because
of the oscillatory nature. The damping of the oscillatory mode
may be weak or strong depending on the properties of the
particular aircraft.

If the aircraft has a right wing pushed down, the positive
sidedlip angle corrects the wing laterally before the nose is
realigned with the relative wind. As the wing corrects the
position, alateral directional oscillation can occur resultingin
the nose of the aircraft making afigure eight on the horizon as
aresult of two oscillations (roll and yaw), which, although of
about the same magnitude, are out of phase with each other.

In most modern aircraft, except high-speed swept wing
designs, these free directional oscillations usually die out
automatically in very few cycles unless the air continuesto
be gusty or turbulent. Those aircraft with continuing Dutch
roll tendencies are usually equipped with gyro-stabilized yaw
dampers. Manufacturerstry to reach amidpoint between too
much and too little directional stability. Because it is more
desirable for the aircraft to have “spiral instability” than
Dutch roll tendencies, most aircraft are designed with that
characteristic.

Spiral Instability

Spiral instability exists when the static directional stability
of the aircraft is very strong as compared to the effect of its
dihedral in maintaining lateral equilibrium. When the lateral
equilibrium of the aircraft isdisturbed by agust of air and a
sidedlip is introduced, the strong directional stability tends
to yaw the nose into the resultant relative wind while the
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comparatively weak dihedral lags in restoring the lateral
balance. Due to this yaw, the wing on the outside of the
turning moment travels forward faster than the inside wing
and, asaconsequence, itslift becomesgreater. Thisproduces
an overbanking tendency which, if not corrected by thepilot,
results in the bank angle becoming steeper and steeper. At
the same time, the strong directional stability that yaws the
aircraft into the relative wind is actualy forcing the nose
to a lower pitch attitude. A slow downward spira begins
which, if not counteracted by the pilot, gradually increases
into a steep spiral dive. Usually therate of divergencein the
spiral motionisso gradual the pilot can control the tendency
without any difficulty.

Many aircraft areaffected to somedegree by thischaracteristic,
although they may be inherently stable in al other normal
parameters. This tendency explains why an aircraft cannot
be flown “hands off” indefinitely.

Much research has gone into the development of control
devices(wing leveler) to correct or eliminatethisinstability.
The pilot must be careful in application of recovery controls
during advanced stages of this spiral condition or excessive
loads may be imposed on the structure. Improper recovery
from spira instability leading to inflight structural failures
has probably contributed to morefatalitiesin general aviation
aircraft than any other factor. Sincethe airspeed in the spiral
condition builds up rapidly, the application of back elevator
force to reduce this speed and to pull the nose up only
“tightens the turn,” increasing the load factor. The results
of the prolonged uncontrolled spiral are inflight structural
failure, crashing into the ground, or both. Common recorded
causesfor pilotswho get into thissituation areloss of horizon
reference, inability to control the aircraft by reference to
instruments, or a combination of both.

Effect of Wing Planform

Understanding the effects of different wing planforms
is important when learning about wing performance and
airplaneflight characteristics. A planform isthe shape of the
wing as viewed from directly above and deals with airflow
inthree dimensions. Aspect ratio, taper ratio, and sweepback
are factorsin planform design that are very important to the
overall aerodynamic characteristic of awing. [Figure 5-33]

Aspect ratio is the ratio of wing span to wing chord. Taper
ratio can be either in planform or thickness, or both. In its
simplest terms, it is a decrease from wing root to wingtip in
wing chord or wing thickness. Sweepback is the rearward
slant of awing, horizontal tail, or other airfoil surface.

There are two general means by which the designer can
change the planform of a wing and both will affect the
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Figure 5-33. Different types of wing planforms.

aerodynamic characteristics of thewing. Thefirst isto effect
achangeinthe aspect ratio. Aspect ratioisthe primary factor
in determining the three dimensional characteristics of the
ordinary wing and its lift/drag ratio. An increase in aspect
ratio with constant vel ocity will decreasethe drag, especially
at high angles of attack, improving the performance of the
wing when in a climbing attitude.

A decreasein aspect ratio will give acorresponding increase
in drag. It should be noted, however, that with anincreasein
aspect ratio thereis an increase in the length of span, with a
corresponding increase in the weight of the wing structure,
which meansthewing must be heavier to carry the sameload.
For thisreason, part of the gain (dueto adecreaseindrag) is
lost because of the increased weight, and a compromise in
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design is necessary to obtain the best results from these two
conflicting conditions.

The second means of changing the planform is by tapering
(decreasing thelength of chord from theroot to the tip of the
wing). In general, tapering causes a decrease in drag (most
effective at high speeds) and anincreasein lift. Thereisalso
astructural benefit due to a saving in weight of the wing.

Most training and general aviation type airplanesare operated
at high coefficients of lift, and therefore require comparatively
high aspect ratios. Airplanesthat are devel oped to operate at
very high speeds demand greater aerodynamic cleannessand
greater strength, which require low aspect ratios. Very low
aspect ratiosresult in highwing loadings and high stal| speeds.
When sweepback is combined with low aspect ratio, it results
in flying qualities very different from a more conventional
high aspect ratio airplane configuration. Such airplanes
require very precise and professional flying techniques,
especially at slow speeds, while airplanes with a high aspect
ratio areusually moreforgiving of improper pilot techniques.

The éelliptical wing is the ideal subsonic planform since it
provides for a minimum of induced drag for a given aspect
ratio, though as we shall see, its stall characteristics in
some respects are inferior to the rectangular wing. It isaso
comparatively difficult to construct. The tapered airfail is
desirable from the standpoint of weight and stiffness, but
again is not as efficient aerodynamically as the elliptical
wing. In order to preserve the aerodynamic efficiency of the
elliptical wing, rectangular and tapered wings are sometimes
tailored through use of wing twist and variation in airfaoil
sectionsuntil they provide as nearly aspossibletheelliptical
wing's lift distribution. While it is true that the elliptical
wing providesthe best coefficients of lift before reaching an
incipient stall, it gives little advance warning of a complete
stall, and lateral control may be difficult because of poor
aileron effectiveness.

In comparison, the rectangular wing has a tendency to stall
first at the wing root and provides adequate stall warning,
adequate aileron effectiveness, and is usualy quite stable.
Itis, therefore, favored in the design of low cost, low speed
airplanes.

Aerodynamic Forces in Flight Maneuvers

Forces in Turns

If an aircraft wereviewed in straight-and-level flight fromthe
front [Figure 5-34], and if the forces acting on the aircraft
could be seen, lift and weight would be apparent: two forces.
If the aircraft were in a bank it would be apparent that lift
did not act directly opposite to the weight, rather it now acts
in the direction of the bank. A basic truth about turnsis that
when the aircraft banks, lift actsinward toward the center of
the turn, perpendicular to the lateral axis aswell as upward.

Newton’sFirst Law of Motion, the Law of Inertia, statesthat
an object at rest or moving in astraight line remains at rest
or continuesto movein astraight line until acted on by some
other force. An aircraft, like any moving object, requires a
sideward force to make it turn. In anormal turn, this force
is supplied by banking the aircraft so that lift is exerted
inward, as well as upward. The force of lift during aturnis
separated into two components at right anglesto each other.
One component, which acts vertically and opposite to the
weight (gravity), is called the “vertical component of lift.”
The other, which acts horizontally toward the center of the
turn, iscalled the* horizontal component of lift” or centripetal
force. The horizontal component of lift is the force that
pulls the aircraft from a straight flight path to make it turn.
Centrifugal forceisthe “equal and opposite reaction” of the
aircraft to the changein direction and actsequal and opposite
to the horizontal component of lift. This explains why, in a
correctly executed turn, the force that turns the aircraft is
not supplied by the rudder. The rudder is used to correct any
deviation between the straight track of the nose and tail of the
aircraftintotherelativewind. A good turnisoneinwhich the
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Figure 5-34. Forces during normal, coordinated turn at constant altitude.
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nose and tail of the aircraft track along the same path. If no
rudder is used in aturn, the nose of the aircraft yawsto the
outside of the turn. The rudder is used rolling into the turn
to bring the nose back in line with the relative wind. Once
in the turn, the rudder should not be needed.

An aircraft is not steered like a boat or an automobile. In
order for an aircraft to turn, it must be banked. If it is not
banked, there is no force available to cause it to deviate
from a straight flight path. Conversely, when an aircraft is
banked, it turnsprovided it isnot slipping to theinside of the
turn. Good directional control is based on the fact that the
aircraft attemptsto turn whenever it is banked. Pilots should
keep this fact in mind when attempting to hold the aircraft
in straight-and-level flight.

Merely banking the aircraft into aturn produces no changein
thetotal amount of lift devel oped. Sincethelift during the bank
isdividedinto vertical and horizontal components, the amount
of lift opposing gravity and supporting the aircraft’s weight
is reduced. Consequently, the aircraft loses atitude unless
additional lift iscreated. Thisisdone by increasing the AOA
until thevertical component of liftisagain equal totheweight.
Since the vertical component of lift decreases as the bank
angle increases, the AOA must be progressively increased
to produce sufficient vertical lift to support the aircraft's
weight. Animportant fact for pilotsto remember when making
constant altitude turns is that the vertical component of lift
must be equal to the weight to maintain altitude.

At a given airspeed, the rate at which an aircraft turns
depends upon the magnitude of the horizontal component
of lift. It is found that the horizontal component of lift is
proportional to the angle of bank—that is, it increases or
decreases respectively as the angle of bank increases or
decreases. As the angle of bank is increased, the horizontal
component of lift increases, thereby increasing the rate of
turn (ROT). Consequently, at any given airspeed, the ROT
can be controlled by adjusting the angle of bank.

To provide a vertical component of lift sufficient to hold
altitude in alevel turn, an increase in the AOA is required.
Sincethedrag of theairfoil isdirectly proportional toitsAOA,
induced drag increases as the lift isincreased. This, in turn,
causes aloss of airspeed in proportion to the angle of bank.
A small angle of bank resultsin asmall reduction in airspeed
while a large angle of bank results in a large reduction in
airspeed. Additional thrust (power) must be applied to prevent
areductioninairspeedinlevel turns. Therequired amount of
additional thrust is proportional to the angle of bank.

To compensate for added lift, which would result if the
airspeed were increased during a turn, the AOA must be

decreased, or the angle of bank increased, if a constant
atitude is to be maintained. If the angle of bank is held
constant and the AOA decreased, the ROT decreases. In order
to maintain a constant ROT asthe airspeed isincreased, the
AOA must remain constant and the angle of bank increased.

Anincreasein airspeed resultsin anincrease of theturnradius,
and centrifugal forceis directly proportional to the radius of
theturn. Inacorrectly executed turn, the horizontal component
of lift must be exactly equa and opposite to the centrifugal
force. Astheairspeedisincreased in aconstant-ratelevel turn,
theradius of theturn increases. Thisincreasein the radius of
turn causes an increase in the centrifugal force, which must
be balanced by anincreasein the horizontal component of lift,
which can only beincreased by increasing the angle of bank.

In a slipping turn, the aircraft is not turning at the rate
appropriateto the bank being used, sincetheaircraftisyawed
toward the outside of the turning flight path. The aircraft is
banked too much for the ROT, so the horizontal lift component
isgreater than the centrifugal force. [ Figure5-35] Equilibrium
between the horizonta lift component and centrifugal force
isreestablished by either decreasing the bank, increasing the
ROT, or acombination of the two changes.

A skidding turn results from an excess of centrifugal force
over the horizontal lift component, pulling the aircraft
toward the outside of the turn. The ROT istoo great for the
angle of bank. Correction of askidding turn thusinvolves a
reductionin the ROT, an increasein bank, or acombination
of the two changes.

To maintain agiven ROT, the angle of bank must be varied
with the airspeed. This becomes particularly important in
high-speed aircraft. For instance, at 400 miles per hour (mph),
an aircraft must be banked approximately 44° to execute a
standard-rate turn (3° per second). At this angle of bank,
only about 79 percent of thelift of the aircraft comprisesthe
vertical component of the lift. This causes aloss of altitude
unless the AOA isincreased sufficiently to compensate for
the loss of vertical lift.

Forces in Climbs

For all practical purposes, the wing's lift in a steady state
normal climbisthesameasitisin asteady level flight at the
same airspeed. Although the aircraft’s flight path changed
when the climb was established, the AOA of the wing with
respect to the inclined flight path reverts to practically the
same values, as does the lift. There is an initidl momentary
change as shown in Figure 5-36. During the transition from
straight-and-level flight to a climb, a change in lift occurs
when back elevator pressure is first applied. Raising the
aircraft’ snoseincreasesthe AOA and momentarily increases
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Figure 5-35. Normal, slipping, and skidding turns at a constant altitude.

the lift. Lift at this moment is now greater than weight and
startsthe aircraft climbing. After theflight path is stabilized
onthe upward incline, the AOA and lift again revert to about
the level flight values.

If the climb is entered with no change in power setting, the
airspeed gradually diminishes because the thrust required
to maintain agiven airspeed in level flight isinsufficient to
maintain the same airspeed in a climb. When the flight path
is inclined upward, a component of the aircraft’s weight
acts in the same direction as, and parallel to, the total drag
of the aircraft, thereby increasing the total effective drag.
Consequently, the total effective drag is greater than the
power, and the airspeed decreases. Thereductionin airspeed
gradually results in a corresponding decrease in drag until
the total drag (including the component of weight acting
in the same direction) equals the thrust. [ Figure 5-37] Due
to momentum, the change in airspeed is gradual, varying
considerably with differences in aircraft size, weight, total
drag, and other factors. Consequently, thetotal effective drag
is greater than the thrust, and the airspeed decreases.

Generally, the forces of thrust and drag, and lift and weight,
again become balanced when the airspeed stabilizes but at
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Figure 5-36. Changesin lift during climb entry.
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a value lower than in straight-and-level flight at the same
power setting. Since the aircraft’s weight is acting not only
downward but rearward with drag whilein aclimb, additional
power is required to maintain the same airspeed asin level
flight. The amount of power depends on the angle of climb.
When the climb is established steep enough that there is
insufficient power available, a slower speed results.

Thethrust required for a stabilized climb equals drag plus a
percentage of weight dependent on the angle of climb. For
example, a10° climb would requirethrust to equal drag plus
17 percent of weight. To climb straight up would require
thrust to equal all of weight and drag. Therefore, the angle
of climb for climb performance is dependent on the amount
of excess thrust available to overcome a portion of weight.
Note that aircraft are able to sustain a climb due to excess
thrust. When the excess thrust is gone, the aircraft is no
longer able to climb. At this point, the aircraft has reached
its “absolute ceiling.”

Forces in Descents

Asin climbs, the forces that act on the aircraft go through
definite changes when a descent is entered from straight-
and-level flight. For the following example, the aircraft

r M
Level flight
forces balanced
constant speed

Steady climb
forces balanced
constant speed

Climb entry drag
greater than thrust
speed slowing

Figure 5-37. Changes in speed during climb entry.



is descending at the same power as used in straight-and-
level flight.

Asforward pressureis applied to the control yoketoinitiate
the descent, the AOA is decreased momentarily. Initially,
the momentum of the aircraft causes the aircraft to briefly
continue along the sameflight path. For thisinstant, the AOA
decreases causing the total lift to decrease. With weight now
being greater than lift, the aircraft beginsto descend. At the
same time, the flight path goes from level to a descending
flight path. Do not confuse areductioninlift with theinability
to generate sufficient lift to maintain level flight. The flight
path is being manipulated with available thrust in reserve
and with the elevator.

To descend at the same airspeed as used in straight-and-
level flight, the power must be reduced as the descent is
entered. Entering the descent, the component of weight
acting forward along the flight path increases as the angle
of descent increases and, conversely, when leveling off, the
component of weight acting along the flight path decreases
asthe angle of descent decreases.

Stalls

Anaircraft stall resultsfrom arapid decreasein lift caused by
the separation of airflow from thewing' s surface brought on
by exceeding thecritical AOA. A stall can occur at any pitch
attitude or airspeed. Stallsare one of the most misunderstood
areas of aerodynamics because pilots often believean airfoil
stops producing lift when it stalls. In a stall, the wing does
not totally stop producing lift. Rather, it cannot generate
adequate lift to sustain level flight.

Since the C, increases with an increase in AOA, at some
point the C; peaks and then beginsto drop off. This peak is
caledthe C, _\ax- Theamount of lift thewing producesdrops
dramatically after exceeding the C, .y ax Or critical AOA, but
as stated above, it does not completely stop producing lift.

In most straight-wing aircraft, the wing is designed to stall
the wing root first. The wing root reaches its critical AOA
first making the stall progress outward toward the wingtip.
By having the wing root stall first, aileron effectivenessis
maintained at the wingtips, maintaining controllability of
the aircraft. Various design methods are used to achieve
the stalling of the wing root first. In one design, thewing is
“twisted” to ahigher AOA at the wing root. Installing stall
strips on the first 2025 percent of the wing's leading edge
is another method to introduce a stall prematurely.

The wing never completely stops producing lift in a stalled
condition. If it did, the aircraft would fall to the Earth. Most
training aircraft are designed for the nose of the aircraft to

drop during a stall, reducing the AOA and “unstalling” the
wing. The nose-down tendency is due to the CL being aft of
the CG. The CG range is very important when it comes to
stall recovery characteristics. If an aircraft is allowed to be
operated outside of the CG range, the pilot may havedifficulty
recovering fromastall. Themost critical CG violation would
occur when operating with a CG that exceeds the rear limit.
Inthissituation, apilot may not be ableto generate sufficient
force with the elevator to counteract the excess weight aft of
the CG. Without the ability to decreasethe AOA, the aircraft
continuesin a stalled condition until it contacts the ground.

The stalling speed of aparticular aircraft isnot afixed value
for all flight situations, but a given aircraft always stalls at
the same AOA regardless of airspeed, weight, load factor, or
density dtitude. Each aircraft hasaparticular AOA wherethe
airflow separates from the upper surface of thewing and the
stall occurs. Thiscritical AOA variesfrom approximately 16°
to 20° depending on the aircraft’s design. But each aircraft
has only one specific AOA where the stall occurs.

There arethreeflight situationsin which the critical AOA is
most frequently exceeded: 1ow speed, high speed, and turning.

Oneway theaircraft can be stalled in straight-and-level flight
by flying too slowly. As the airspeed decreases, the AOA
must be increased to retain the lift required for maintaining
dtitude. Thelower the airspeed becomes, the morethe AOA
must beincreased. Eventually, an AOA isreached that results
in the wing not producing enough lift to support the aircraft,
which then starts settling. If the airspeed is reduced further,
the aircraft stalls because the AOA has exceeded the critical
angle and the airflow over the wing is disrupted.

Low speed is not necessary to produce a stall. The wing
can be brought into an excessive AOA at any speed. For
example, an aircraft is in a dive with an airspeed of 100
knots when the pilot pulls back sharply on the elevator
control. [ Figure 5-38] Gravity and centrifugal force prevent
an immediate alteration of the flight path, but the aircraft’s
AOA changes abruptly from quite low to very high. Since
the flight path of the aircraft in relation to the oncoming air
determines the direction of the relative wind, the AOA is
suddenly increased, and the aircraft would reach the stalling
angle at a speed much greater than the normal stall speed.

The stalling speed of an aircraft isaso higher inalevel turn
than in straight-and-level flight. [Figure 5-39] Centrifugal
force is added to the aircraft's weight and the wing must
produce sufficient additional lift to counterbalance the load
imposed by the combination of centrifugal force and weight.
Inaturn, the necessary additional liftisacquired by applying
back pressureto theelevator control. Thisincreasesthewing's
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Figure 5-38. Forces exerted when pulling out of a dive.

AOA and results in increased lift. The AOA must increase
as the bank angle increases to counteract the increasing load
caused by centrifuga force. If at any time during a turn the
AOA becomes excessive, the aircraft stalls.

At thispoint, theaction of theaircraft during astall should be
examined. To balance the aircraft aerodynamically, the CL
is normally located aft of the CG. Although this makes the
aircraft inherently nose-heavy, downwash on the horizontal
stabilizer counteracts this condition. At the point of stall,
when the upward force of the wing's lift diminishes below
that required for sustained flight and the downward tail
force decreases to a point of ineffectiveness, or causes it to
have an upward force, an unbalanced condition exists. This
causes the aircraft to pitch down abruptly, rotating about its
CG. During thisnose-down attitude, the AOA decreasesand
the airspeed again increases. The smooth flow of air over
the wing begins again, lift returns, and the aircraft begins
to fly again. Considerable altitude may be lost before this
cycleis complete.
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Figure 5-39. Increasein stall speed and load factor.
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Airfoil shape and degradation of that shape must also be
consideredin adiscussion of stalls. For example, if ice, snow,
andfrost arealowed to accumulate on thesurface of anaircraft,
thesmooth airflow over thewingisdisrupted. Thiscausesthe
boundary layer to separate at an AOA lower than that of the
critical angle. Liftisgreatly reduced, atering expected aircraft
performance. If iceis allowed to accumulate on the aircraft
during flight, the weight of the aircraft isincreased while the
ability to generate lift is decreased. [ Figure 5-40] Aslittle as
0.8 millimeter of ice on the upper wing surfaceincreasesdrag
and reduces aircraft lift by 25 percent.

Pilots can encounter icing in any season, anywhere in the
country, at altitudes of up to 18,000 feet and sometimes
higher. Small aircraft, including commuter planes, are most
vulnerablebecausethey fly at lower atitudeswhereiceismore
prevalent. They a so lack mechanisms common on jet aircraft
that prevent ice buildup by heating the front edges of wings.

Icing can occur in clouds any time the temperature drops
below freezing and super-cooled droplets build up on an
aircraft and freeze. (Super-cooled droplets are still liquid
even though the temperature is below 32 °Fahrenheit (F),
or 0 °Celsius (C).

Angle of Attack Indicators

The FAA aong with the General Aviation Joint Steering
Committee (GAJSC) is promoting AOA indicators as one
of the many safety initiatives aimed at reducing the general
aviation accident rate. AOA indicatorswill specifically target
Loss of Control (LOC) accidents. Loss of control is the
number one root cause of fatalities in both general aviation
and commercial aviation. More than 25 percent of general
aviation fatal accidents occur during the maneuvering phase
of flight. Of those accidents, half involve stall/spin scenarios.
Technology such as AOA indicators can have atremendous
impact on reversing thistrend and areincreasingly affordable
for general aviation airplanes. [Figure 5-41]

The purpose of an AOA indicator is to give the pilot better
situation awareness pertaining to the aerodynamic health

Figure 5-40. Inflight ice formation.



of the airfoil. This can also be referred to as stall margin
awareness. Moresimply explained, itisthe margin that exists
between the current AOA that the airfoil is operating at, and
the AOA at which the airfoil will stall (critical AOA).

Angle of attack istaught to student pilotsastheory in ground
training. When beginning flight training, students typically
rely solely on airspeed and the published 1G stall speed to
avoid stalls. This creates problems since this speed is only
valid when the following conditions are met:

e Unaccelerated flight (a 1G load factor)
e Coordinated flight (inclinometer centered)
e Atoneweight (typically maximum gross weight)

Speed by itself is not a reliable parameter to avoid a stall.
Anairplane can stall at any speed. Angle of attack isabetter
parameter to use to avoid a stall. For a given configuration,
the airplane always stalls at the same AOA, referred to as
the critical AOA. This critical AOA does not change with:

*  Weight

e Bank angle

e Temperature

e Density altitude
e Center of gravity

An AOA indicator can have several benefits when installed
ingenera aviation aircraft, not theleast of whichisincreased
situational awareness. Without an AOA indicator, the AOA
is “invisible” to pilots. These devices measure several
parameters simultaneously and determine the current AOA
providing avisual imageto the pilot of the current AOA aong
with representations of the proximity to the critical AOA.
[Figure 5-42] These devicescan giveavisua representation
of the energy management state of the airplane. The energy

state of an airplaneisthe balance between airspeed, dtitude,
drag, and thrust and represents how efficiently the airfail is
operating. Themoreefficiently theairfoil operates; thelarger
stall margin that is present. With this increased situational
awareness pertaining to the energy condition of the airplane,
pilotswill haveinformation that they needto aid in preventing
aL OC scenario resulting from a stall/spin. Additionaly, the
less energy that is utilized to maintain flight means greater
overall efficiency of theairplane, whichistypically reglizedin
fuel savings. Thisequatesto alower operating cost to the pilot.

Just as training is required for any system on an aircraft,
AOA indicators have training considerations also. A more
comprehensive understanding of AOA in genera should be
the goal of this training along with the specific operating
characteristicsand limitations of theinstalled AOA indicator.
Ground and flight instructors should make every attempt
to receive training from an instructor knowledgeable about
AOA indicators prior to giving instruction pertainingto or in
airplanes equipped with AOA indicators. Pilot schoolsshould
incorporate training on AOA indicators in their syllabi,
whether their training aircraft are equipped with them or not.

Installation of AOA indicators not required by type
certification in general aviation airplanes has recently been
streamlined by the FAA. The FAA established policy in
February 2014 pertaining to non-required AOA systemsand
how they may be installed as a minor alteration, depending
upon their installation requirements and operational
utilization, and the procedures to take for certification of
these installations. For updated information, reference the
FAA website at www.faa.gov.

While AOA indicatorsprovideasimplevisual representation
of thecurrent AOA and its proximity tothecritical AOA, they
are not without their limitations. These limitations should
be understood by operators of general aviation airplanes

\

Figure 5-41. A variety of AOA indicators.
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Figure 5-42. An AOA indicator has several benefits when installed in general aviation aircraft.

equipped with these devices. Like advanced automation,
such as autopilots and moving maps, the misunderstanding
or misuse of the equipment can have disastrousresults. Some
itemswhich may limit the effectiveness of an AOA indicator
are listed below:

e  Cdlibration techniques

*  Probes or vanes not being heated
e Thetype of indicator itself

e Flap setting

e Wing contamination

Pilots of general aviation airplanes equipped with AOA
indicators should contact the manufacturer for specific
limitations applicable to that installation.

Basic Propeller Principles

The aircraft propeller consists of two or more blades and a
central hub to which the blades are attached. Each blade of
an aircraft propeller isessentially arotating wing. Asaresult
of their construction, the propeller blades are like airfoils
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and produce forces that create the thrust to pull, or push,
the aircraft through the air. The engine furnishes the power
needed to rotate the propeller blades through the air at high
speeds, and the propeller transforms the rotary power of the
engine into forward thrust.

A cross-section of a typical propeller blade is shown in
Figure 5-43. This section or blade element is an airfoil
comparable to a cross-section of an aircraft wing. One
surface of the blade is cambered or curved, similar to the
upper surface of an aircraft wing, while the other surfaceis
flat like the bottom surface of awing. The chord line is an
imaginary line drawn through the blade from itsleading edge
toitstrailing edge. Asin awing, theleading edgeisthethick
edge of the blade that meets the air as the propeller rotates.
Blade angle, usually measured in degrees, is the angle
between the chord of the blade and the plane of rotation
and is measured at a specific point along the length of the
blade. [Figure 5-44] Because most propellers have a flat
blade “face,” the chord line is often drawn along the face
of the propeller blade. Pitch is not blade angle, but because
pitchislargely determined by blade angle, thetwo termsare
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Figure 5-43. Airfoil sections of propeller blade.

often used interchangeably. Anincrease or decreaseinoneis
usually associated with an increase or decrease in the other.
The pitch of a propeller may be designated in inches. A
propeller designated as a “74-48" would be 74 inches in
length and have an effective pitch of 48 inches. The pitch
is the distance in inches, which the propeller would screw
through the air in one revolution if there were no slippage.

When specifying a fixed-pitch propeller for a new type of
aircraft, the manufacturer usually selects one with a pitch
that operates efficiently at the expected cruising speed of the
aircraft. Every fixed-pitch propeller must be a compromise
because it can be efficient at only a given combination of
airspeed and revolutions per minute (rpm). Pilots cannot
change this combination in flight.

When the aircraft is at rest on the ground with the engine
operating, or moving slowly at the beginning of takeoff,
the propeller efficiency is very low because the propeller is
restrained from advancing with sufficient speed to permit
its fixed-pitch blades to reach their full efficiency. In this
situation, each propeller blade is turning through the air at
an AOA that produces relatively little thrust for the amount
of power required to turn it.

To understand the action of a propeller, consider first its
motion, which is both rotational and forward. As shown by

Thrust »

Relative wind

Figure 5-44. Propeller blade angle.

thevectorsof propeller forcesin Figure5-44, each section of
apropeller blade moves downward and forward. The angle
at which this air (relative wind) strikes the propeller blade
isitsAOA. Theair deflection produced by this angle causes
the dynamic pressure at the engine side of the propeller blade
to be greater than atmospheric pressure, thus creating thrust.

The shape of the blade also creates thrust because it is
cambered like the airfoil shape of awing. As the air flows
past the propeller, the pressure on one side is less than that
ontheother. Asinawing, areaction forceisproduced inthe
direction of the lesser pressure. The airflow over the wing
has less pressure, and the force (lift) is upward. In the case
of the propeller, which is mounted in avertical instead of a
horizontal plane, the area of decreased pressureisin front of
the propeller, and the force (thrust) isin aforward direction.
Aerodynamically, thrust is the result of the propeller shape
and the AOA of the blade.

Thrust can be considered aso in terms of the mass of air
handled by the propeller. In these terms, thrust equals mass
of air handled multiplied by slipstream velocity minus
velocity of the aircraft. The power expended in producing
thrust dependson therate of air mass movement. On average,
thrust congtitutes approximately 80 percent of thetorque (total
horsepower absorbed by the propeller). The other 20 percent
is lost in friction and slippage. For any speed of rotation,
the horsepower absorbed by the propeller balances the
horsepower delivered by the engine. For any singlerevolution
of the propeller, the amount of air handled depends on the
blade angle, which determines how big a “bite’ of air the
propeller takes. Thus, the blade angleisan excellent means of
adjusting the load on the propeller to control the engine rpm.

The blade angle is also an excellent method of adjusting the
AOA of thepropeller. On constant-speed propellers, theblade
angle must be adjusted to provide the most efficient AOA at
al engineand aircraft speeds. Lift versusdrag curves, which
are drawn for propellers as well as wings, indicate that the
most efficient AOA is small, varying from +2° to +4°. The
actual blade angle necessary to maintain this small AOA
varies with the forward speed of the aircraft.

Fixed-pitch and ground-adjustable propellers are designed
for best efficiency at one rotation and forward speed. They
are designed for agiven aircraft and engine combination. A
propeller may be used that providesthe maximum efficiency
for takeoff, climb, cruise, or high-speed flight. Any changein
these conditionsresultsin lowering the efficiency of both the
propeller and the engine. Sincethe efficiency of any machine
is the ratio of the useful power output to the actual power
input, propeller efficiency is the ratio of thrust horsepower
to brake horsepower. Propeller efficiency varies from 50 to
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87 percent, depending on how much the propeller “slips.”
Propeller dlipisthe difference between the geometric pitch of
the propeller and itseffective pitch. [ Figure 5-45] Geometric
pitch is the theoretical distance a propeller should advance
in one revolution; effective pitch is the distance it actually
advances. Thus, geometric or theoretical pitch is based on
no slippage, but actual or effective pitch includes propeller
dippagein the air.

Thereason apropelleris“twisted” isthat the outer partsof the
propeller blades, likeall thingsthat turn about acentral point,
travel faster than the portions near the hub. [ Figure 5-46] If the
blades had the same geometric pitch throughout their lengths,
portions near the hub could have negative AOAs while the
propeller tips would be stalled at cruise speed. Twisting or
variations in the geometric pitch of the blades permits the
propeller to operate with arelatively constant AOA alongits
length when in cruising flight. Propeller blades are twisted
to change the blade angle in proportion to the differencesin
speed of rotation along the length of the propeller, keeping
thrust more nearly equalized along thislength.

Usually 1° to 4° provides the most efficient lift/drag ratio,
but in flight the propeller AOA of a fixed-pitch propeller
varies—normally from 0° to 15°. This variation is caused
by changes in the relative airstream, which in turn results
from changes in aircraft speed. Thus, propeller AOA isthe
product of two motions: propeller rotation about its axis and
its forward motion.

A constant-speed propeller automatically keeps the blade
angle adjusted for maximum efficiency for most conditions
encountered in flight. During takeoff, when maximum power
and thrust are required, the constant-speed propeller is at a
low propeller blade angle or pitch. Thelow blade angle keeps
the AOA small and efficient with respect to therelativewind.
At the same time, it allows the propeller to handle a smaller
massof air per revolution. Thislight load allowstheengineto
turn at high rpm and to convert the maximum amount of fuel
into heat energy in a given time. The high rpm also creates
maximum thrust because, although the mass of air handled
per revolution is small, the rpm and slipstream velocity are

Effective pitch
|

Figure 5-45. Propeller slippage.
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Figure 5-46. Propeller tipstravel faster than the hub.

high, and with thelow aircraft speed, thereismaximum thrust.
After liftoff, asthe speed of theaircraft increases, the constant-
speed propeller automatically changes to a higher angle (or
pitch). Again, the higher blade angle keeps the AOA small
and efficient with respect to the relative wind. The higher
blade angle increases the mass of air handled per revolution.
This decreases the engine rpm, reducing fuel consumption
and engine wear, and keeps thrust at a maximum.

After the takeoff climb is established in an aircraft having a
controllable-pitch propeller, the pil ot reducesthe power output
of the engineto climb power by first decreasing the manifold
pressureand then increasing the blade angleto lower therpm.

At cruising atitude, when the aircraft isin level flight and
less power is required than is used in takeoff or climb, the
pilot again reduces engine power by reducing the manifold
pressure and then increasing the blade angle to decrease the
rpm. Again, this provides atorque requirement to match the
reduced engine power. Although the mass of air handled per
revolution is greater, it is more than offset by a decreasein
dlipstream velocity and an increasein airspeed. The AOA is
still small because the blade angle has been increased with
anincreasein airspeed.

Torque and P-Factor

To the pilot, “torque” (the left turning tendency of the
airplane) is made up of four elements that cause or produce
a twisting or rotating motion around at least one of the
airplane’ sthree axes. These four elements are:

1. Torqgue reaction from engine and propeller



2. Corkscrewing effect of the dlipstream
3. Gyroscopic action of the propeller
4.  Asymmetric loading of the propeller (P-factor)

Torque Reaction

Torquereaction involves Newton’s Third Law of Physics—
for every action, thereis an equal and opposite reaction. As
applied to the aircraft, this means that as the internal engine
parts and propeller are revolving in one direction, an equal
forceistrying to rotate the aircraft in the opposite direction.
[Figure 5-47]

When the aircraft is airborne, this force is acting around
the longitudinal axis, tending to make the aircraft roll. To
compensate for roll tendency, some of the older aircraft are
rigged in amanner to create morelift onthewing that isbeing
forced downward. The more modern aircraft are designed
with the engine offset to counteract this effect of torque.

NOTE: Most United States built aircraft engines rotate the
propeller clockwise, as viewed from the pilot’'s seat. The
discussion hereis with reference to those engines.

Generally, the compensating factors are permanently set so
that they compensate for this force at cruising speed, since
most of theaircraft’ soperating timeisat that speed. However,
aileron trim tabs permit further adjustment for other speeds.
When the aircraft’s wheels are on the ground during the
takeoff roll, an additional turning moment around thevertical
axis is induced by torque reaction. As the left side of the
aircraft isheing forced down by torque reaction, moreweight
isbeing placed on the left main landing gear. Thisresultsin
more ground friction, or drag, on theleft tirethan ontheright,
causing afurther turning moment to the left. The magnitude
of this moment is dependent on many variables. Some of
these variables are:

1. Sizeand horsepower of engine
2. Sizeof propeller and the rpm

3. Sizeof the aircraft

4. Condition of the ground surface
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Figure 5-47. Torque reaction.

This yawing moment on the takeoff roll is corrected by the
pilot’s proper use of the rudder or rudder trim.

Corkscrew Effect

The high-speed rotation of an aircraft propeller gives a
corkscrew or spiraling rotation to the dipstream. At high
propeller speeds and low forward speed (as in the takeoffs
and approaches to power-on stalls), this spiraling rotation
is very compact and exerts a strong sideward force on the
aircraft’ s vertical tail surface. [Figure 5-48]

When this spiraling slipstream strikes the vertical fin, it
causes a yawing moment about the aircraft’s vertical axis.
The more compact the spiral, the more prominent this force
is. As the forward speed increases, however, the spiral
elongates and becomes less effective. The corkscrew
flow of the dlipstream also causes a rolling moment
around the longitudinal axis.

Note that thisrolling moment caused by the corkscrew flow
of the dlipstream is to the right, while the yawing moment
caused by torque reaction is to the left—in effect one may
be counteracting the other. However, these forces vary
greatly and it is the pilot’s responsibility to apply proper
corrective action by use of the flight controls at all times.
These forces must be counteracted regardless of which is
the most prominent at the time.

Gyroscopic Action

Before the gyroscopic effects of the propeller can be
understood, it is necessary to understand the basic principle
of a gyroscope. All practical applications of the gyroscope
are based upon two fundamental properties of gyroscopic
action: rigidity in space and precession. The one of interest
for this discussion is precession.

Precessionistheresultant action, or deflection, of aspinning
rotor when a deflecting forceis applied to itsrim. As can be
seen in Figure 5-49, when aforce is applied, the resulting
forcetakeseffect 90° ahead of and in thedirection of rotation.
The rotating propeller of an airplane makes a very good
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Figure 5-48. Corkscrewing slipstream.
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Figure 5-49. Gyroscopic precession.

gyroscope and thus has similar properties. Any time aforce
isapplied to deflect the propeller out of its plane of rotation,
the resulting force is 90° ahead of and in the direction of
rotation and in the direction of application, causing apitching
moment, a yawing moment, or a combination of the two
depending upon the point at which the force was applied.

Thiselement of torque effect has always been associated with
and considered more prominent in tailwheel-type aircraft
and most often occurs when the tail is being raised during
the takeoff roll. [Figure 5-50] This changein pitch attitude
has the same effect as applying a force to the top of the
propeller’s plane of rotation. The resultant force acting 90°
ahead causes ayawing moment to theleft around the vertical
axis. The magnitude of this moment depends on several
variables, one of which isthe abruptness with which the tail
is raised (amount of force applied). However, precession,
or gyroscopic action, occurs when aforce is applied to any
point on the rim of the propeller's plane of rotation; the
resultant force will still be 90° from the point of application
inthe direction of rotation. Depending on wheretheforceis
applied, the airplane is caused to yaw left or right, to pitch
up or down, or a combination of pitching and yawing.

It can be said that, asaresult of gyroscopic action, any yawing
around the vertical axisresultsin apitching moment, and any
pitching around the lateral axis resultsin ayawing moment.
To correct for the effect of gyroscopic action, it isnecessary
for the pilot to properly use elevator and rudder to prevent
undesired pitching and yawing.

Yaw

Figure 5-50. Raising tail produces gyroscopic precession.
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Asymmetric Loading (P-Factor)

When an aircraft is flying with a high AOA, the “bite” of
the downward moving blade is greater than the “ bite” of the
upward moving blade. This movesthe center of thrust to the
right of the prop disc area, causing ayawing moment toward
the left around the vertical axis. Proving this explanation is
complex because it would be necessary to work wind vector
problems on each blade while considering both the AOA of
the aircraft and the AOA of each blade.

Thisasymmetric loading is caused by the resultant velocity,
which is generated by the combination of the velocity of the
propeller bladein its plane of rotation and the velocity of the
air passing horizontally through the propeller disc. With the
aircraft being flown at positive AOAS, theright (viewed from
therear) or downswinging blade, is passing through an area of
resultant vel ocity, whichisgreater than that affecting the | eft
or upswinging blade. Since the propeller blade is an airfail,
increased velocity means increased lift. The downswinging
blade has morelift and tendsto pull (yaw) theaircraft’ snose
to the left.

When the aircraft is flying at a high AOA, the downward
moving blade has a higher resultant velocity, creating more
lift than the upward moving blade. [ Figure 5-51] Thismight
be easier to visualize if the propeller shaft was mounted
perpendicular to the ground (like a helicopter). If there
were no air movement at all, except that generated by the
propeller itself, identical sections of each blade would have
the same airspeed. With air moving horizontally acrossthis
vertically mounted propeller, the blade proceeding forward
into the flow of air has a higher airspeed than the blade
retreating with the airflow. Thus, the blade proceeding into
the horizontal airflow iscreating morelift, or thrust, moving
the center of thrust toward that blade. Visualize rotating the
vertically mounted propel ler shaft to shallower anglesrelative
to the moving air (as on an aircraft). This unbalanced thrust
then becomes proportionately smaller and continues getting
smaller until it reaches the value of zero when the propeller
shaft is exactly horizontal in relation to the moving air.

The effects of each of these four elements of torque vary
in value with changes in flight situations. In one phase of
flight, one of these elements may be more prominent than
another. In another phase of flight, another element may be
more prominent. The relationship of these values to each
other varieswith different aircraft depending on the airframe,
engine, and propeller combinations, as well as other design
features. To maintain positive control of the aircraft in all
flight conditions, the pilot must apply the flight controls as
necessary to compensate for these varying values.
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Figure 5-51. Asymmetrical loading of propeller (P-factor).

Load Factors

In aerodynamics, the maximum load factor (at given bank
angle) is a proportion between lift and weight and has a
trigonometric relationship. The load factor is measured in
Gs (acceleration of gravity), aunit of forceequal to theforce
exerted by gravity on abody at rest and indicatestheforceto
which abody is subjected when it is accelerated. Any force
applied to an aircraft to deflect its flight from a straight line
produces a stress on its structure. The amount of this force
is the load factor. While a course in aerodynamics is not a
prerequisite for obtaining a pilot’s license, the competent
pilot should have asolid understanding of the forcesthat act
on the aircraft, the advantageous use of these forces, and the
operating limitations of the aircraft being flown.

For example, aload factor of 3 means the total load on an
aircraft’ sstructureisthreetimesitsweight. Sinceload factors
areexpressed intermsof Gs, aload factor of 3 may be spoken
of as 3 Gs, or aload factor of 4 as 4 Gs.

If an aircraft is pulled up from adive, subjecting the pilot to
3 Gs, he or she would be pressed down into the seat with a
force equal to three times his or her weight. Since modern
aircraft operate at significantly higher speeds than older
aircraft, increasing the potential for large load factors, this
effect has become a primary consideration in the design of
the structure of all aircraft.

With the structural design of aircraft planned to withstand
only a certain amount of overload, a knowledge of load
factors has become essential for all pilots. Load factors are
important for two reasons:

1. Itispossiblefor apilot toimposeadangerousoverload
on the aircraft structures.

2. Anincreased|oad factor increasesthe stalling speed and
makes stalls possible at seemingly safe flight speeds.

Load Factors in Aircraft Design

The answer to the question “How strong should an aircraft
be?’ isdetermined largely by the useto which the aircraft is
subjected. Thisisadifficult problem because the maximum
possible loads are much too high for use in efficient design.
It is true that any pilot can make a very hard landing or an
extremely sharp pull up from a dive, which would result in
abnormal loads. However, such extremely abnormal loads
must be dismissed somewhat if aircraft are built that take off
quickly, land slowly, and carry worthwhile payloads.

The problem of load factorsin aircraft design becomes how
to determine the highest load factors that can be expected in
normal operation under various operational situations. These
load factors are called “limit load factors.” For reasons of
safety, itisrequired that the aircraft be designed to withstand
these |oad factors without any structural damage. Although
the Code of Federal Regulations (CFR) requiresthe aircraft
structure be capable of supporting one and one-half times
these limit load factors without failure, it is accepted that
parts of the aircraft may bend or twist under these loads and
that some structural damage may occur.

This 1.5 load limit factor is called the “factor of safety” and
provides, to some extent, for loads higher than those expected
under normal and reasonabl e operation. Thisstrength reserve
isnot something that pilots should willfully abuse; rather, itis
therefor protection when encountering unexpected conditions.

The above considerations apply to al loading conditions,
whether they be due to gusts, maneuvers, or landings. The
gust load factor requirements now in effect are substantially
the same as those that have been in existence for years.
Hundreds of thousands of operational hours have proven
them adequatefor safety. Sincethe pilot haslittle control over
gust load factors (except to reduce the aircraft’ s speed when
rough air is encountered), the gust loading requirements are
substantially the same for most general aviation typeaircraft
regardless of their operational use. Generally, the gust load
factors control the design of aircraft which are intended for
strictly nonacrobatic usage.

An entirely different situation exists in aircraft design with
maneuvering load factors. It isnecessary to discussthis matter
separately with respect to: (1) aircraft designed in accordance
with the category system (i.e., normal, utility, acrobatic); and
(2) older designsbuilt according to requirementsthat did not
provide for operational categories.

Aircraft designed under the category system are readily

identified by a placard in the flight deck, which states the
operational category (or categories) in which the aircraft
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is certificated. The maximum safe load factors (limit load
factors) specified for aircraft in the various categories are:

CATEGORY LIMIT LOAD FACTOR
Normal! 3.8t0-1.52
Utility (mild acrobatics, 4.4t0-1.76
including spins)
Acrobatic 6.0t0—3.00

1 For aircraft with gross weight of more than 4,000 pounds,
the limit load factor is reduced. To the limit loads given
above, a safety factor of 50 percent is added.

There is an upward graduation in load factor with the
increasing severity of maneuvers. The category system
provides for maximum utility of an aircraft. If normal
operation aone is intended, the required load factor (and
conseguently the weight of the aircraft) is less than if the
aircraft isto be employed intraining or acrobatic maneuvers
as they result in higher maneuvering loads.

Aircraft that do not have the category placard are designsthat
were constructed under earlier engineering requirementsin
which no operational restrictions were specifically given to
the pilots. For aircraft of this type (up to weights of about
4,000 pounds), the required strength iscomparableto present-
day utility category aircraft, and the sametypes of operation
are permissible. For aircraft of thistype over 4,000 pounds,
the load factors decrease with weight. These aircraft should
be regarded as being comparable to the normal category
aircraft designed under the category system, and they should
be operated accordingly.

Load Factors in Steep Turns

At a constant altitude, during a coordinated turn in any
aircraft, theload factor istheresult of two forces: centrifugal
force and weight. [Figure 5-52] For any given bank angle,
the ROT varies with the airspeed—the higher the speed, the
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Figure 5-52. Two forces cause load factor during turns.
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slower the ROT. This compensates for added centrifugal
force, allowing the load factor to remain the same.

Figure 5-53 reveals an important fact about turns—the load
factor increases at a terrific rate after a bank has reached
45° or 50°. The load factor for any aircraft in a coordinated
level turn at 60° bank is2 Gs. Theload factor in an 80° bank
is5.76 Gs. The wing must produce lift equal to these load
factorsif altitude is to be maintained.

It should be noted how rapidly the line denoting load factor
risesasit approaches the 90° bank line, which it never quite
reaches because a 90° banked, constant altitude turn is not
mathematically possible. An aircraft may be banked to 90°
inacoordinated turnif not trying to hold altitude. An aircraft
that can be held in a 90° banked slipping turn is capable of
straight knife-edged flight. At dlightly more than 80°, the
load factor exceedsthe limit of 6 Gs, the limit load factor of
an acrobatic aircraft.

For a coordinated, constant altitude turn, the approximate
maximum bank for the average general aviation aircraft is60°.
Thisbank and its resultant necessary power setting reach the
limit of thistype of aircraft. An additional 10° bank increases
the load factor by approximately 1 G, bringing it close to the
yield point established for these aircraft. [ Figure 5-54]

Load Factors and Stalling Speeds

Any aircraft, within the limits of its structure, may be stalled
at any airspeed. When a sufficiently high AOA isimposed,
the smooth flow of air over an airfoil breaks up and separates,
producing an abrupt change of flight characteristics and a
sudden loss of lift, which resultsin a stall.

A study of this effect has revealed that an aircraft’s stalling
speed increases in proportion to the square root of the
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Figure 5-53. Angle of bank changes load factor in level flight.



load factor. This means that an aircraft with a normal
unaccel erated stalling speed of 50 knots can be stalled at 100
knots by inducing aload factor of 4 Gs. If it were possible
for this aircraft to withstand a load factor of nine, it could
be stalled at a speed of 150 knots. A pilot should be aware
of the following:

e The danger of inadvertently stalling the aircraft by
increasing the load factor, asin asteep turn or spiral;

e When intentionally stalling an aircraft above its
design maneuvering speed, a tremendous load factor
isimposed.

Figures 5-53 and 5-54 show that banking an aircraft greater
than 72° in a steep turn produces a load factor of 3, and the
stalling speed isincreased significantly. If thisturn is made
in an aircraft with a normal unaccelerated stalling speed of
45 knots, the airspeed must be kept greater than 75 knots to
prevent inducing astall. A similar effect isexperienced in a
quick pull up or any maneuver producing load factors above
1 G. Thissudden, unexpected loss of control, particularly in
asteep turn or abrupt application of the back elevator control
near the ground, has caused many accidents.

Sincetheload factor is squared asthe stalling speed doubl es,
tremendous |oads may be imposed on structures by stalling
an aircraft at relatively high airspeeds.

Thefollowing information primarily appliesto fixed-wing
airplanes. The maximum speed at which an airplane may
be stalled safely is now determined for all new designs.

This speed is called the “ design maneuvering speed” (V ),
which is the speed below which you can move a single
flight control, one time, to its full deflection, for one axis
of airplane rotation only (pitch, roll or yaw), in smooth
air, without risk of damage to the airplane. V, must be
entered in the FAA-approved Airplane Flight Manual/
Pilot’s Operating Handbook (AFM/POH) of all recently
designed airplanes. For older general aviation airplanes,
this speed is approximately 1.7 times the normal stalling
speed. Thus, an older airplane that normally stalls at 60
knots must never be stalled at above 102 knots (60 knots x
1.7 = 102 knots). An airplane with anormal stalling speed
of 60 knots stalled at 102 knots undergoes a load factor
equal to the square of the increase in speed, or 2.89 Gs (1.7
x 1.7 =2.89 Gs). (The abovefigures are approximationsto
be considered as a guide, and are not the exact answers to
any set of problems. The design maneuvering speed should
be determined from the particular airplane’s operating
limitations provided by the manufacturer.) Operating at or
bel ow design maneuvering speed does not provide structural
protection against multiplefull control inputsin one axisor
full control inputs in more than one axis at the same time.

Sincetheleveragein the control system varieswith different
aircraft (sometypesemploy “balanced” control surfaceswhile
othersdo not), the pressure exerted by the pilot on the controls
cannot be accepted as an index of the load factors produced
indifferent aircraft. In most cases, load factors can bejudged
by the experienced pilot from the feel of seat pressure. Load
factors can also be measured by an instrument called an
“accelerometer,” but thisinstrument isnot commonin genera
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aviation training aircraft. The development of the ability to
judge load factors from the feel of their effect onthebody is
important. A knowledge of these principlesisessential to the
development of the ability to estimate load factors.

A thorough knowledge of load factors induced by varying
degrees of bank and the V 5 aids in the prevention of two of
the most serious types of accidents:

1. Stallsfrom steep turnsor excessive maneuvering near
the ground

2. Structural failures during acrobatics or other violent
maneuvers resulting from loss of control

Load Factors and Flight Maneuvers

Critical load factors apply to all flight maneuvers except
unaccelerated straight flight where a load factor of 1 G is
always present. Certain maneuvers considered in this section
are known to involve relatively high load factors. Full
application of pitch, roll, or yaw controls should be confined
to speeds below the maneuvering speed. Avoid rapid and
large alternating control inputs, especially in combination
with large changesin pitch, roll, or yaw (e.g., large sidedlip
angles) asthey may result in structural failures at any speed,
including below V5.

Turns

Increased load factors are a characteristic of all banked
turns. As noted in the section on load factorsin steep turns,
load factors become significant to both flight performance
and load on wing structure as the bank increases beyond
approximately 45°.

The yield factor of the average light plane is reached
at a bank of approximately 70° to 75°, and the stalling
speed is increased by approximately one-half at a bank of
approximately 63°.

Stalls

Thenormal stall entered from straight-and-level flight, or an
unaccelerated straight climb, does not produce added load
factors beyond the 1 G of straight-and-level flight. As the
stall occurs, however, thisload factor may be reduced toward
zero, the factor at which nothing seemsto have weight. The
pilot experiences a sensation of “floating free in space.” If
recovery iseffected by snapping the elevator control forward,
negative load factors (or those that impose a down load on
thewingsand raisethe pilot from the seat) may be produced.

During the pull up following stall recovery, significant
load factors are sometimes induced. These may be further
increased inadvertently during excessive diving (and
consequently high airspeed) and abrupt pull ups to level
flight. One usually leadsto the other, thusincreasing theload
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factor. Abrupt pull ups at high diving speeds may impose
critical loads on aircraft structuresand may produce recurrent
or secondary stallsby increasing the AOA to that of stalling.

As ageneralization, arecovery from a stall made by diving
only to cruising or design maneuvering airspeed, with a
gradual pull up assoon astheairspeed issafely above stalling,
can be effected with aload factor not to exceed 2 or 2.5 Gs. A
higher load factor should never be necessary unlessrecovery
has been effected with the aircraft’ s nose near or beyond the
vertical attitude or at extremely low altitudesto avoid diving
into the ground.

Spins

A stabilized spin is not different from a stall in any element
other than rotation and the same load factor considerations
apply to spin recovery as apply to stall recovery. Since spin
recoveriesareusually effected with thenose much lower thanis
common install recoveries, higher airspeedsand consequently
higher load factors are to be expected. The load factor in a
proper spin recovery usualy isfound to be about 2.5 Gs.

Theload factor during aspinvarieswith the spin characteristics
of each aircraft, but is usually found to be slightly abovethe
1 G of level flight. There are two reasons for this:

1. Airspeedinaspinisvery low, usualy within 2 knots
of the unaccelerated stalling speeds.

2. Anaircraft pivots, rather than turns, whileitisinaspin.

High Speed Stalls

Theaveragelight planeisnot built to withstand the repeated
application of load factors common to high speed stalls.
The load factor necessary for these maneuvers produces a
stress on the wings and tail structure, which does not leave
areasonable margin of safety in most light aircraft.

The only way this stall can be induced at an airspeed above
normal stalling involves the imposition of an added load
factor, which may be accomplished by a severe pull on the
elevator control. A speed of 1.7 times stalling speed (about
102 knotsin alight aircraft with astalling speed of 60 knots)
produces aload factor of 3 Gs. Only a very narrow margin
for error can be allowed for acrobatics in light aircraft. To
illustrate how rapidly theload factor increaseswith airspeed,
a high-speed stall at 112 knots in the same aircraft would
produce a load factor of 4 Gs.

Chandelles and Lazy Eights

A chandelle is a maximum performance climbing turn
beginning from approximately straight-and-level flight,
and ending at the completion of a precise 180° turn in a
wings-level, nose-high attitude at the minimum controllable



airspeed. In this flight maneuver, the aircraft is in a steep
climbing turn and almost stall sto gain dtitude while changing
direction. A lazy eight derives its name from the manner in
which the extended longitudinal axis of the aircraft is made
to trace a flight pattern in the form of afigure “8” lying on
its side. It would be difficult to make a definite statement
concerning load factors in these maneuvers as both involve
smooth, shallow divesand pull-ups. Theload factorsincurred
depend directly on the speed of the dives and the abruptness
of the pull-ups during these maneuvers.

Generally, the better the maneuver is performed, the less
extreme the load factor induced. A chandelle or lazy eight
inwhich the pull-up produces aload factor greater than 2 Gs
will not result in as great again in altitude; in low-powered
aircraft, it may result in anet loss of atitude.

The smoothest pull-up possible, with amoderate | oad factor,
deliversthegreatest gainin altitudein achandelle and results
in a better overall performance in both chandelles and lazy
eights. The recommended entry speed for these maneuvers
is generally near the manufacturer’s design maneuvering
speed, which allows maximum development of |oad factors
without exceeding the load limits.

Rough Air

All standard certificated aircraft are designed to withstand
loads imposed by gusts of considerable intensity. Gust load
factorsincreasewithincreasing airspeed, and the strength used
for design purposes usually corresponds to the highest level
flight speed. In extremely rough air, as in thunderstorms or
frontal conditions, it iswiseto reduce the speed to the design
maneuvering speed. Regardless of the speed held, there may
be gusts that can produce loads that exceed the load limits.

Each specific aircraft is designed with a specific G loading
that can beimposed on theaircraft without causing structural
damage. There are two types of load factors factored into
aircraft design: limit load and ultimate load. The limit load
isaforce applied to an aircraft that causes a bending of the
aircraft structure that does not return to the original shape.
The ultimate load is the load factor applied to the aircraft
beyond thelimit load and at which point the aircraft material
experiences structural failure (breakage). Load factors|ower
than the limit load can be sustained without compromising
theintegrity of the aircraft structure.

Speeds up to, but not exceeding, the maneuvering speed
allow an aircraft to stall prior to experiencing an increase in
load factor that would exceed the limit load of the aircraft.

Most AFM/POH now include turbulent air penetration
information, which help today’s pilots safely fly aircraft

capableof awiderange of speedsand dtitudes. It isimportant
for the pilot to remember that the maximum “ never-exceed”
placard dive speeds are determined for smooth air only. High
speed dives or acrobatics involving speed above the known
maneuvering speed should never be practiced in rough or
turbulent air.

Vg Diagram

The flight operating strength of an aircraft is presented
on a graph whose vertical scale is based on load factor.
[Figure5-55] Thediagramiscalled aVgdiagram—velocity
versus G loads or load factor. Each aircraft has its own Vg
diagram that isvalid at a certain weight and altitude.

The lines of maximum lift capability (curved lines) are the
first items of importance on the Vg diagram. The aircraft in
Figure 5-53 is capable of developing no morethan +1 G at
64 mph, the wing level stall speed of the aircraft. Since the
maximum load factor varies with the square of the airspeed,
the maximum positive lift capability of thisaircraftis2 G at
92 mph, 3G at 112 mph, 4.4 G at 137 mph, and so forth. Any
load factor above this line is unavailable aerodynamically
(i.e., the aircraft cannot fly above the line of maximum lift
capability because it stalls). The same situation exists for
negativelift flight with the exception that the speed necessary
to produce a given negative load factor is higher than that to
produce the same positive load factor.

If theaircraftisflown at apositiveload factor greater than the
positivelimit load factor of 4.4, structural damageispossible.
When the aircraft is operated in this region, objectionable
permanent deformation of the primary structure may take place
and ahighrate of fatigue damageisincurred. Operation above
the limit load factor must be avoided in normal operation.

Therearetwo other points of importance on the Vg diagram.
One point istheintersection of the positive limit load factor
and theline of maximum positivelift capability. Theairspeed
at this point isthe minimum airspeed at which the limit load
can be developed aerodynamically. Any airspeed greater than
this provides a positive lift capability sufficient to damage
the aircraft. Conversely, any airspeed |ess than this does not
provide positive lift capability sufficient to cause damage
from excessiveflight loads. The usual term given to this speed
is “maneuvering speed,” since consideration of subsonic
aerodynamicswould predict minimum usable turn radius or
maneuverability to occur at this condition. The maneuver
speed isavaluable reference point, since an aircraft operating
below this point cannot produce a damaging positive flight
load. Any combination of maneuver and gust cannot create
damage due to excess airload when the aircraft is below the
maneuver speed.
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Figure 5-55. Typical Vg diagram.

The other point of importance on the Vg diagram is the
intersection of the negative limit load factor and line of
maximum negative lift capability. Any airspeed greater than
this provides a negative lift capability sufficient to damage
the aircraft; any airspeed less than this does not provide
negativelift capability sufficient to damagetheaircraft from
excessive flight loads.

Thelimit airspeed (or redline speed) isadesign reference point
for the aircraft—this aircraft is limited to 225 mph. If flight
is attempted beyond the limit airspeed, structural damage or
structural failure may result from avariety of phenomena.

The aircraft in flight is limited to a regime of airspeeds
and Gs that do not exceed the limit (or redline) speed, do
not exceed the limit load factor, and cannot exceed the
maximum lift capability. The aircraft must be operated
within this “envelope” to prevent structural damage and
ensure the anticipated service lift of the aircraft is obtained.
The pilot must appreciate the Vg diagram as describing the
allowable combination of airspeeds and load factors for
safe operation. Any maneuver, gust, or gust plus maneuver
outside the structural envelope can cause structural damage
and effectively shorten the service life of the aircraft.
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Rate of Turn

Therateof turn (ROT) isthe number of degrees (expressedin
degrees per second) of heading change that an aircraft makes.
TheROT can be determined by taking the constant of 1,091,
multiplying it by the tangent of any bank angle and dividing
that product by a given airspeed in knots as illustrated in
Figure5-55. If theairspeedisincreased and the ROT desired
is to be constant, the angle of bank must be increased,
otherwise, the ROT decreases. Likewise, if the airspeed is
held constant, an aircraft’s ROT increasesif the bank angle
is increased. The formula in Figures 5-56 through 5-58
depicts the relationship between bank angle and airspeed as
they affect the ROT.

NOTE: All airspeed discussed in thissection istrue airspeed
(TAS).

Airspeed significantly effectsan aircraft' sROT. If airspeedis
increased, the ROT isreduced if using the same angle of bank
used at the lower speed. Therefore, if airspeed is increased
asillustrated in Figure 5-57, it can be inferred that the angle
of bank must beincreased in order to achieve the same ROT
achieved in Figure 5-58.



1,091 x tangent of the bank angle

ROT = = -
airspeed (in knots)

Example The rate of turn for an aircraft in a
coordinated turn of 30° and traveling at
120 knots would have a ROT as follows.

1,091 x tangent of 30°

ROT =
120 knots

1,091 x 0.5773 (tangent of 30°)
120 knots

ROT =

ROT = 5.25 degrees per second

Figure 5-56. Rate of turn for a given airspeed (knots, TAS) and
bank angle.

What does this mean on a practicable side? If a given
airspeed and bank angle produces aspecific ROT, additional
conclusionscan bemade. Knowing the ROT isagiven number
of degrees of change per second, the number of seconds it
takes to travel 360° (acircle) can be determined by simple
division. For example, if moving at 120 knotswith a30° bank
angle, the ROT is5.25° per second and it takes 68.6 seconds
(360° divided by 5.25 = 68.6 seconds) to make a complete
circle. Likewise, if flying at 240 knots TAS and using a 30°
angle of bank, the ROT isonly about 2.63° per second and it
takes about 137 secondsto completea360° circle. Looking at
theformula, any increasein airspeed is directly proportional
to the time the aircraft takes to travel an arc.

So why is this important to understand? Once the ROT is
understood, a pilot can determine the distance required to
makethat particular turn, whichisexplained in radius of turn.

Radius of Turn

The radius of turn is directly linked to the ROT, which
explained earlier is a function of both bank angle and
airspeed. If the bank angle is held constant and the airspeed
is increased, the radius of the turn changes (increases). A
higher airspeed causes the aircraft to travel through alonger

Example Suppose we were to increase the speed to 240
knots, what is the ROT? Using the same

formula from above we see that:

1,091 x tangent of 30°

ROT =
240 knots

ROT = 2.62 degrees per second

An increase in speed causes a decrease in the
ROT when using the same bank angle.

Figure 5-57. Rate of turn when increasing speed.

Example Suppose we wanted to know what bank angle
would give us a rate of turn of 5.25° per second
at 240 knots. A slight rearrangement of the formula
would indicate it will take a 49° angle of bank to
achieve the same ROT used at the lower airspeed
of 120 knots.

1,091 x tangent of X

ROT (5.25) = 240 knots

240 x 5.25 = 1,091 x tangent of X

240 x5.25
1,091

1.1549 = tangent of X
49° =X

= tangent of X

Figure 5-58. To achieve the samerateof turn of an aircraft traveling
at 120 knots, an increase of bank angleis required.

arc dueto agreater speed. An aircraft traveling at 120 knots
isabletoturn a360° circlein atighter radiusthan an aircraft
traveling at 240 knots. In order to compensatefor theincrease
in airspeed, the bank angle would need to be increased.

The radius of turn (R) can be computed using a simple
formula. The radius of turnis equal to the velocity squared
(V?) divided by 11.26 times the tangent of the bank angle.

V2
11.26 x tangent of bank angle

R=

Using theexamplesprovided in Figures5-56 through 5-58, the
turn radius for each of the two speeds can be computed.

Note that if the speed is doubled, the radius is quadrupled.
[Figures 5-59 and 5-60]

Another way to determine the radius of turn is speed using
feet per second (fps), 7 (3.1415), and the ROT. In one of the
previous examples, it was determined that an aircraft with
aROT of 5.25 degrees per second required 68.6 seconds to
make a complete circle. An aircraft’s speed (in knots) can

V2

T 11.26 x tangent of bank angle

R 1202
11.26 x tangent of 30°
_ 14,400
7 11.26 x 0.5773

120 knots | R

R = 2,215 feet

The radius of a turn required by an aircraft traveling at 120 knots
and using a bank angle of 30° is 2,215 feet

Figure 5-59. Radius at 120 knots with bank angle of 30°.
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2
240 knots  |R = v
11.26 x tangent of bank angle
B 240°
11.26 x tangent of 30°
R = 57,600
7 11.26 x 0.57735
R = 8,861 feet
(four times the radius at 120 knots)
The radius of a turn required by an aircraft traveling at 240 knots
using the same bank angle in Figure 4-51 is 8,861 feet. Speed
is a major factor in a turn.

Figure 5-60. Radius at 240 knots.

be converted to fps by multiplying it by a constant of 1.69.
Therefore, an aircraft traveling at 120 knots (TAS) travels
at 202.8 fps. Knowing the speed in fps (202.8) multiplied by
the time an aircraft takes to complete acircle (68.6 seconds)
can determine the size of the circle; 202.8 times 68.6 equals
13,912 feet. Dividing by 7 yields a diameter of 4,428 feet,
which when divided by 2 equals a radius of 2,214 feet
[Figure 5-61], afoot within that determined through use of
the formulain Figure 5-59.

In Figure 5-62, the pilot enters a canyon and decidesto turn
180° to exit. The pilot uses a30° bank angle in histurn.

Weight and Balance

The aircraft’s weight and balance data is important
information for a pilot that must be frequently reevaluated.
Although the aircraft was weighed during the certification
process, thisinformationisnot valid indefinitely. Equipment
changes or modifications affect the weight and balance data.
Too often pilots reduce the aircraft weight and balance into
arule of thumb, such as: “If | have three passengers, | can
load only 100 gallons of fuel; four passengers, 70 gallons.”

Weight and balance computations should be part of every
preflight briefing. Never assumethree passengersare aways

360
r = speed (fps) x ——
peed (fps) —
Pi ()
2
202.8 x 68.6
r= ol
2
13,912
r= i
2
,:LZ% = 2,214 feet

Figure 5-61. Another formula that can be used for radius.
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of equal weight. Instead, do afull computation of all items
to be loaded on the aircraft, including baggage, as well as
the pilot and passenger. It is recommended that all bags be
weighed to make a precise computation of how the aircraft
CG is positioned.

The importance of the CG was stressed in the discussion
of stability, controllability, and performance. Unequal load
distribution causes accidents. A competent pilot understands
and respects the effects of CG on an aircraft.

Weight and balance are critical componentsin the utilization
of an aircraft to its fullest potential. The pilot must know
how much fuel can be loaded onto the aircraft without
violating CG limits, as well as weight limits to conduct
long or short flights with or without a full complement of
allowable passengers. For example, an aircraft hasfour seats
and can carry 60 gallons of fuel. How many passengers can
the aircraft safely carry? Can all those seats be occupied at
al timeswith the varying fuel loads? Four people who each
weigh 150 pounds leads to a different weight and balance
computation than four people who each weigh 200 pounds.
The second scenario loads an additional 200 poundsonto the
aircraft and is equal to about 30 gallons of fuel.

The additional weight may or may not place the CG outside
of the CG envelope, but the maximum gross weight could
be exceeded. The excess weight can overstress the aircraft
and degrade the performance.

Aircraft are certificated for weight and balance for two
principal reasons:

1. The effect of the weight on the aircraft’s primary
structure and its performance characteristics

2. The effect of the location of this weight on flight
characteristics, particularly in stall and spin recovery
and stability

Aircraft, such as balloons and weight-shift control, do not
require weight and balance computations because the load
is suspended below the lifting mechanism. The CG range
in these types of aircraft is such that it is difficult to exceed
loading limits. For example, the rear seat position and fuel
of aweight-shift control aircraft are as close as possible to
the hang point with the aircraft in asuspended attitude. Thus,
load variations have little effect on the CG. This aso holds
true for the balloon basket or gondola. While it is difficult
to exceed CG limits in these aircraft, pilots should never
overload an aircraft because overloading causes structural
damage and failures. Weight and balance computations are
not required, but pilots should calculate weight and remain
within the manufacturer’ s established limit.
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Figure 5-62. Two aircraft have flown into a canyon by error. The canyon is 5,000 feet across and has sheer cliffs on both sides. The pilot
in the top image is flying at 120 knots. After realizing the error, the pilot banks hard and uses a 30° bank angle to reverse course. This
aircraft requires about 4,000 feet to turn 180°, and makes it out of the canyon safely. The pilot in the bottomimageis flying at 140 knots
and also uses a 30° angle of bank in an attempt to reverse course. The aircraft, although flying just 20 knots faster than the aircraft in the
top image, requires over 6,000 feet to reverse course to safety. Unfortunately, the canyon isonly 5,000 feet across and the aircraft will hit
the canyon wall. The point isthat airspeed isthe most influential factor in determining how much distanceisrequired to turn. Many pilots
have made the error of increasing the steepness of their bank angle when a simple reduction of speed would have been more appropriate.
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Effect of Weight on Flight Performance
Thetakeoff/climb and landing performance of an aircraft are
determined on the basis of its maximum all owabl e takeoff and
landing weights. A heavier gross weight resultsin alonger
takeoff run and shallower climb, and a faster touchdown
speed and longer landing roll. Even a minor overload may
make it impossible for the aircraft to clear an obstacle that
normally would not be a problem during takeoff under more
favorable conditions.

The detrimental effects of overloading on performance are
not limited to the immediate hazards involved with takeoffs
and landings. Overloading has an adverse effect on all
climb and cruise performance, which leads to overheating
during climbs, added wear on engine parts, increased fuel
consumption, slower cruising speeds, and reduced range.

The manufacturers of modern aircraft furnish weight and
balance data with each aircraft produced. Generally, this
information may be found in the FAA-approved AFM/POH
and easy-to-read charts for determining weight and balance
data are now provided. Increased performance and |oad-
carrying capability of these aircraft require strict adherence
to the operating limitations prescribed by the manufacturer.
Deviationsfrom the recommendations can result in structural
damage or complete failure of the aircraft’ s structure. Even
if an arcraft is loaded well within the maximum weight
limitations, it is imperative that weight distribution be
within the limits of CG location. The preceding brief study
of aerodynamics and load factors points out the reasons for
this precaution. The following discussion is background
information into some of the reasonswhy weight and balance
conditions are important to the safe flight of an aircraft.

In some aircraft, it is not possible to fill al seats, baggage
compartments, and fuel tanks, and still remain within
approved weight or balance limits. For example, in severa
popular four-place aircraft, the fuel tanks may not befilledto
capacity when four occupants and their baggage are carried.
In a certain two-place aircraft, no baggage may be carried
in the compartment aft of the seats when spins are to be
practiced. Itisimportant for apilot to be aware of theweight
and balance limitations of the aircraft being flown and the
reasons for these limitations.

Effect of Weight on Aircraft Structure

The effect of additional weight on the wing structure of an
aircraft is not readily apparent. Airworthiness requirements
prescribe that the structure of an aircraft certificated in the
normal category (in which acrobatics are prohibited) must
be strong enough to withstand aload factor of 3.8 Gsto take
careof dynamic loads caused by maneuvering and gusts. This
meansthat the primary structure of the aircraft can withstand
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aload of 3.8 timesthe approved gross weight of the aircraft
without structural failure occurring. If this is accepted as
indicative of the load factors that may be imposed during
operations for which the aircraft is intended, a 100-pound
overload imposes a potential structural overload of 380
pounds. The same consideration is even more impressive
in the case of utility and acrobatic category aircraft, which
have load factor requirements of 4.4 and 6.0, respectively.

Structural failures that result from overloading may be
dramatic and catastrophic, but more often they affect
structural components progressively in a manner that
is difficult to detect and expensive to repair. Habitual
overloading tends to cause cumulative stress and damage
that may not be detected during preflight inspections and
result in structural failure later during completely normal
operations. The additional stress placed on structural parts
by overloading is believed to accelerate the occurrence of
metallic fatigue failures.

A knowledge of load factors imposed by flight maneuvers
and gusts emphasi zes the conseguences of an increasein the
grossweight of anaircraft. Thestructure of an aircraft about to
undergo aload factor of 3 Gs, asinrecovery from asteep dive,
must be prepared to withstand an added load of 300 pounds
for each 100-pound increasein weight. It should be noted that
this would be imposed by the addition of about 16 gallons
of unneeded fud in a particular aircraft. FAA-certificated
civil aircraft have been analyzed structurally and tested for
flight at the maximum grossweight authorized and withinthe
speeds posted for thetype of flightsto be performed. Flightsat
weightsin excess of thisamount are quite possible and often
are well within the performance capabilities of an aircraft.
This fact should not mislead the pilot, as the pilot may not
realize that loads for which the aircraft was not designed are
being imposed on all or some part of the structure.

In loading an aircraft with either passengers or cargo, the
structure must be considered. Seats, baggage compartments,
and cabin floors are designed for a certain load or
concentration of load and no more. For example, a light
plane baggage compartment may be placarded for 20 pounds
because of the limited strength of its supporting structure
even though the aircraft may not be overloaded or out of CG
limits with more weight at that location.

Effect of Weight on Stability and Controllability

Overloading also affects stability. An aircraft that is stable
and controllable when loaded normally may have very
different flight characteristics when overloaded. Although
the distribution of weight has the most direct effect on this,
an increase in the aircraft’s gross weight may be expected
to have an adverse effect on stability, regardless of location



of the CG. The stability of many certificated aircraft is
completely unsatisfactory if the gross weight is exceeded.

Effect of Load Distribution

The effect of the position of the CG on the load imposed
on an aircraft’s wing in flight is significant to climb and
cruising performance. An aircraft with forward loading is
“heavier” and consequently, slower than the same aircraft
with the CG further aft.

Figure5-63illustrateswhy thisistrue. With forward loading,
“nose-up” trim isrequired in most aircraft to maintain level
cruising flight. Nose-up trim involves setting the tail surfaces
to produce a greater down load on the aft portion of the
fuselage, which adds to the wing loading and the total lift
required from the wing if atitude is to be maintained. This
requires a higher AOA of the wing, which results in more
drag and, in turn, produces a higher stalling speed.

With aft loading and “nose-down” trim, the tail surfaces
exert less down load, relieving the wing of that much wing
loading and lift required to maintain altitude. The required
AOA of thewing isless, so the drag is less, alowing for a
faster cruise speed. Theoretically, a neutral load on the tail
surfacesin cruising flight would produce the most efficient
overall performance and fastest cruising speed, but it would
also result in instability. Modern aircraft are designed to
requireadown load onthetail for stability and controllability.
A zero indication on the trim tab control is not necessarily
the same as “neutral trim” because of the force exerted by
downwash from thewingsand thefusel age on thetail surfaces.

The effects of the distribution of the aircraft’s useful load

have asignificant influence onitsflight characteristics, even
when the load is within the CG limits and the maximum

Load imposed by tail

Gross weight

Figure 5-63. Effect of load distribution on balance.

permissible gross weight. Important among these effects
are changes in controllability, stability, and the actual load
imposed on the wing.

Generally, an aircraft becomes less controllable, especially
at slow flight speeds, as the CG is moved further aft. An
aircraft that cleanly recovers from a prolonged spin with
the CG at one position may fail completely to respond to
normal recovery attempts when the CG is moved aft by one
or two inches.

It is common practice for aircraft designers to establish
an aft CG limit that is within one inch of the maximum,
which allows normal recovery from a one-turn spin. When
certificating an aircraft in the utility category to permit
intentional spins, the aft CG limit is usually established
at a point several inches forward of that permissible for
certification in the normal category.

Another factor affecting controllability, which has become
more important in current designs of large aircraft, is the
effect of long moment arms to the positions of heavy
equipment and cargo. The same aircraft may be loaded to
maximum grossweight withinits CG limits by concentrating
fuel, passengers, and cargo near the design CG, or by
dispersing fuel and cargo loads in wingtip tanks and cargo
bins forward and aft of the cabin.

With the same total weight and CG, maneuvering the
aircraft or maintaining level flight in turbulent air requires
the application of greater control forces when the load is
dispersed. The longer moment arms to the positions of the
heavy fuel and cargo loads must be overcome by the action
of the control surfaces. An aircraft with full outboard wing
tanks or tip tanks tends to be sluggish in roll when control
situationsare marginal, while onewith full noseand aft cargo
bins tends to be less responsive to the elevator controls.

The rearward CG limit of an aircraft is determined largely
by considerations of stability. The original airworthiness
requirements for atype certificate specify that an aircraft in
flight at acertain speed dampensout vertical displacement of
the nose within a certain number of oscillations. An aircraft
loaded too far rearward may not do this. Instead, when the
noseis momentarily pulled up, it may alternately climb and
dive becoming steeper with each oscillation. Thisinstability
is not only uncomfortable to occupants, but it could even
become dangerous by making the aircraft unmanageable
under certain conditions.

Therecovery fromastal inany aircraft becomesprogressively

more difficult as its CG moves aft. This is particularly
important in spin recovery, as there is a point in rearward
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loading of any aircraft at which a “flat” spin develops. A
flat spin is one in which centrifugal force, acting through a
CG located well to the rear, pulls the tail of the aircraft out
away from the axis of the spin, making it impossible to get
the nose down and recover.

An aircraft loaded to the rear limit of its permissible CG
range handles differently in turns and stall maneuvers and
has different landing characteristics than when it is loaded
near the forward limit.

The forward CG limit is determined by a number of
considerations. As a safety measure, it is required that the
trimming device, whether tab or adjustable stabilizer, be
capable of holding theaircraftin anormal glidewith the power
off. A conventional aircraft must be capable of afull stall,
power-off landing in order to ensure minimum landing speed
in emergencies. A tailwheel-type aircraft |oaded excessively
nose-heavy is difficult to taxi, particularly in high winds. It
can benosed over easily by use of thebrakes, andit isdifficult
to land without bouncing since it tends to pitch down on the
wheelsasit is slowed down and flared for landing. Steering
difficulties on the ground may occur in nosewheel-type
aircraft, particularly during the landing roll and takeoff. The
effects of load distribution are summarized as follows:

e The CG position influences the lift and AOA of the
wing, the amount and direction of force on the tail,
and the degree of deflection of the stabilizer needed
to supply the proper tail force for equilibrium. The
latter is very important because of its relationship to
elevator control force.

e Theaircraft stallsat ahigher speed with aforward CG
location. Thisis because the stalling AOA isreached
at a higher speed due to increased wing loading.

e Higher elevator control forces normally exist with a
forward CG location due to the increased stabilizer
deflection required to balance the aircraft.

e The aircraft cruises faster with an aft CG location
because of reduced drag. Thedrag isreduced because
asmaller AOA and less downward deflection of the
stabilizer are required to support the aircraft and
overcome the nose-down pitching tendency.

e Theaircraft becomes less stable as the CG is moved
rearward. This is because when the CG is moved
rearward, it causesadecreaseinthe AOA. Therefore,
the wing contribution to the aircraft’'s stability is
now decreased, while the tail contribution is still
stabilizing. When the point is reached that the wing
and tail contributions balance, then neutral stability
exists. Any CG movement further aft results in an
unstable aircraft.

5-44

e A forward CG location increases the need for greater
back elevator pressure. The elevator may no longer
be able to oppose any increasein nose-down pitching.
Adequate elevator control is needed to control the
aircraft throughout the airspeed range down to the stall.

A detailed discussion and additional information relating
to weight and balance can be found in Chapter 10, Weight
and Balance.

High Speed Flight

Subsonic Versus Supersonic Flow

I'n subsonic aerodynamics, the theory of lift isbased upon the
forces generated on a body and amoving gas (air) in which
it is immersed. At speeds of approximately 260 knots or
less, air can be considered incompressible in that, at afixed
dtitude, itsdensity remainsnearly constant whileits pressure
varies. Under thisassumption, air actsthe same aswater and
is classified as a fluid. Subsonic aerodynamic theory also
assumes the effects of viscosity (the property of afluid that
tends to prevent motion of one part of the fluid with respect
to another) are negligible and classifies air as an ideal fluid
conforming to the principles of ideal-fluid aerodynamicssuch
as continuity, Bernoulli’s principle, and circulation.

Inredlity, air iscompressibleand viscous. Whilethe effects of
these propertiesare negligible at low speeds, compressibility
effectsin particular becomeincreasingly important as speed
increases. Compressibility (and to alesser extent viscosity) is
of paramount importance at speeds approaching the speed of
sound. Inthese speed ranges, compressibility causesachange
in the density of the air around an aircraft.

During flight, awing produceslift by accelerating the airflow
over the upper surface. This accelerated air can, and does,
reach sonic speedseven though theaircraft itself may beflying
subsonic. At some extreme AOAS, in someaircraft, the speed
of the air over the top surface of the wing may be double the
aircraft’s speed. It istherefore entirely possible to have both
supersonic and subsonic airflow on an aircraft at thesametime.
When flow velocities reach sonic speeds at some location on
anaircraft (such astheareaof maximum camber onthewing),
further acceleration results in the onset of compressibility
effects, such asshock waveformation, dragincresse, buffeting,
stability, and control difficulties. Subsonic flow principlesare
invalid at all speeds above this point. [ Figure 5-64]

Speed Ranges

The speed of sound varieswith temperature. Under standard
temperature conditions of 15 °C, the speed of sound at sea
level is 661 knots. At 40,000 feet, where the temperature is
—55 °C, the speed of sound decreases to 574 knots. In high-
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Figure 5-64. Wing airflow.

speed flight and/or high-altitude flight, the measurement of
speed is expressed in terms of a“Mach number”—the ratio
of the true airspeed of the aircraft to the speed of sound in
the same atmospheric conditions. An aircraft traveling at
the speed of sound istraveling at Mach 1.0. Aircraft speed
regimes are defined approximately as follows:

Subsonic—Mach numbers below 0.75
Transonic—Mach numbers from 0.75to 1.20
Supersonic—Mach numbers from 1.20 to 5.00
Hypersonic—Mach numbers above 5.00

While flights in the transonic and supersonic ranges are
common occurrencesfor military aircraft, civilian jet aircraft
normally operate in a cruise speed range of Mach 0.7 to
Mach 0.90.

The speed of an aircraft in which airflow over any part of
the aircraft or structure under consideration first reaches
(but does not exceed) Mach 1.0 is termed “critical Mach
number” or “Mach Crit.” Thus, critical Mach number is
the boundary between subsonic and transonic flight and is
largely dependent on the wing and airfoil design. Critical
Mach number isan important point in transonic flight. When
shock wavesform on theaircraft, airflow separation followed
by buffet and aircraft control difficulties can occur. Shock
waves, buffet, and airflow separation take place above critical
Mach number. A jet aircraft typically ismost efficient when
cruising at or near its critical Mach number. At speeds 5-10
percent above the critical Mach number, compressibility
effects begin. Drag begins to rise sharply. Associated with
the “drag rise” are buffet, trim, and stability changes and a
decrease in control surface effectiveness. This is the point
of “drag divergence.” [ Figure 5-65]

Vuo/Muo isdefined as the maximum operating limit speed.
Vuoisexpressedin knotscalibrated airspeed (KCAS), while

Mo isexpressed in Mach number. The Vo limitisusually
associated with operations at lower altitudes and deals with
structural loadsand flutter. The Mo limit isassociated with
operations at higher altitudes and is usually more concerned
with compressibility effects and flutter. At lower altitudes,
structural loads and flutter are of concern; at higher atitudes,
compressibility effects and flutter are of concern.

Adherence to these speeds prevents structural problems due
to dynamic pressure or flutter, degradation in aircraft control
response due to compressibility effects (e.g., Mach Tuck,
aileronreversal, or buzz), and separated airflow dueto shock
wavesresulting in loss of lift or vibration and buffet. Any of
these phenomena could prevent the pilot from being able to
adequately control the aircraft.

For example, an early civilian jet aircraft had aV g limit of
306 KCAS up to approximately FL 310 (on astandard day).
At thisaltitude (FL 310), an Mo of 0.82 was approximately
equal to 306 KCAS. Above this altitude, an Mo of 0.82
always equaled a KCAS less than 306 KCAS and, thus,
became the operating limit as you could not reach the Vo
limit without first reaching the My,o limit. For example, at
FL 380, an M, of 0.82 isequal to 261 KCAS.

Mach Number Versus Airspeed

It isimportant to understand how airspeed varies with Mach
number. As an example, consider how the stall speed of a
jet transport aircraft varies with an increase in altitude. The
increase in altitude results in a corresponding drop in air
density and outside temperature. Suppose this jet transport
isin the clean configuration (gear and flaps up) and weighs
550,000 pounds. Theaircraft might stall at approximately 152
KCASat sealevel. Thisisequd to (on astandard day) atrue
velocity of 152 KTASand aMach number of 0.23. At FL 380,
theaircraft will still stall at approximately 152 KCAS, but the
truevelocity isabout 287 KTASwith aMach number of 0.50.
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Figure 5-65. Critical Mach.
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Although the stalling speed has remained the same for our
purposes, both the Mach number and TAS have increased.
With increasing atitude, the air density has decreased; this
requires a faster true airspeed in order to have the same
pressure sensed by the pitot tubefor thesameK CAS, or KIAS
(for our purposes, KCAS and KIAS are relatively close to
each other). The dynamic pressure the wing experiences at
FL 380at 287 KTASisthesameasat sealevel at 152 KTAS.
However, it isflying at higher Mach number.

Another factor to consider isthe speed of sound. A decrease
in temperature in a gas results in a decrease in the speed of
sound. Thus, as the aircraft climbs in altitude with outside
temperature dropping, the speed of sound is dropping. At
sea level, the speed of sound is approximately 661 KCAS,
while at FL 380 it is574 KCAS. Thus, for our jet transport
aircraft, the stall speed (in KTAS) has gone from 152 at sea
level to 287 at FL 380. Simultaneously, the speed of sound
(in KCAYS) has decreased from 661 to 574 and the Mach
number hasincreased from 0.23 (152 KTAS divided by 661
KTAS) to 0.50 (287 KTAS divided by 574 KTAS). All the
while, the KCASfor stall hasremained constant at 152. This
describes what happens when the aircraft is at a constant
KCAS with increasing atitude, but what happens when the
pilot keeps Mach constant during the climb? In normal jet
flight operations, the climb is at 250 KIAS (or higher (e.g.
heavy)) to 10,000 feet and then at a specified en route climb
airspeed (about 330 if aDC10) until reaching an atitudein
the “mid-twenties” where the pilot then climbs at a constant
Mach number to cruise atitude.

Assuming for illustration purposes that the pilot climbs at a
Mo of 0.82 from sealevel up to FL 380. KCAS goesfrom
543 to 261. The KIAS at each altitude would follow the
same behavior and just differ by a few knots. Recall from
the earlier discussion that the speed of sound is decreasing
withthe drop in temperature asthe aircraft climbs. TheMach
number is simply the ratio of the true airspeed to the speed
of sound at flight conditions. The significance of thisisthat
at a constant Mach number climb, the KCAS (and KTAS or
KIAS aswell) isfalling off.

If the aircraft climbed high enough at this constant My,o
with decreasing KIAS, KCAS, and KTAS, it would begin to
approach itsstall speed. At some point, the stall speed of the
aircraftin Mach number could equal the M, o of the aircraft,
and the pilot could neither slow down (without stalling) nor
speed up (without exceeding the max operating speed of the
aircraft). This has been dubbed the “ coffin corner.”

Boundary Layer

The viscous nature of airflow reducesthelocal velocitieson
a surface and is responsible for skin friction. As discussed
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earlier inthe chapter, thelayer of air over thewing' ssurface
that is slowed down or stopped by viscosity isthe boundary
layer. There are two different types of boundary layer flow:
laminar and turbulent.

Laminar Boundary Layer Flow

The laminar boundary layer is a very smooth flow, while
the turbulent boundary layer contains swirls or eddies.
The laminar flow creates less skin friction drag than the
turbulent flow but isless stable. Boundary layer flow over a
wing surface begins as a smooth laminar flow. As the flow
continues back from the leading edge, the laminar boundary
layer increases in thickness.

Turbulent Boundary Layer Flow

At some distance back from the leading edge, the smooth
laminar flow breaks down and transitionsto aturbulent flow.
From adrag standpoint, it is advisable to have the transition
from laminar to turbulent flow as far aft on the wing as
possible or have alarge amount of the wing surface within
the laminar portion of the boundary layer. The low energy
laminar flow, however, tends to break down more suddenly
than the turbulent layer.

Boundary Layer Separation

Another phenomenon associated with viscous flow is
separation. Separation occurswhen the airflow breaks away
from an airfoil. The natural progression is from laminar
boundary layer to turbulent boundary layer and then to
airflow separation. Airflow separation produces high drag
and ultimately destroys lift. The boundary layer separation
point moves forward on the wing as the AOA is increased.
[Figure 5-66]

Vortex generators are used to delay or prevent shock wave
induced boundary layer separation encountered in transonic
flight. They are small low aspect ratio airfoilsplaced at a12°
to 15° AOA to the airstream. Usually spaced a few inches
apart along the wing ahead of the ailerons or other control
surfaces, vortex generators create a vortex that mixes the
boundary airflow with the high energy airflow just abovethe
surface. Thisproduces higher surface vel ocitiesand increases
theenergy of the boundary layer. Thus, astronger shock wave
is necessary to produce airflow separation.

Shock Waves

When an airplane flies at subsonic speeds, the air ahead is
“warned” of the airplane’s coming by a pressure change
transmitted ahead of the airplane at the speed of sound.
Because of thiswarning, the air beginsto move aside before
theairplanearrivesand isprepared tolet it passeasily. When
theairplane’ s speed reaches the speed of sound, the pressure
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Figure 5-66. Boundary layer.

change can no longer warnthe air ahead becausethe airplane
is keeping up with its own pressure waves. Rather, the air
particles pile up in front of the airplane causing a sharp
decreasein the flow velocity directly in front of the airplane
with a corresponding increase in air pressure and density.

Astheairplane’ s speed increases beyond the speed of sound,
the pressure and density of the compressed air ahead of it
increase, the area of compression extending some distance
ahead of the airplane. At some point in the airstream, the air
particlesare completely undisturbed, having had no advanced
warning of theairplane’ sapproach, and inthe next instant the
same air particles are forced to undergo sudden and drastic
changes in temperature, pressure, density, and velocity.
The boundary between the undisturbed air and the region
of compressed air is called a shock or “compression” wave.
This same type of wave is formed whenever a supersonic
airstreamisslowed to subsonic without achangein direction,
such as when the airstream is accelerated to sonic speed
over the cambered portion of a wing, and then decelerated
to subsonic speed as the area of maximum camber is passed.
A shock wave forms as a boundary between the supersonic
and subsonic ranges.

Whenever ashock waveforms perpendicular totheairflow, it
istermed a“normal” shock wave, and the flow immediately
behind thewaveis subsonic. A supersonic airstream passing
through a normal shock wave experiences these changes:

e Theairstream is slowed to subsonic.

e Theairflow immediately behind the shock wave does
not change direction.

e Thedtatic pressure and density of the airstream behind
the wave is greatly increased.

* The energy of the airstream (indicated by total
pressure—dynamic plus static) is greatly reduced.

Shock wave formation causes an increase in drag. One of
the principal effects of a shock wave is the formation of a
dense high pressure region immediately behind the wave.
Theinstability of the high pressure region, and the fact that

part of the velocity energy of the airstream is converted to
heat as it flows through the wave, is a contributing factor
in the drag increase, but the drag resulting from airflow
separation is much greater. If the shock wave is strong,
the boundary layer may not have sufficient kinetic energy
to withstand airflow separation. The drag incurred in the
transonic region due to shock wave formation and airflow
separation is known as “wave drag.” When speed exceeds
the critical Mach number by about 10 percent, wave drag
increases sharply. A considerable increase in thrust (power)
isrequired to increase flight speed beyond this point into the
supersonic range where, depending on the airfoil shape and
the AOA, the boundary layer may reattach.

Normal shock waves form on the wing's upper surface and
form an additional areaof supersonic flow and anormal shock
wave on the lower surface. As flight speed approaches the
speed of sound, the areas of supersonic flow enlarge and the
shock waves move nearer the trailing edge. [ Figure 5-67]
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Figure 5-67. Shock waves.
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Associated with “drag rise” are buffet (known as Mach
buffet), trim, and stability changes and a decrease in control
force effectiveness. Theloss of lift dueto airflow separation
resultsin aloss of downwash and achangein the position of
the center pressure on thewing. Airflow separation produces
a turbulent wake behind the wing, which causes the tail
surfacesto buffet (vibrate). The nose-up and nose-down pitch
control provided by the horizontal tail is dependent on the
downwash behind thewing. Thus, an increase in downwash
decreases the horizontal tail’s pitch control effectiveness
sinceit effectively increases the AOA that thetail surfaceis
seeing. Movement of the wing CP affects the wing pitching
moment. If the CP moves aft, a diving moment referred to
as“Mach tuck” or “tuck under” is produced, and if it moves
forward, anose-up moment is produced. Thisisthe primary
reason for the development of the T-tail configuration on
many turbine-powered aircraft, which places the horizontal
stabilizer asfar aspractical from the turbulence of thewings.

Sweepback

Most of thedifficulties of transonic flight are associated with
shock waveinduced flow separation. Therefore, any means of
delaying or alleviating the shock induced separation improves
aerodynamic performance. One method iswing sweepback.
Sweepback theory isbased upon the concept that itisonly the
component of the airflow perpendicular to the leading edge
of the wing that affects pressure distribution and formation
of shock waves. [ Figure 5-68]

On a straight wing aircraft, the airflow strikes the wing
leading edge at 90°, and itsfull impact produces pressureand
lift. A wing with sweepback is struck by the same airflow at
ananglesmaller than 90°. Thisairflow on the swept wing has
the effect of persuading thewinginto believing that itisflying
dower thanit really is; thus the formation of shock wavesis
delayed. Advantages of wing sweep include an increase in
critical Mach number, force divergence Mach number, and
the Mach number at which drag rise peaks. In other words,
sweep delays the onset of compressibility effects.

The Mach number that produces asharp changein coefficient
of drag istermed the “force divergence” Mach number and,
for most airfoils, usually exceedsthe critical Mach number by
510 10 percent. At this speed, the airflow separation induced
by shock wave formation can create significant variationsin
thedrag, lift, or pitching moment coefficients. In addition to
the delay of the onset of compressibility effects, sweepback
reducesthe magnitudein the changes of drag, lift, or moment
coefficients. In other words, the use of sweepback “ softens’
the force divergence.

A disadvantage of swept wingsisthat they tend to stall at the
wingtips rather than at the wing roots. [ Figure 5-69] Thisis
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Figure 5-68. Sweepback effect.

because the boundary layer tends to flow spanwise toward
the tips and to separate near the leading edges. Because the
tips of a swept wing are on the aft part of the wing (behind
the CL), awingtip stall causes the CL to move forward on
the wing, forcing the nose to rise further. The tendency for
tip stall isgreatest when wing sweep and taper are combined.

Thestall situation can be aggravated by aT-tail configuration,
which affordslittle or no pre-stall warning in the form of tail
control surface buffet. [ Figure 5-70] The T-tail, being above
thewing wake remains effective even after thewing hasbegun
to stall, alowing the pilot to inadvertently drive the wing
into a deeper stall at a much greater AOA. If the horizontal
tail surfaces then become buried in the wing's wake, the
elevator may lose all effectiveness, making it impossible to
reduce pitch attitude and bresk the stall. In the pre-stall and
immediate post-stall regimes, thelift/drag qualities of aswept
wing aircraft (specifically the enormous increase in drag
at low speeds) can cause an increasingly descending flight
path with no change in pitch attitude, further increasing the
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Figure 5-70. T-tail stall.

AOA. In this situation, without reliable AOA information,
anose-down pitch attitude with an increasing airspeed is no
guarantee that recovery has been affected, and up-€elevator
movement at this stage may merely keep the aircraft stalled.

It is a characteristic of T-tail aircraft to pitch up viciously
when stalled in extreme nose-high attitudes, making
recovery difficult or violent. The stick pusher inhibits this
type of stall. At approximately one knot above stall speed,
pre-programmed stick forces automatically move the stick
forward, preventing the stall from developing. A G-limiter
may also beincorporated into the system to prevent the pitch
down generated by the stick pusher from imposing excessive
loads on the aircraft. A “stick shaker,” on the other hand,
provides stall warning when the airspeed is five to seven
percent above stall speed.

Mach Buffet Boundaries

Mach buffet isafunction of the speed of the airflow over the
wing—not necessarily the speed of the aircraft. Any timethat
too great alift demand is made on thewing, whether fromtoo
fast an airspeed or from too high an AOA near the Mo, the
“high-speed” buffet occurs. There are also occasions when
the buffet can be experienced at much lower speeds known
as the “low-speed Mach buffet.”

An aircraft flown at a speed too slow for its weight and
altitude necessitating ahigh AOA isthemost likely situation

to cause alow-speed Mach buffet. Thisvery high AOA has
theeffect of increasing airflow velocity over the upper surface
of the wing until the same effects of the shock waves and
buffet occur asin the high-speed buffet situation. The AOA
of the wing has the greatest effect on inducing the Mach
buffet at either the high-speed or low-speed boundaries for
theaircraft. The conditionsthat increase the AOA, the speed
of theairflow over thewing, and chances of Mach buffet are:

»  Highaltitudes—thehigher an aircraft flies, thethinner
the air and the greater the AOA required to produce
the lift needed to maintain level flight.

*  Heavy weights—the heavier the aircraft, the greater
thelift required of thewing, and all other factorsbeing
equal, the greater the AOA.

* Gloading—anincreaseinthe G loading ontheaircraft
has the same effect as increasing the weight of the
aircraft. Whether the increase in G forces is caused
by turns, rough control usage, or turbulence, the effect
of increasing the wing's AOA isthe same.

High Speed Flight Controls

On high-speed aircraft, flight controls are divided into
primary flight controls and secondary or auxiliary flight
controls. The primary flight controls maneuver the aircraft
about the pitch, roll, and yaw axes. They includetheailerons,
elevator, and rudder. Secondary or auxiliary flight controls
includetabs, leading edge flaps, trailing edge flaps, spoilers,
and dlats.

Spoilersare used on the upper surface of the wing to spoil or
reduce lift. High speed aircraft, due to their clean low drag
design, use spoilers as speed brakes to slow them down.
Spoilersare extended immediately after touchdown to dump
lift and thustransfer the weight of theaircraft from thewings
ontothewheelsfor better braking performance. [ Figure 5-71]

Jet transport aircraft have small ailerons. The space for
ailerons is limited because as much of the wing trailing
edge as possible is needed for flaps. Also, a conventional
size aileron would cause wing twist at high speed. For that
reason, spoilers are used in unison with ailerons to provide
additiona roll control.

Somejet transports havetwo setsof allerons, apair of outboard
low-speed ailerons and a pair of high-speed inboard ailerons.
When the flaps are fully retracted after takeoff, the outboard
ailerons are automatically locked out in the faired position.

When used for roll control, the spoiler on the side of the
up-going aileron extends and reduces the lift on that side,
causing thewing to drop. If the spoilers are extended as speed
brakes, they can still be used for roll contral. If they are the
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Figure 5-71. Control surfaces.

differential type, they extend further on one side and retract
on the other side. If they are the non-differential type, they
extend further on one side but do not retract on the other side.
When fully extended as speed brakes, the non-differential
spoilersremain extended and do not supplement the ailerons.

To obtain a smooth stall and a higher AOA without airflow
separation, the wing's leading edge should have a well-
rounded almost blunt shape that the airflow can adhere to
at the higher AOA. With this shape, the airflow separation
starts at the trailing edge and progresses forward gradually
as AOA isincreased.

The pointed leading edge necessary for high-speed flight

resultsin an abrupt stall and restricts the use of trailing edge
flaps because the airflow cannot follow the sharp curve
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around thewing leading edge. Theairflow tendsto tear loose
rather suddenly from the upper surface at amoderate AOA.
To utilize trailing edge flaps, and thus increase the C, .yax,
thewing must go to ahigher AOA without airflow separation.
Therefore, leading edge dots, dats, and flaps are used to
improvethelow-speed characteristics during takeoff, climb,
and landing. Although these devices are not as powerful as
trailing edge flaps, they are effective when used full spanin
combination with high-lift trailing edge flaps. With the aid
of these sophisticated high-lift devices, airflow separationis
delayed and the C, yax iSincreased considerably. In fact, a
50 knot reduction in stall speed is not uncommon.



The operationa requirements of alargejet transport aircraft
necessitate large pitch trim changes. Somerequirementsare:

¢ AlageCGrange
e A large speed range

e The ability to perform large trim changes due to
wing leading edge and trailing edge high-lift devices
without limiting the amount of elevator remaining

e Maintaining trim drag to a minimum

Theserequirements are met by the use of avariableincidence
horizontal stabilizer. Large trim changes on a fixed-tail
aircraft require large elevator deflections. At these large
deflections, little further elevator movement remains in the
same direction. A variable incidence horizontal stabilizer
is designed to take out the trim changes. The stabilizer is
larger than the elevator, and consequently does not need to
be moved through aslarge an angle. Thisleavesthe elevator
streamlining thetail plane with afull range of movement up
and down. The variable incidence horizontal stabilizer can
be set to handle the bulk of the pitch control demand, with
the elevator handling the rest. On aircraft equipped with a
variableincidence horizontal stabilizer, theelevator issmaller
and lesseffectiveinisolation thanitison afixed-tail aircraft.
In comparison to other flight control s, the variableincidence
horizontal stabilizer is enormously powerful in its effect.

Because of the size and high speeds of jet transport aircraft,
theforcesrequired to movethe control surfacescan be beyond
the strength of the pilot. Consequently, the control surfacesare
actuated by hydraulic or electrical power units. Moving the
controlsin the flight deck signals the control angle required,
and the power unit positionsthe actual control surface. Inthe
event of complete power unit failure, movement of the control
surface can be affected by manually controlling the control
tabs. Moving the control tab upsetsthe aerodynamic balance,
which causes the control surface to move.

Chapter Summary

In order to sustain an aircraft in flight, apilot must understand
how thrust, drag, lift, and weight act on the aircraft. By
understanding the aerodynamics of flight, how design,
weight, load factors, and gravity affect an aircraft during
flight maneuvers from stalls to high speed flight, the pilot
learns how to control the balance between these forces. For
information on stall speeds, load factors, and other important
aircraft data, always consult the AFM/POH for specific
information pertaining to the aircraft being flown.
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Introduction

Thischapter focuses on theflight control systemsapilot uses
to control the forces of flight and the aircraft’ sdirection and
attitude. It should be noted that flight control systems and
characteristics can vary greatly depending on the type of
aircraft flown. The most basic flight control system designs
are mechanical and date back to early aircraft. They operate
with a collection of mechanical parts, such as rods, cables,
pulleys, and sometimes chains to transmit the forces of the
flight deck controlsto the control surfaces. Mechanical flight
control systems are still used today in small general and
sport category aircraft where the aerodynamic forces are not
excessive. [Figure 6-1]
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Figure 6-1. Mechanical flight control system.

Asaviation matured and aircraft designerslearned more about
aerodynamics, theindustry produced larger and faster aircraft.
Therefore, the aerodynamic forces acting upon the control
surfacesincreased exponentially. To make the control force
required by pilots manageable, aircraft engineers designed
more complex systems. At first, hydromechanical designs,
consisting of a mechanical circuit and a hydraulic circuit,
were used to reduce the complexity, weight, and limitations
of mechanical flight controls systems. [Figure 6-2]

As aircraft became more sophisticated, the control surfaces
were actuated by electric motors, digital computers, or fiber
optic cables. Called “fly-by-wire,” thisflight control system
replaces the physical connection between pilot controls and
the flight control surfaces with an €electrical interface. In
addition, in somelarge and fast aircraft, controls are boosted
by hydraulically or electricaly actuated systems. In both
the fly-by-wire and boosted controls, the feel of the control
reaction is fed back to the pilot by simulated means.

Current research at the National Aeronautics and Space
Administration (NASA) Dryden Flight Research Center
involvesIntelligent Flight Control Systems(IFCS). Thegoal
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of thisproject isto devel op an adaptive neural network-based
flight control system. Applied directly to flight control system
feedback errors, IFCS provides adjustments to improve
aircraft performancein normal flight, aswell aswith system
failures. With IFCS, a pilot is able to maintain control and
safely land an aircraft that has suffered afailure to a control
surface or damage to the airframe. It also improves mission
capability, increases the reliability and safety of flight, and
eases the pilot workload.

Today’s aircraft employ avariety of flight control systems.
For example, someaircraft in the sport pilot category rely on
weight-shift control to fly whileballoonsuse astandard burn
technique. Helicopters utilize a cyclic to tilt the rotor in the
desired direction along with a collective to manipul ate rotor
pitch and anti-torque pedals to control yaw. [ Figure 6-3]

For additional information on flight control systems, refer
to the appropriate handbook for information related to the
flight control systems and characteristics of specific types
of aircraft.

Flight Control Systems

Flight Controls

Aircraft flight control systems consist of primary and
secondary systems. The ailerons, elevator (or stabilator),
and rudder constitute the primary control system and are
requiredto control an aircraft safely during flight. Wing flaps,
leading edge devices, spoilers, and trim systems constitute
the secondary control system and improve the performance
characteristics of theairplaneor relieve the pilot of excessive
control forces.

Primary Flight Controls
Aircraft control systems are carefully designed to provide
adequate responsiveness to control inputs while allowing a

Cyclic stick

Y]'

Collective lever

Anti-torque pedals

Figure 6-2. Hydromechanical flight control system.
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natural feel. At low airspeeds, the controls usually feel soft
and sluggish, and the aircraft responds slowly to control
applications. At higher airspeeds, the controls become
increasingly firm and aircraft response is more rapid.

Movement of any of thethree primary flight control surfaces
(ailerons, elevator or stabilator, or rudder), changes the
airflow and pressure distribution over and around the airfoil .
These changes affect thelift and drag produced by the airfoil/
control surface combination, and allow apilot to control the
aircraft about its three axes of rotation.

Design features limit the amount of deflection of flight
control surfaces. For example, control-stop mechanisms may
beincorporated into theflight control linkages, or movement
of the control column and/or rudder pedals may be limited.
The purpose of these design limitsisto prevent the pilot from
inadvertently overcontrolling and overstressing the aircraft
during normal maneuvers.

A properly designed aircraft is stable and easily controlled
during normal maneuvering. Control surface inputs cause
movement about the three axes of rotation. The types of
stability an aircraft exhibits also relate to the three axes of
rotation. [ Figure 6-4]

Rudder—Yaw

Crcl,r,?t?a' Airplane Axes of Type of
Surface Movement Rotation Stability

Roll Lateral

mmi+'§‘m+lll itudinal

Figure 6-4. Airplane controls, movement, axes of rotation, and
type of stabhility.
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Aileronscontroal roll about thelongitudinal axis. Theailerons
are attached to the outboard trailing edge of each wing and
movein the opposite direction from each other. Aileronsare
connected by cables, bellcranks, pulleys, and/or push-pull
tubes to a control wheel or control stick.

Moving the control wheel, or control stick, to the right
causestheright aileron to deflect upward and the left @leron
to deflect downward. The upward deflection of the right
aileron decreases the camber resulting in decreased lift on
the right wing. The corresponding downward deflection of
the left aileron increases the camber resulting in increased
lift on the left wing. Thus, the increased lift on the left wing
and the decreased lift on the right wing causes the aircraft
toroll to theright.

Adverse Yaw

Since the downward deflected aileron produces more lift as
evidenced by the wing raising, it also produces more drag.
This added drag causes the wing to slow down slightly.
This results in the aircraft yawing toward the wing which
had experienced an increase in lift (and drag). From the
pilot’s perspective, the yaw is opposite the direction of the
bank. The adverseyaw isaresult of differential drag and the
dlight difference in the velocity of the left and right wings.
[Figure 6-5]

Adverse yaw becomes more pronounced at low airspeeds.
At these slower airspeeds, aerodynamic pressure on control
surfaces are low, and larger control inputs are required to

Figure 6-5. Adverse yaw is caused by higher drag on the outside
wing that is producing more lift.

6-3



effectively maneuver the aircraft. As a result, the increase
in aileron deflection causes an increase in adverse yaw. The
yaw is especialy evident in aircraft with long wing spans.

Application of the rudder is used to counteract adverse
yaw. The amount of rudder control required is greatest at
low airspeeds, high angles of attack, and with large aileron
deflections. Like al control surfaces at lower airspeeds,
the vertical stabilizer/rudder becomes less effective and
magnifiesthe control problems associated with adverseyaw.

All turns are coordinated by use of ailerons, rudder, and
elevator. Applying aileron pressure is necessary to place
the aircraft in the desired angle of bank, while simultaneous
application of rudder pressure is necessary to counteract the
resultant adverse yaw. Additionally, because more lift is
required during a turn than during straight-and-level flight,
the angle of attack (AOA) must be increased by applying
elevator back pressure. The steeper theturn, themoreelevator
back pressure that is needed.

As the desired angle of bank is established, aileron and
rudder pressures should be relaxed. This stops the angle of
bank fromincreasing, becausethe aileron and rudder control
surfaces are in a neutral and streamlined position. Elevator
back pressure should be held constant to maintain altitude.
The roll-out from aturn is similar to the roll-in, except the
flight controls are applied in the opposite direction. The
aileron and rudder are applied in the direction of theroll-out
or toward the high wing. As the angle of bank decreases,
the elevator back pressure should be relaxed as necessary
to maintain atitude.

In an attempt to reduce the effects of adverse yaw,
manufacturers have engineered four systems: differential
ailerons, frise-type alerons, coupled ailerons and rudder,
and flaperons.

Differential Ailerons

With differential ailerons, one aileron is raised a greater
distance than the other aileron and is lowered for a given
movement of the control wheel or control stick. Thisproduces
anincreasein drag on the descending wing. Thegreater drag
resultsfrom deflecting the up aileron on the descending wing
to a greater angle than the down aileron on the rising wing.
Whileadverseyaw isreduced, it isnot eliminated completely.
[Figure 6-6]

Frise-Type Ailerons

With a frise-type aileron, when pressure is applied to the
control wheel, or control stick, theaileronthat isbeing raised
pivots on an offset hinge. This projects the leading edge of
theaileroninto theairflow and createsdrag. It helpsequalize
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Figure 6-6. Differential ailerons.

the drag created by the lowered aileron on the opposite wing
and reduces adverse yaw. [ Figure 6-7]

Thefrise-typeaileron alsoformsaslot so air flows smoothly
over the lowered aileron, making it more effective at high
angles of attack. Frise-type ailerons may also be designed
to function differentially. Like the differential aileron, the
frise-type aileron does not eliminate adverse yaw entirely.
Coordinated rudder application isstill needed when ailerons
are applied.

Coupled Ailerons and Rudder

Coupled ailerons and rudder are linked controls. This is
accomplished with rudder-aileron i nterconnect springs, which
help correct for aileron drag by automatically deflecting
the rudder at the same time the ailerons are deflected. For
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Figure 6-7. Frise-type ailerons.



example, when the control wheel, or control stick, ismoved
to produce aleft roll, the interconnect cable and spring pulls
forward on the left rudder pedal just enough to prevent the
noseof theaircraft from yawing to theright. Theforce applied
to the rudder by the springs can be overridden if it becomes
necessary to dlip the aircraft. [ Figure 6-8]

Flaperons

Flaperons combine both aspects of flaps and ailerons. In
addition to controlling the bank angle of an aircraft like
conventional ailerons, flaperons can be lowered together
to function much the same as a dedicated set of flaps. The
pilot retains separate controlsfor aileronsand flaps. A mixer
is used to combine the separate pilot inputsinto this single
set of control surfaces called flaperons. Many designs that
incorporate flaperons mount the control surfaces away from
the wing to provide undisturbed airflow at high angles of
attack and/or low airspeeds. [ Figure 6-9]

Elevator

The elevator controls pitch about the lateral axis. Like the
ailerons on small aircraft, the elevator is connected to the
control column in the flight deck by a series of mechanical

| Rudder deflects with ailerons |

")
—

Rudder/Aileron interconnecting springs

Figure 6-9. Flaperons on a Skystar Kitfox MK 7.

linkages. Aft movement of the control column deflects
the trailing edge of the elevator surface up. Thisis usually
referred to as the up-elevator position. [Figure 6-10]

The up-€elevator position decreasesthe camber of the elevator
and creates adownward aerodynamic force, which isgreater
than the normal tail-down force that exists in straight-and-
level flight. The overall effect causes the tail of the aircraft
to move down and the nose to pitch up. The pitching moment
occurs about the center of gravity (CG). The strength of the
pitching moment is determined by the distance between
the CG and the horizonta tail surface, as well as by the
aerodynamic effectiveness of the horizontal tail surface.
Moving the control column forward has the opposite effect.
In this case, elevator camber increases, creating more lift
(less tail-down force) on the horizontal stabilizer/elevator.
Thismovesthetail upward and pitchesthe nosedown. Again,
the pitching moment occurs about the CG.

As mentioned earlier, stability, power, thrustline, and the
position of the horizontal tail surfaces on the empennage
are factors in elevator effectiveness controlling pitch. For

Downward
aerodynamic force

Figure 6-8. Coupled ailerons and rudder.

Figure 6-10. The elevator isthe primary control for changing the
pitch attitude of an aircraft.
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example, the horizontal tail surfaces may be attached near
the lower part of the vertical stabilizer, at the midpoint, or
at the high point, asin the T-tail design.

T-Tail

In a T-tail configuration, the elevator is above most of the
effects of downwash from the propeller, as well as airflow
around the fuselage and/or wings during normal flight
conditions. Operation of the elevatorsin thisundisturbed air
allows control movementsthat are consi stent throughout most
flight regimes. T-tail designs have become popular on many
light and large aircraft, especially those with aft fuselage-
mounted engines because the T-tail configuration removes
thetail from the exhaust blast of the engines. Seaplanes and
amphibians often have T-tailsin order to keep the horizontal
surfaces as far from the water as possible. An additional
benefit is reduced noise and vibration inside the aircraft.

In comparison with conventional-tail aircraft, theelevator ona
T-tail aircraft must bemoved agreater distanceto raisethenose
agiven amount when traveling at ow speeds. Thisisbecause
the conventional-tail aircraft has the downwash from the
propeller pushing down on thetail to assist in raising the nose.

Aircraft controlsarerigged so that anincreasein control force
isrequired to increase control travel. The forces required to
raise the nose of a T-tail aircraft are greater than the forces
required to raise the nose of a conventional-tail aircraft.
Longitudinal stability of a trimmed aircraft is the same for
both types of configuration, but the pilot must be aware that
therequired control forces are greater at slow speeds during
takeoffs, landings, or stalls than for similar size aircraft
equipped with conventional tails.

T-tail aircraft also require additional design considerations
to counter the problem of flutter. Since the weight of the
horizontal surfacesis at the top of the vertical stabilizer, the
moment arm created causes high loadson thevertical stabilizer
that canresult influtter. Engineersmust compensatefor thisby
increasing the design stiffness of thevertical stabilizer, usualy
resulting in aweight penalty over conventional tail designs.

When flying at a very high AOA with alow airspeed and
an aft CG, the T-tall aircraft may be more susceptible to a
deep stall. In this condition, the wake of the wing impinges
on the tail surface and renders it amost ineffective. The
wing, if fully stalled, allowsitsairflow to separate right after
the leading edge. The wide wake of decelerated, turbulent
air blankets the horizontal tail and hence its effectiveness
diminished significantly. In these circumstances, elevator or
stabilator control is reduced (or perhaps eliminated) making
it difficult torecover fromthestall. It should benoted that an
aft CG is often a contributing factor in these incidents, since
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similar recovery problems are aso found with conventional
tail aircraft with an aft CG. [Figure 6-11] Deep stals can
occur on any aircraft but are more likely to occur on aircraft
with “T” tails as a high AOA may be more likely to place
the wings separated airflow into the path of the horizontal
surface of the tail. Additionally, the distance between the
wings and the tail, the position of the engines (such as being
mounted on the tail) may increase the susceptibility of deep
stall events. Therefore a deep stall may be more prevalent
on transport versus general aviation aircraft.

Since flight at a high AOA with a low airspeed and an aft
CG position can be dangerous, many aircraft have systemsto
compensate for this situation. The systems range from control
stopsto elevator down springs. On transport category jets, stick
pushersare commonly used. An elevator down spring assistsin
lowering the nose of the aircraft to prevent astall caused by the
aft CG position. The stall occursbecausethe properly trimmed
airplane is flying with the elevator in a trailing edge down
position, forcing thetail up and the nose down. Inthisunstable
condition, if theaircraft encountersturbulenceand owsdown
further, thetrim tab nolonger positionsthe elevator in thenose-
down position. The elevator then streamlines, and the nose of
the aircraft pitches upward, possibly resulting in astall.

The devator down spring produces a mechanical load on the
eevator, causing it to movetoward the nose-down positionif not
otherwisebalanced. Theelevator trim tab balancesthe elevator
down spring to position the elevator in a trimmed position.
When thetrim tab becomesineffective, the down spring drives
the elevator to a nose-down position. The nose of the aircraft
lowers, speed builds up, and astall isprevented. [Figure 6-12]

The elevator must also have sufficient authority to hold the
nose of the aircraft up during the roundout for alanding. In
this case, a forward CG may cause a problem. During the
landing flare, power isusually reduced, which decreasesthe

. )

Figure 6-11. Aircraft witha T-tail design at ahigh ACAand an aft CG.
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Figure 6-12. When the aer odynamic efficiency of the horizontal tail
surfaceisinadequate dueto an aft CG condition, an elevator down
spring may be used to supply a mechanical |oad to lower the nose.

airflow over the empennage. This, coupled with the reduced
landing speed, makes the elevator |ess effective.

Asthisdiscussion demonstrates, pilots must understand and
follow proper loading procedures, particularly with regard
to the CG position. More information on aircraft loading,
as well as weight and balance, is included in Chapter 10,
Weight and Balance.

Stabilator

Asmentioned in Chapter 3, Aircraft Structure, astabilator is
essentially a one-piece horizontal stabilizer that pivotsfrom
a central hinge point. When the control column is pulled
back, it raises the stabilator’ strailing edge, pulling the nose
of the aircraft. Pushing the control column forward lowers
thetrailing edge of the stabilator and pitches the nose of the
aircraft down.

Because stabilators pivot around a central hinge point, they
are extremely sensitive to control inputs and aerodynamic
loads. Antiservo tabsareincorporated on thetrailing edgeto
decrease sensitivity. They deflect inthe samedirection asthe
stabilator. Thisresultsin an increasein the forcerequired to
movethe stabilator, thusmakingit less proneto pil ot-induced
overcontrolling. In addition, a balance weight is usually
incorporated in front of the main spar. The balance weight
may project into the empennage or may be incorporated on
the forward portion of the stabilator tips. [ Figure 6-13]

Canard

The canard design utilizesthe concept of two lifting surfaces.
Thecanard functionsasahorizontal stabilizer located in front

Antiservo tab

Stabilator

Balance weight Pivot point

Figure 6-13. The stabilator is a one-piece horizontal tail surface
that pivots up and down about a central hinge point.

of themainwings. In effect, the canardisan airfoil similar to
the horizontal surface on aconventional aft-tail design. The
difference is that the canard actually creates lift and holds
the nose up, as opposed to the aft-tail design which exerts
downward force on thetail to prevent the nose from rotating
downward. [Figure 6-14]

The canard design dates back to the pioneer days of aviation.
Most notably, it was used on the Wright Flyer. Recently, the
canard configuration hasregained popul arity and isappearing
on newer aircraft. Canard designsincludetwo types—onewith
ahorizontal surface of about the same sizeasanormal aft-tail
design, and the other with asurface of the same approximate
size and airfoil of the aft-mounted wing known as atandem
wing configuration. Theoretically, the canard is considered
more efficient because using the horizontal surface to help
lift the weight of the aircraft should result in less drag for a
given amount of lift.

Figure 6-14. The Piaggio P180 includes a variable-sweep canard
design that provides longitudinal stability about the lateral axis.

6-7



Rudder

Therudder controlsmovement of theaircraft about itsvertical
axis. Thismotioniscalled yaw. Liketheother primary control
surfaces, the rudder is a movable surface hinged to a fixed
surfaceinthiscase, to the vertical stabilizer or fin. Therudder
is controlled by the left and right rudder pedals.

When the rudder is deflected into the airflow, a horizonta
force is exerted in the opposite direction. [ Figure 6-15] By
pushing the left pedal, the rudder moves left. This atersthe
airflow around the vertical stabilizer/rudder and creates a
sideward lift that movesthetail to theright and yawsthe nose
of theairplaneto theleft. Rudder effectivenessincreaseswith
speed; therefore, large deflections at low speeds and small
deflections at high speeds may be required to provide the
desired reaction. In propeller-driven aircraft, any slipstream
flowing over the rudder increases its effectiveness.

V-Tail

TheV-tail design utilizestwo slanted tail surfacesto perform
the samefunctions asthe surfaces of aconventional elevator
and rudder configuration. The fixed surfaces act as both
horizontal and vertical stabilizers. [Figure 6-16]

Themovable surfaces, which areusually called ruddervators,
are connected through aspecial linkagethat allowsthe control
wheel to move both surfaces simultaneously. On the other
hand, displacement of the rudder pedals moves the surfaces
differentialy, thereby providing directional control.

When both rudder and elevator controls are moved by the
pilot, a control mixing mechanism moves each surface the

Left rudder forward

_Left rudder 4@,0 oy 0"

Figure 6-15. The effect of left rudder pressure.
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Figure 6-16. Beechcraft Bonanza V35.

appropriate amount. The control system for the V-tail ismore
complex than the control system for a conventional tail. In
addition, the V-tail design is more susceptible to Dutch roll
tendencies than a conventional tail, and total reduction in
drag isminimal.

Secondary Flight Controls
Secondary flight control systems may consist of wing flaps,
leading edge devices, spailers, and trim systems.

Flaps

Flapsare the most common high-lift devicesused on aircraft.
These surfaces, which are attached to the trailing edge of
the wing, increase both lift and induced drag for any given
AOA. Flaps alow a compromise between high cruising
speed and low landing speed because they may be extended
when needed and retracted into thewing’ s structure when not
needed. There are four common types of flaps: plain, split,
slotted, and Fowler flaps. [ Figure 6-17]

The plain flap is the simplest of the four types. It increases
the airfoil camber, resulting in a significant increase in the
coefficient of lift (C,) at agiven AOA. At the same time, it
greatly increases drag and movesthe center of pressure (CP)
aft ontheairfoil, resulting in anose-down pitching moment.

Thesplit flap isdeflected from thelower surface of theairfail
and produces adlightly greater increasein lift than the plain
flap. Moredrag is created because of the turbulent air pattern
produced behind the airfoil. When fully extended, both plain
and split flaps produce high drag with little additional lift.

The most popular flap on aircraft today is the sotted flap.
Variations of this design are used for small aircraft, as well
as for large ones. Slotted flaps increase the lift coefficient
significantly morethan plain or split flaps. On small aircraft,
the hinge islocated below the lower surface of the flap, and



when theflap islowered, aduct forms between the flap well
inthewing and theleading edge of the flap. When the s otted
flap is lowered, high energy air from the lower surface is
ducted to the flap’ s upper surface. The high energy air from
the slot accelerates the upper surface boundary layer and
delays airflow separation, providing a higher C, . Thus, the
slotted flap produces much greater increases in maximum
coefficient of lift (C__uax) than the plain or split flap. While
there are many types of slotted flaps, large aircraft often
have double- and even triple-slotted flaps. These alow the
maximum increasein drag without the airflow over theflaps
separating and destroying the lift they produce.

Y

Figure 6-17. Five common types of flaps.

Fowler flaps are atype of slotted flap. This flap design not
only changes the camber of the wing, it also increases the
wing area. Instead of rotating down on a hinge, it slides
backwards on tracks. In the first portion of its extension, it
increases the drag very little, but increases the lift a great
deal asit increases both the area and camber. Pilots should
be aware that flap extension may cause a nose-up or down
pitching moment, depending on the type of aircraft, which
the pilot will need to compensate for, usually with a trim
adjustment. As the extension continues, the flap deflects
downward. During the last portion of its travel, the flap
increases the drag with little additional increase in lift.

Leading Edge Devices

High-lift devices also can be applied to the leading edge of
theairfoil. The most common types are fixed slots, movable
dlats, leading edge flaps, and cuffs. [ Figure 6-18]

Fixed dots direct airflow to the upper wing surface and delay
airflow separation at higher angles of attack. The ot does not

Figure 6-18. Leading edge high lift devices.



increase the wing camber, but allows a higher maximum C_
becausethestall isdelayed until thewing reachesagreater AOA.

Movable slats consist of |eading edge segmentsthat move on
tracks. At low angles of attack, each dlat isheld flush against
the wing's leading edge by the high pressure that forms at
the wing's leading edge. As the AOA increases, the high-
pressure areamoves aft bel ow the lower surface of thewing,
allowing the datsto moveforward. Somedlats, however, are
pilot operated and can be deployed at any AOA. Opening a
dat allows the air below the wing to flow over the wing's
upper surface, delaying airflow separation.

Leading edge flaps, like trailing edge flaps, are used to
increase both C, _yax and the camber of thewings. Thistype
of leading edge deviceisfreguently used in conjunction with
trailing edge flaps and can reduce the nose-down pitching
movement produced by thelatter. Asistruewith trailing edge
flaps, a small increment of leading edge flaps increases lift
to a much greater extent than drag. As flaps are extended,
drag increases at a greater rate than lift.

L eading edge cuffs, likeleading edge flaps and trailing edge
flaps are used to increase both C, .\yax and the camber of
thewings. Unlike leading edge flaps and trailing edge flaps,
leading edge cuffs are fixed aerodynamic devices. In most
cases, leading edge cuffs extend the leading edge down and
forward. This causesthe airflow to attach better to the upper
surface of the wing at higher angles of attack, thuslowering
anaircraft’ sstall speed. Thefixed nature of leading edge cuffs
extracts a penalty in maximum cruise airspeed, but recent
advancesin design and technology have reduced thispenalty.

Spoilers

Found on some fixed-wing aircraft, high drag devicescalled
spoilers are deployed from the wings to spoil the smooth
airflow, reducing lift and increasing drag. On gliders, spoilers
are most often used to control rate of descent for accurate
landings. On other aircraft, spoilers are often used for roll
control, an advantage of which isthe elimination of adverse
yaw. Toturnright, for example, the spoiler on theright wing
israised, destroying some of the lift and creating more drag
on the right. The right wing drops, and the aircraft banks
and yaws to the right. Deploying spoilers on both wings at
the sametime alowsthe aircraft to descend without gaining
speed. Spoilers are also deployed to help reduce ground roll
after landing. By destroying lift, they transfer weight to the
whesels, improving braking effectiveness. [ Figure 6-19]

Trim Systems

Although an aircraft can be operated throughout awide range
of attitudes, airspeeds, and power settings, it can bedesigned to
fly hands-off within only avery limited combination of these
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Figure 6-19. Spoilersreducelift and increase drag during descent
and landing.

variables. Trim systems are used to relieve the pilot of the
need to maintain constant pressure on the flight controls, and
usually consist of flight deck controlsand small hinged devices
atached to thetrailing edge of oneor moreof the primary flight
control surfaces. Designed to help minimizeapilot’ sworkload,
trim systemsaerodynamically assist movement and position of
theflight control surfaceto which they are attached. Common
typesof trim systemsincludetrim tabs, balancetabs, antiservo
tabs, ground adjustable tabs, and an adjustable stabilizer.

Trim Tabs

The most common installation on small aircraft is asingle
trim tab attached to thetrailing edge of the elevator. Most trim
tabs are manually operated by a small, vertically mounted
control wheel. However, atrim crank may be found in some
aircraft. The flight deck control includes atrim tab position
indicator. Placing the trim control in the full nose-down
position moves the trim tab to its full up position. With
the trim tab up and into the airstream, the airflow over the
horizontal tail surface tends to force the trailing edge of the
elevator down. This causes the tail of the aircraft to move
up and the nose to move down. [Figure 6-20]

If thetrim tab is set to the full nose-up position, the tab moves
toitsfull down position. Inthiscase, theair flowing under the
horizontal tail surface hitsthe tab and forcesthetrailing edge
of the elevator up, reducing the elevator’s AOA. This causes
thetail of the aircraft to move down and the nose to move up.

In spite of the opposing directional movement of the trim
tab and the elevator, control of trim is natural to a pilot. If
the pilot needs to exert constant back pressure on a control
column, the need for nose-up trim is indicated. The normal
trim procedure is to continue trimming until the aircraft is
balanced and the nose-heavy conditionisno longer apparent.
Pilots normally establish the desired power, pitch attitude,
and configuration first, and then trim the aircraft to relieve
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Figure 6-20. The movement of the elevator is opposite to the
direction of movement of the elevator trim tab.

control pressures that may exist for that flight condition. As
power, pitch attitude, or configuration changes, retrimming
is necessary to relieve the control pressures for the new
flight condition.

Balance Tabs

The control forces may be excessively highin someaircraft,
and, in order to decrease them, the manufacturer may use
balance tabs. They look like trim tabs and are hinged in
approximately the same places as trim tabs. The essential
difference between thetwo isthat the balancing tabis coupled
to the control surface rod so that when the primary control
surface is moved in any direction, the tab automatically
moves in the opposite direction. The airflow striking the tab
counterbal ances some of theair pressure against the primary
control surface and enablesthe pil ot to movethe control more
easily and hold the control surface in position.

If the linkage between the balance tab and the fixed
surface is adjustable from the flight deck, the tab acts as a
combination trim and balance tab that can be adjusted to a
desired deflection.

Servo Tabs

Servotabsarevery similar in operation and appearanceto the
trim tabs previously discussed. A servotabisasmall portion
of aflight control surface that deploysin such away that it

helpsto movetheentireflight control surfacein thedirection
that the pilot wishesit to go. A servotabisadynamic device
that deploysto decrease the pilotswork load and de-stabilize
theaircraft. Servo tabsare sometimesreferred to asflight tabs
and are used primarily onlargeaircraft. They aid thepilotin
moving the control surface and in holding it in the desired
position. Only the servo tab movesin response to movement
of the pilot’s flight control, and the force of the airflow on
the servo tab then moves the primary control surface.

Antiservo Tabs

Antiservo tabs work in the same manner as balance tabs
except, instead of moving inthe oppositedirection, they move
in the same direction as the trailing edge of the stabilator.
In addition to decreasing the sensitivity of the stabilator, an
antiservo tab also functionsasatrim deviceto relieve control
pressure and maintain the stabilator in the desired position.
The fixed end of the linkage is on the opposite side of the
surface from the horn on thetab; when thetrailing edge of the
stabilator movesup, thelinkageforcesthetrailing edge of the
tab up. When the stabilator moves down, the tab also moves
down. Conversely, trim tabs on elevators move opposite of
the control surface. [ Figure 6-21]

Ground Adjustable Tabs

Many small aircraft have anonmovablemetal trimtab onthe
rudder. Thistabisbent in onedirection or the other while on
the ground to apply a trim force to the rudder. The correct
displacement isdetermined by trial and error. Usually, small

Stabilator

Pivot point

Figure 6-21. An antiservo tab attempts to streamline the control
surfaceand isused to make the stabilator |ess sensitive by opposing
the force exerted by the pilot.
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adjustments are necessary until the aircraft no longer skids
left or right during normal cruising flight. [ Figure 6-22]

Adjustable Stabilizer

Rather than using a movable tab on the trailing edge of the
elevator, someaircraft have an adjustable stabilizer. With this
arrangement, linkages pivot the horizontal stabilizer about
itsrear spar. Thisisaccomplished by the use of ajackscrew
mounted on the leading edge of the stabilator. [ Figure 6-23]
Onsmall aircraft, thejackscrew iscable operated with atrim
wheel or crank. On larger aircraft, it is motor driven. The
trimming effect and flight deck indications for an adjustable
stabilizer are similar to those of atrim tab.

Autopilot

Autopilot isan automatic flight control system that keeps an
aircraftinlevel flight or on aset course. It can be directed by
the pilot, or it may be coupled to a radio navigation signal.
Autopilot reducesthe physical and mental demandson apilot
and increases safety. The common features available on an
autopilot are altitude and heading hold.

The smplest systems use gyroscopic attitude indicators and
magnetic compasses to control servos connected to the flight
control system. [Figure 6-24] The number and location of
these servos depends on the complexity of the system. For
example, asingle-axis autopilot controls the aircraft about the
longitudina axisand aservo actuatestheailerons. A three-axis
autopilot controlstheaircraft about thelongitudinal, lateral, and
vertica axes. Three different servos actuate ailerons, elevator,
and rudder. More advanced systems often include a vertica
speed and/or indicated airspeed hold mode. Advanced autopil ot
systemsare coupled to navigationd aidsthrough aflight director.

Figure 6-22. Aground adjustabletab isused on the rudder of many
small airplanes to correct for a tendency to fly with the fuselage
dlightly misaligned with the relative wind.
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Figure 6-23. Some aircraft, including most jet transports, use an
adjustable stabilizer to provide the required pitch trimforces.

The autopilot system also incorporates a disconnect safety
feature to disengage the system automatically or manually.
These autopilots work with inertial navigation systems,
global positioning systems (GPS), and flight computers to
control the aircraft. In fly-by-wire systems, the autopilot is
an integrated component.

Additionally, autopilots can be manually overridden. Because
autopilot systems differ widely in their operation, refer to
the autopilot operating instructions in the Airplane Flight
Manual (AFM) or the Pilot’s Operating Handbook (POH).

Chapter Summary

Because flight control systems and aerodynamic
characteristics vary greatly between aircraft, it is essential
that apilot become familiar with the primary and secondary
flight control systems of the aircraft being flown. The
primary source of thisinformation isthe AFM or the POH.
V arious manufacturer and owner group websites can also be
avaluable source of additional information.

Figure 6-24. Basic autopilot system integrated into the flight
control system.



Introduction

This chapter covers the primary systems found on most
aircraft. These include the engine, propeller, induction,
ignition, as well as the fuel, lubrication, cooling, electrical,
landing gear, and environmental control systems.

Powerplant

An aircraft engine, or powerplant, produces thrust to propel
an aircraft. Reciprocating engines and turboprop engines
work in combination with a propeller to produce thrust.
Turbojet and turbofan engines produce thrust by increasing
the velocity of air flowing through the engine. All of these
powerplants also drive the various systems that support the
operation of an aircraft.
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Reciprocating Engines

Most small aircraft are designed with reciprocating
engines. The name is derived from the back-and-forth, or
reciprocating, movement of the pistons that produces the
mechanical energy necessary to accomplish work.

Driven by a revitalization of the general aviation (GA)
industry and advances in both material and engine design,
reciprocating engine technology hasimproved dramatically
over the past two decades. The integration of computerized
engine management systems has improved fuel efficiency,
decreased emissions, and reduced pilot workload.

Reciprocating engines operate on the basic principle of
converting chemical energy (fuel) into mechanical energy.
This conversion occurs within the cylinders of the engine
through the process of combustion. The two primary
reciprocating engine designs are the spark ignition and the
compressionignition. The spark ignition reciprocating engine
has served as the powerplant of choice for many years. In
an effort to reduce operating costs, simplify design, and
improvereliability, several engine manufacturersareturning
to compressionignition asaviablealternative. Often referred
to as jet fuel piston engines, compression ignition engines
have the added advantage of utilizing readily available and
lower cost diesel or jet fuel.

The main mechanical components of the spark ignition and
the compression ignition engine are essentially the same.
Both use cylindrical combustion chambers and pistons that
travel the length of the cylinders to convert linear motion
into the rotary motion of the crankshaft. The main difference
between spark ignition and compression ignition is the
process of igniting the fuel. Spark ignition engines use a
spark plug to ignite a pre-mixed fuel-air mixture. (Fuel-air
mixture is the ratio of the “weight” of fuel to the “weight”
of air in the mixture to be burned.) A compression ignition
engine first compresses the air in the cylinder, raising its
temperature to a degree necessary for automatic ignition
when fuel isinjected into the cylinder.

These two engine designs can be further classified as:

1. Cylinder arrangement with respect to the crankshaft—
radial, in-line, v-type, or opposed
Operating cycle—two or four
Method of cooling—Iliquid or air

Radial engines were widely used during World War 1l and
many are still in service today. With these engines, arow or
rows of cylinders are arranged in a circular pattern around
the crankcase. The main advantage of aradia engineisthe
favorable power-to-weight ratio. [ Figure 7-1]
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Figure 7-1. Radial engine.

In-line engines have a comparatively small frontal area, but
their power-to-weight ratios are relatively low. In addition,
the rearmost cylinders of an air-cooled, in-line engine
receive very little cooling air, so these engines are normally
limited to four or six cylinders. V-type engines provide
more horsepower than in-line enginesand still retain asmall
frontal area

Continued improvements in engine design led to the
development of the horizontally-opposed engine, which
remains the most popular reciprocating engines used on
smaller aircraft. These engines always have an even number
of cylinders, since a cylinder on one side of the crankcase
“opposes’ a cylinder on the other side. [Figure 7-2] The
majority of these engines are air cooled and usually are
mounted in ahorizontal position wheninstalled on fixed-wing
airplanes. Opposed-type engines have high power-to-weight
ratios because they have acomparatively small, lightweight
crankcase. In addition, the compact cylinder arrangement
reduces the engine's frontal area and allows a streamlined
installation that minimizes aerodynamic drag.

Opposed cylinders

Figure 7-2. Horizontally opposed engine.



Depending on the engine manufacturer, all of these
arrangements can be designed to utilize spark or compression
ignition and operate on either atwo- or four-stroke cycle.

In a two-stroke engine, the conversion of chemical energy
into mechanical energy occurs over a two-stroke operating
cycle. Theintake, compression, power, and exhaust processes
occur in only two strokes of the piston rather than the more
common four strokes. Because a two-stroke engine has
a power stroke upon each revolution of the crankshaft, it
typically hashigher power-to-weight ratio than acomparable
four-stroke engine. Due to the inherent inefficiency and
disproportionate emissions of the earliest designs, use of the
two-stroke engine has been limited in aviation.

Recent advances in material and engine design have
reduced many of the negative characteristics associated
with two-stroke engines. Modern two-stroke engines often
use conventional oil sumps, oil pumps, and full pressure
fed lubrication systems. The use of direct fuel injection
and pressurized air, characteristic of advanced compression
ignition engines, make two-stroke compression ignition
enginesaviable alternative to the more common four-stroke
spark ignition designs. [Figure 7-3]

Spark ignition four-stroke engines remain the most common
design used in GA today. [Figure 7-4] The main parts of a
spark ignition reciprocating engine include the cylinders,
crankcase, and accessory housing. Theintake/exhaust valves,
spark plugs, and pistons are located in the cylinders. The
crankshaft and connecting rods are located in the crankcase.
The magnetos are normally located on the engine accessory
housing.
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Figure 7-3. Two-stroke compression ignition.
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Figure 7-4. Main components of a spark ignition reciprocating
engine.

Inafour-stroke engine, the conversion of chemical energy into
mechanical energy occursover afour-stroke operating cycle.
Theintake, compression, power, and exhaust processes occur
in four separate strokes of the piston in the following order.

1. The intake stroke begins as the piston starts its
downward travel. When this happens, the intake
valve opensand the fuel-air mixtureisdrawn into the
cylinder.

2. Thecompression stroke beginswhen theintakevalve
closes, and the piston starts moving back to the top of
the cylinder. This phase of the cycleis used to obtain
amuch greater power output from the fuel-air mixture
onceit isignited.

3. Thepower stroke begins when the fuel-air mixtureis
ignited. This causes a tremendous pressure increase
in the cylinder and forces the piston downward away
from the cylinder head, creating the power that turns
the crankshaft.
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4. The exhaust stroke is used to purge the cylinder of
burned gases. It beginswhen the exhaust valve opens,
and the piston startsto move toward the cylinder head
once again.

Even when the engine is operated at a fairly low speed,
the four-stroke cycle takes place several hundred times
each minute. [Figure 7-5] In a four-cylinder engine, each
cylinder operates on a different stroke. Continuous rotation
of a crankshaft is maintained by the precise timing of the
power strokesin each cylinder. Continuous operation of the
engine depends on the simultaneous function of auxiliary
systems, including the induction, ignition, fuel, cil, cooling,
and exhaust systems.

The latest advance in aircraft reciprocating engines was
pioneered in the mid-1960s by Frank Thielert, who looked
to the automotive industry for answers on how to integrate
diesel technology into an aircraft engine. The advantage
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Figure 7-5. Thearrowsin thisillustration indicate the direction of
motion of the crankshaft and piston during the four-stroke cycle.
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of a diesel-fueled reciprocating engine lies in the physical
similarity of diesel and kerosene. Aircraft equipped with a
diesel piston engine runson standard aviation fuel kerosene,
which provides moreindependence, higher reliability, lower
consumption, and operational cost saving.

In 1999, Thielert formed Thielert Aircraft Engines (TAE)
to design, develop, certify, and manufacture a brand-new
Jet-A-burning diesel cycle engine (also known as jet-fueled
piston engine) for the GA industry. By March 2001, thefirst
prototype engine became the first certified diesel engine
since World War 1. TAE continues to design and develop
diesel cycle enginesand other engine manufacturers, such as
Saociété de Motorisations Aéronautiques (SMA), now offer
jet-fueled piston engines aswell. TAE engines can be found
on the Diamond DA40 single and the DA42 Twin Star; the
first diesel engine to be part of the type certificate of a new
original equipment manufacturer (OEM) aircraft.

These engines have also gained a toehold in the retrofit
market with a supplemental type certificate (STC) to re-
engine the Cessna 172 models and the Piper PA-28 family.
The jet-fueled piston engine's technology has continued to
progressand afull authority digital engine control (FADEC,
discussed morefully later in the chapter) is standard on such
equipped aircraft, which minimizes complication of engine
control. By 2007, variousjet-fueled piston aircraft had logged
well over 600,000 hours of service.

Propeller

The propeller is arotating airfoil, subject to induced drag,
stalls, and other aerodynamic principles that apply to any
airfoil. It provides the necessary thrust to pull, or in some
cases push, the aircraft through the air. The engine power is
used to rotate the propeller, which in turn generates thrust
very similar to the manner in which a wing produces lift.
The amount of thrust produced depends on the shape of the
airfoil, the angle of attack (AOA) of the propeller blade, and
therevolutions per minute (rpm) of the engine. The propeller
itself is twisted so the blade angle changes from hub to tip.
The greatest angle of incidence, or the highest pitch, isat the
hub while the smallest angle of incidence or smallest pitch
isat thetip. [Figure 7-6]

The reason for the twist is to produce uniform lift from the
hub to the tip. As the blade rotates, there is a difference in
the actual speed of the various portions of the blade. Thetip
of the blade travel sfaster than the part near the hub, because
the tip travels a greater distance than the hub in the same
length of time. [ Figure 7-7] Changing the angle of incidence
(pitch) from the hub to the tip to correspond with the speed
produces uniform lift throughout the length of the blade. A
propeller blade designed with the same angle of incidence
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Figure 7-6. Changesin propeller blade angle from hub to tip.

throughout its entire length would be inefficient because as
airspeed increases in flight, the portion near the hub would
have a negative AOA while the blade tip would be stalled.
Small aircraft are equipped with either one of two types of
propellers: fixed-pitch or adjustable-pitch.

Fixed-Pitch Propeller

A propeller with fixed blade anglesisafixed-pitch propeller.
The pitch of this propeller is set by the manufacturer and
cannot be changed. Since a fixed-pitch propeller achieves
the best efficiency only at a given combination of airspeed
and rpm, the pitch setting is ideal for neither cruise nor
climb. Thus, the aircraft suffers a hit in each performance
category. Thefixed-pitch propeller isused when low weight,
simplicity, and low cost are needed.

There are two types of fixed-pitch propellers: climb and
cruise. Whether the airplane has a climb or cruise propeller

2,500 rpm

~ (e -

2,500 rpm

Figure 7-7. Relationship of travel distance and speed of various
portions of propeller blade.

installed depends upon itsintended use. The climb propeller
has a lower pitch, therefore less drag. Less drag results in
higher rpm and more horsepower capability, which increases
performance during takeoffs and climbs but decreases
performance during cruising flight.

The cruise propeller has a higher pitch, therefore more
drag. More drag results in lower rpm and less horsepower
capability, which decreases performance during takeoffsand
climbs but increases efficiency during cruising flight.

The propeller is usually mounted on a shaft, which may be
an extension of the engine crankshaft. In this case, the rpm
of the propeller would be the same as the crankshaft rpm. On
some engines, the propeller is mounted on a shaft geared to
the engine crankshaft. In this type, the rpm of the propeller
is different than that of the engine.

In afixed-pitch propeller, the tachometer is the indicator of
engine power. [Figure 7-8] A tachometer is calibrated in
hundreds of rpm and gives a direct indication of the engine
and propeller rpm. Theinstrument iscolor coded with agreen
arc denoting the maximum continuous operating rpm. Some
tachometers have additional markingsto reflect engine and/or
propeller limitations. The manufacturer’ s recommendations
should be used asareferenceto clarify any misunderstanding
of tachometer markings.

Therpmisregulated by thethrottle, which controlsthe fuel-
air flow to the engine. At a given altitude, the higher the
tachometer reading, the higher the power output of the engine.

When operating altitude increases, the tachometer may not
show correct power output of the engine. For example, 2,300
rpm at 5,000 feet produces less horsepower than 2,300 rpm
at sealevel because power output dependson air density. Air
density decreases as altitude increases and a decrease in air
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Figure 7-8. Engine rpmisindicated on the tachometer.
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density (higher density altitude) decreases the power output
of the engine. Asaltitude changes, the position of thethrottle
must be changed to maintain the same rpm. As altitude is
increased, the throttle must be opened further to indicate the
same rpm as at alower atitude.

Adjustable-Pitch Propeller

The adjustable-pitch propeller was the forerunner of the
constant-speed propeller. It isapropeller with blades whose
pitch can be adjusted on the ground with the engine not
running, but which cannot be adjusted in flight. It is also
referred to as a ground adjustable propeller. By the 1930s,
pioneer aviation inventors were laying the ground work for
automatic pitch-change mechanisms, which iswhy theterm
sometimes refers to modern constant-speed propellers that
are adjustable in flight.

Thefirst adjustable-pitch propeller systems provided only two
pitch settings: low and high. Today, most adjustable-pitch
propeller systems are capable of arange of pitch settings.

A constant-speed propeller is a controllable-pitch propeller
whose pitch is automatically varied in flight by a governor
maintaining constant rpm despite varying air loads. It isthe
most common type of adjustable-pitch propeller. The main
advantage of a constant-speed propeller is that it converts
a high percentage of brake horsepower (BHP) into thrust
horsepower (THP) over a wide range of rpm and airspeed
combinations. A constant-speed propeller is more efficient
than other propellers because it allows selection of the most
efficient engine rpm for the given conditions.

Anaircraft with aconstant-speed propeller hastwo controls:
the throttle and the propeller control. The throttle controls
power output, and the propeller control regulates engine
rpm. This regulates propeller rpm, which is registered on
the tachometer.

Once a specific rpm is selected, a governor automatically
adjusts the propeller blade angle as necessary to maintain
the selected rpm. For example, after setting the desired rpm
during cruising flight, an increase in airspeed or decrease in
propeller load causes the propeller blade angle to increase
as necessary to maintain the selected rpm. A reduction in
airspeed or increase in propeller load causes the propeller
blade angle to decrease.

The propeller’s constant-speed range, defined by the high
and low pitch stops, isthe range of possible blade anglesfor
a constant-speed propeller. As long as the propeller blade
angle is within the constant-speed range and not against
either pitch stop, a constant engine rpm is maintained. If
the propeller blades contact a pitch stop, the engine rpm
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will increase or decrease as appropriate, with changes in
airspeed and propeller load. For example, once a specific
rpm has been selected, if aircraft speed decreases enough to
rotate the propeller blades until they contact the low pitch
stop, any further decrease in airspeed will cause engine rpm
to decrease the same way asif afixed-pitch propeller were
installed. The same holdstrue when an aircraft equipped with
aconstant-speed propeller acceleratesto afaster airspeed. As
theaircraft accel erates, the propeller blade angleincreasesto
maintain the selected rpm until the high pitch stop isreached.
Oncethisoccurs, the blade angle cannot increase any further
and engine rpm increases.

On aircraft equipped with a constant-speed propeller, power
output iscontrolled by thethrottle and indi cated by amanifold
pressure gauge. The gauge measures the absol ute pressure of
the fuel-air mixture inside the intake manifold and is more
correctly ameasure of manifold absolute pressure (MAP). At
aconstant rpm and altitude, the amount of power produced
isdirectly related to the fuel-air mixture being delivered to
the combustion chamber. Asthethrottle setting isincreased,
more fuel and air flows to the engine and MAP increases.
When the engineis not running, the manifold pressure gauge
indicates ambient air pressure (i.e., 29.92 inches mercury
(29.92 "Hg)). When the engine is started, the manifold
pressure indication decreases to a value less than ambient
pressure (i.e., idle at 12 "Hg). Engine failure or power loss
isindicated on the manifold gauge asan increasein manifold
pressureto avalue corresponding to the ambient air pressure
at the altitude where the failure occurred. [Figure 7-9]

The manifold pressure gauge is color coded to indicate the
engine’ s operating range. The face of the manifold pressure
gauge contains a green arc to show the normal operating
range and a red radia line to indicate the upper limit of
manifold pressure.

/€ 30 ‘y N

<< o5 35 7,

: W\IIFOLD
RESS
=20

8 15

C, 10

IN Hg
ALg.

455
50 O
N\

o"..

Figure 7-9. Engine power output is indicated on the manifold
pressure gauge.



For any given rpm, there is amanifold pressure that should
not be exceeded. If manifold pressureisexcessivefor agiven
rpm, the pressure within the cylinders could be exceeded,
placing undue stress on the cylinders. If repeated too
frequently, this stress can weaken the cylinder components
and eventually cause engine failure.

A pilot can avoid conditions that overstress the cylinders
by being constantly aware of the rpm, especially when
increasing the manifold pressure. Consult the manufacturer’s
recommendationsfor power settings of aparticular engineto
maintain the proper relationship between manifold pressure
and rpm.

When both manifold pressure and rpm need to be changed,
avoid engine overstress by making power adjustments in
the proper order:

e When power settings are being decreased, reduce
manifold pressure before reducing rpm. If rpm is
reduced before manifold pressure, manifold pressure
automatically increases, possibly exceeding the
manufacturer’ s tolerances.

e When power settings are being increased, reversethe
order—increase rpm first, then manifold pressure.

e To prevent damage to radial engines, minimize
operating time at maximum rpm and manifold
pressure, and avoid operation at maximum rpm and
low manifold pressure.

Theengineand/or airframe manufacturer’ srecommendations
should be followed to prevent severe wear, fatigue, and
damage to high-performance reciprocating engines.

Propeller Overspeed in Piston Engine Aircraft

On March 17, 2010, the Federal Aviation Administration
(FAA) issued Specia Airworthiness Information Bulletin
(SAIB) CE-10-21. The subject was Propellers/Propulsers;
Propeller Overspeed in Piston Engine Aircraft to alert
operators, pilots, and aircraft manufacturers of concerns
for an optimum response to a propeller overspeed in piston
engine aircraft with variable pitch propellers. Although a
SAIB isnot regulatory in nature, the FAA recommends that
the information be read and taken into consideration for the
safety of flight.

The document explains that a single-engine aircraft
experienced a propeller overspeed during cruise flight at
7,000 feet. The pilot reported that the application of throttle
resulted in apropeller overspeed with no appreciable thrust.
Thepilot attempted to glideto anearby airport and established
the* best glide” speed of 110 knots, aspublishedinthePilot’'s

Operating Handbook (POH), but was unable to reach the
airport and was forced to conduct an off-field landing.

It wasfurther explained that adetermination was madethat the
propeller experienced afailure causing the blade pitch change
mechanismto moveto thelow pitch stop position. Thiscaused
the propeller to operate as a fixed-pitch propeller such that it
changes rpm with changes in power and airspeed. The low
pitch setting alows for maximum power during takeoff but
can result in apropeller overspeed at a higher airspeed.

A performance evaluation of the flight condition was
performed for the particular aircraft model involved in this
incident. This evaluation indicated that an airspeed lower
than the best glide speed would have resulted in increased
thrust enabling the pilot to maintain level flight. There are
numerous variables in aircraft, engines, and propellers
that affect aircraft performance. For some aircraft models,
the published best glide speed may not be low enough to
generate adequate thrust for a given propeller installation in
this situation (propeller blades at low pitch stop position).

Theoperatorsof aircraft with variable pitch propellers should
be awarethat in certain instances of propeller overspeed, the
airspeed necessary to maintain level flight may be different
than the speed associated with engine-out best glide speed.
The appropriate emergency procedures should befollowed to
mitigate the emergency situation in the event of a propeller
overspeed; however, pilots should be aware that some
reduction in airspeed may result in the ability for continued
safeflight and landing. The determination of an airspeed that
ismore suitable than engine-out best glide speed should only
be conducted at a safe altitude when the pilot has time to
determine an alternative course of action other than landing
immediately.

Induction Systems

The induction system brings in air from the outside, mixes
it with fuel, and deliversthe fuel-air mixture to the cylinder
where combustion occurs. Outside air enters the induction
system through an intake port on the front of the engine
cowling. Thisport normally containsan air filter that inhibits
the entry of dust and other foreign objects. Since the filter
may occasionally become clogged, an alternate source of
air must be available. Usualy, the alternate air comes from
inside the engine cowling, where it bypasses a clogged air
filter. Some alternate air sources function automatically,
while others operate manually.
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Two types of induction systems are commonly used in small
aircraft engines:

1. The carburetor system mixes the fuel and air in
the carburetor before this mixture enters the intake
manifold.

2. The fuel injection system mixes the fuel and air
immediately before entry into each cylinder or injects
fuel directly into each cylinder.

Carburetor Systems

Aircraft carburetors are separated into two categories: float-
type carburetors and pressure-type carburetors. Float-type
carburetors, complete with idling, accelerating, mixture
control, idle cutoff, and power enrichment systems, are the
most common of the two carburetor types. Pressure-type
carburetorsare usually not found on small aircraft. Thebasic
difference between afloat-type and apressure-type carburetor
isthe delivery of fuel. The pressure-type carburetor delivers
fuel under pressure by afuel pump.

In the operation of the float-type carburetor system, the
outside air first flows through an air filter, usually located
at an air intake in the front part of the engine cowling. This
filtered air flowsinto the carburetor and through aventuri, a
narrow throat in the carburetor. When the air flows through
the venturi, a low-pressure area is created that forces the

fuel to flow through amain fuel jet located at the throat. The
fuel then flowsinto the airstream where it is mixed with the
flowing air. [ Figure 7-10]

The fuel-air mixture is then drawn through the intake
manifold and into the combustion chambers where it is
ignited. The float-type carburetor acquires its name from a
float that rests on fuel within the float chamber. A needle
attached to the float opens and closes an opening at the
bottom of the carburetor bowl. This meters the amount of
fuel entering into the carburetor, depending upon the position
of the float, which is controlled by the level of fuel in the
float chamber. When the level of the fuel forces the float
to rise, the needle valve closes the fuel opening and shuts
off the fuel flow to the carburetor. The needle valve opens
again when the engine requires additional fuel. The flow of
the fuel-air mixture to the combustion chambersisregul ated
by the throttle valve, which is controlled by the throttle in
the flight deck.

Thefloat-type carburetor has several distinct disadvantages.
First, they do not function well during abrupt maneuvers.
Secondly, the discharge of fuel at low pressure leads to
incomplete vaporization and difficulty in discharging
fuel into some types of supercharged systems. The chief
disadvantage of the float-type carburetor, however, is its
icing tendency. Sincethefloat-type carburetor must discharge

Fuel-air mixture

The blend of fuel and
air is routed to the
combustion chambers
to be burned.

Throttle valve

The flow of the fuel-air
mixture is controlled by
the throttle valve. The
throttle valve is adjusted
from the flight deck by
the throttle.

Venturi

The shape of the venturi
creates an area of low
pressure.

Discharge nozzle

Fuel is forced through
the discharge nozzle
into the venturi by
greater atmospheric
pressure in the float
chamber.

Air inlet
Air enters the carburetor

through the air inlet.

L
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Fuel inlet

Fuel is received into
the carburetor through
the fuel inlet.

Float chamber

Fuel level is maintained
by a float-type device.

Mixture needle

The mixture needle
controls fuel to the
discharge nozzle.
Mixture needle position
can be adjusted using
the mixture control.

Air bleed

The air bleed allows air to be mixed
with fuel being drawn out of the
discharge nozzle to decrease fuel

density and promote fuel vaporization.

Figure 7-10. Float-type carburetor.
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fuel at apoint of low pressure, the discharge nozzle must be
located at the venturi throat, and the throttle valve must be
on the engine side of the discharge nozzle. This means that
the drop in temperature due to fuel vaporization takes place
withintheventuri. Asaresult, icereadily formsin the venturi
and on the throttle valve.

A pressure-type carburetor discharges fuel into the airstream
at a pressure well above atmospheric pressure. This results
in better vaporization and permits the discharge of fuel into
theairstream on the engine side of thethrottle valve. With the
discharge nozzleinthisposition fuel vaporization takes place
after theair has passed through the throttle valve and at apoint
wherethedropintemperatureisoffset by heat fromtheengine.
Thus, the danger of fuel vaporization icing is practically
eliminated. The effects of rapid maneuvers and rough air on
the pressure-type carburetors are negligible, since their fuel
chambers remain filled under al operating conditions.

Mixture Control

Carburetors are normally calibrated at sea-level air pressure
wherethe correct fuel-air mixtureratio is established with the
mixture control setinthe FULL RICH position. However, as
altitude increases, the density of air entering the carburetor
decreases, whilethe density of thefuel remainsthesame. This
createsaprogressively richer mixturethat canresultin engine
roughness and an appreciable |oss of power. The roughness
normally isdueto spark plug fouling from excessive carbon
buildup on the plugs. Carbon buildup occurs because the
rich mixture lowers the temperature inside the cylinder,
inhibiting complete combustion of the fuel. This condition
may occur during the runup prior to takeoff at high-elevation
airports and during climbs or cruise flight at high altitudes.
To maintain the correct fuel-air mixture, the mixture must
be leaned using the mixture control. Leaning the mixture
decreases fuel flow, which compensates for the decreased
air density at high altitude.

During a descent from high altitude, the fuel-air mixture
must be enriched, or it may becometoo lean. An overly lean
mixture causes detonation, which may result in rough engine
operation, overhesating, and/or aloss of power. The best way
to maintain the proper fuel-air mixture is to monitor the
engine temperature and enrich the mixture as needed. Proper
mixture control and better fuel economy for fuel-injected
engines can be achieved by using an exhaust gastemperature
(EGT) gauge. Since the process of adjusting the mixture can
vary from one aircraft to another, it isimportant to refer to
the airplane flight manual (AFM) or the POH to determine
the specific procedures for a given aircraft.

Carburetor Icing

As mentioned earlier, one disadvantage of the float-type
carburetor is its icing tendency. Carburetor ice occurs due
to the effect of fuel vaporization and the decrease in air
pressure in the venturi, which causes a sharp temperature
drop in the carburetor. If water vapor in the air condenses
when the carburetor temperature is at or below freezing, ice
may form on internal surfaces of the carburetor, including
the throttle valve. [ Figure 7-11]

Thereduced air pressure, aswell as the vaporization of fuel,
contributesto the temperature decrease in the carburetor. Ice
generally formsinthevicinity of thethrottlevalveand inthe
venturi throat. Thisrestricts the flow of the fuel-air mixture
and reduces power. If enough ice builds up, the engine may
ceaseto operate. Carburetor iceismost likely to occur when
temperatures are below 70 degrees Fahrenheit (°F) or 21
degrees Celsius (°C) and the relative humidity is above 80
percent. Due to the sudden cooling that takes place in the
carburetor, icing can occur even in outside air temperatures
ashigh as 100 °F (38 °C) and humidity aslow as 50 percent.
This temperature drop can be as much as 60 to 70 absolute
(versus relative) Fahrenheit degrees (70 x 100/180 = 38.89
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To engine Fuel-air mixture

Ice

Incoming air
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Figure 7-11. The formation of carburetor ice may reduce or block
fuel-air flow to the engine.
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Celsiusdegrees) (Remember there are 180 Fahrenheit degrees
from freezing to boiling versus 100 degrees for the Celsius
scale.) Therefore, an outside air temperature of 100 F (38 C),
atemperature drop of an absolute 70 F degrees (38.89 Celsius
degrees) resultsin an air temperature in the carburetor of 30
F (-1 C). [Figure 7-12]

The first indication of carburetor icing in an aircraft with
a fixed-pitch propeller is a decrease in engine rpm, which
may be followed by engine roughness. In an aircraft with a
constant-speed propeller, carburetor icing isusudly indicated
by adecrease in manifold pressure, but no reduction in rpm.
Propeller pitch is automatically adjusted to compensate for
loss of power. Thus, aconstant rpmis maintained. Although
carburetor ice can occur during any phase of flight, it is
particularly dangerous when using reduced power during a
descent. Under certain conditions, carburetor ice could build
unnoticed until power is added. To combat the effects of
carburetor ice, engines with float-type carburetors employ a
carburetor heat system.

Carburetor Heat

Carburetor heat is an anti-icing system that preheats the air
before it reaches the carburetor and is intended to keep the
fuel-air mixture above freezing to prevent the formation of
carburetor ice. Carburetor heat can be used to melt icethat has
already formed in the carburetor if the accumulation isnot too
great, but using carburetor heat as a preventative measure is
the better option. Additionally, carburetor heat may be used
as an dternate air source if the intake filter clogs, such asin
sudden or unexpected airframeicing conditions. The carburetor
heat should be checked during the engine runup. When using
carburetor heat, follow the manufacturer’ srecommendations.

When conditions are conducive to carburetor icing during
flight, periodic checks should be made to detect its

100%

90%

80%

70%

Relative humidity

60%

0%

20°F/-7°C 32°F/0°C 70°F/21°C 100°F/38°C

Outside air temperature

Figure 7-12. Although carburetor ice is most likely to form when
the temperature and humidity arein rangesindicated by thischart,
carburetor icing is possible under conditions not depicted.
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presence. If detected, full carburetor heat should be applied
immediately, and it should be left in the ON position until
the pilot is certain that al the ice has been removed. If ice
is present, applying partial heat or leaving heat on for an
insufficient time might aggravate the situation. In extreme
casesof carburetor icing, even after theice has been removed,
full carburetor heat should be used to prevent further ice
formation. If installed, a carburetor temperature gauge is
useful in determining when to use carburetor heat.

Whenever thethrottleisclosed during flight, the engine cools
rapidly and vaporization of the fuel isless complete than if
theengineiswarm. Also, inthiscondition, theengineismore
susceptibleto carburetor icing. If carburetor icing conditions
are suspected and closed-throttle operation anticipated, adjust
the carburetor heat to the full ON position before closing the
throttle and leave it on during the closed-throttle operation.
The heat aids in vaporizing the fuel and helps prevent the
formation of carburetor ice. Periodically, open the throttle
smoothly for a few seconds to keep the engine warm;
otherwise, the carburetor heater may not provide enough
heat to prevent icing.

The use of carburetor heat causes a decrease in engine
power, sometimes up to 15 percent, because the heated
air is less dense than the outside air that had been entering
the engine. This enriches the mixture. When ice is present
in an aircraft with a fixed-pitch propeller and carburetor
heat is being used, there is a decrease in rpm, followed by
agradual increase in rpm as the ice melts. The engine also
should run more smoothly after the ice has been removed.
If ice is not present, the rpm decreases and then remains
constant. When carburetor heat is used on an aircraft with a
constant-speed propeller and iceis present, adecreasein the
manifold pressureisnoticed, followed by agradua increase.
If carburetor icing is not present, the gradual increase in
manifold pressure is not apparent until the carburetor heat
isturned off.

Itisimperativefor apilot to recognize carburetor icewhen it
formsduring flight to prevent alossin power, altitude, and/or
airspeed. These symptoms may sometimes be accompanied
by vibration or engine roughness. Once a power l0ss is
noticed, immediate action should be taken to eliminate ice
already formed in the carburetor and to prevent further ice
formation. Thisis accomplished by applying full carburetor
heat, which will further reduce power and may cause engine
roughness as melted ice goes through the engine. These
symptoms may last from 30 seconds to several minutes,
depending on the severity of theicing. During this period, the
pilot must resist the temptation to decrease the carburetor heat
usage. Carburetor heat must remain in the full-hot position
until normal power returns.



Since the use of carburetor heat tends to reduce the output
of the engine and to increase the operating temperature,
carburetor heat should not be used when full power isrequired
(asduring takeoff) or during normal engine operation, except
to check for the presence of, or to remove, carburetor ice.

Carburetor Air Temperature Gauge

Someaircraft are equipped with acarburetor air temperature
gauge, whichisuseful in detecting potential icing conditions.
Usually, theface of thegaugeiscalibrated in degrees Celsius
with ayellow arc indicating the carburetor air temperatures
where icing may occur. This yellow arc typically ranges
between —15 °C and +5 °C (5 °F and 41 °F). If the air
temperature and moisture content of the air are such that
carburetor icing is improbable, the engine can be operated
with theindicator in theyellow range with no adverse effects.
If the atmospheric conditions are conducive to carburetor
icing, the indicator must be kept outside the yellow arc by
application of carburetor heat.

Certain carburetor air temperature gauges have ared radial
that indicates the maximum permissible carburetor inlet air
temperature recommended by the engine manufacturer. If
present, a green arc indicates the normal operating range.

Outside Air Temperature Gauge
Most aircraft are also equipped with an outside air
temperature (OAT) gauge calibrated in both degrees

Celsius and Fahrenheit. It provides the outside or ambient
air temperature for calculating true airspeed and is useful in
detecting potential icing conditions.

Fuel Injection Systems

In afuel injection system, the fuel is injected directly into
the cylinders, or just ahead of the intake valve. The air
intake for the fuel injection system is similar to that used
in a carburetor system, with an alternate air source located
within the engine cowling. Thissourceisused if the external
air source is obstructed. The alternate air source is usualy
operated automatically, with a backup manual system that
can be used if the automatic feature malfunctions.

A fuel injection system usually incorporates six basic
components. an engine-driven fuel pump, afuel-air control
unit, a fuel manifold (fuel distributor), discharge nozzles,
an auxiliary fuel pump, and fuel pressure/flow indicators.
[Figure 7-13]

The auxiliary fuel pump provides fuel under pressure to the
fuel-air control unit for engine starting and/or emergency
use. After starting, the engine-driven fuel pump providesfuel
under pressure from the fuel tank to the fuel-air control unit.

This control unit, which essentially replaces the carburetor,
meters fuel based on the mixture control setting and sendsit
to thefuel manifold valve at arate controlled by the throttle.
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Figure 7-13. Fuel injection system.
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After reaching the fuel manifold valve, thefuel isdistributed
to the individual fuel discharge nozzles. The discharge
nozzles, which are located in each cylinder head, inject the
fuel-air mixture directly into each cylinder intake port.

A fuel injection system is considered to be less susceptible
to icing than a carburetor system, but impact icing on the air
intake is a possibility in either system. Impact icing occurs
when ice forms on the exterior of the aircraft and blocks
openings, such asthe air intake for the injection system.

The following are advantages of using fuel injection:
*  Reduction in evaporativeicing
e Better fuel flow
e Faster throttle response
*  Precise control of mixture
*  Better fuel distribution
e Easier cold weather starts

The following are disadvantages of using fuel injection:
e Difficulty in starting a hot engine
e Vapor locks during ground operations on hot days

e Problems associated with restarting an engine that
quits because of fuel starvation

Superchargers and Turbosuperchargers

To increase an engine's horsepower, manufacturers have
developed forced induction systems called supercharger
and turbosupercharger systems. They both compress the
intake air to increase its density. The key difference liesin
the power supply. A supercharger relieson an engine-driven
air pump or compressor, while aturbocharger getsits power
from the exhaust stream that runsthrough aturbine, whichin
turn spins the compressor. Aircraft with these systems have
amanifold pressure gauge, which displays MAP within the
engine' sintake manifold.

On a standard day at sea level with the engine shut
down, the manifold pressure gauge indicates the ambient
absolute air pressure of 29.92 "Hg. Because atmospheric
pressure decreases approximately 1 "Hg per 1,000 feet of
altitude increase, the manifold pressure gauge indicates
approximately 24.92 "Hg at an airport that is 5,000 feet above
sea level with standard day conditions.

Asanormally aspirated aircraft climbs, it eventually reaches
an atitudewherethe MAPisinsufficient for anormal climb.
Thisaltitude limit is known as the aircraft’ s service ceiling,
and it isdirectly affected by the engine’s ability to produce
power. If theinduction air entering the engineis pressurized,
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or boosted, by either asupercharger or aturbosupercharger,
the aircraft’s service ceiling can be increased. With these
systems, an aircraft can fly at higher altitudes with the
advantage of higher true airspeeds and the increased ability
to circumnavigate adverse weather.

Superchargers

A supercharger is an engine-driven air pump or compressor
that provides compressed air to the engine to provide
additional pressureto theinduction air so that the engine can
produce additional power. It increases manifold pressureand
forcesthefuel-air mixtureinto the cylinders. Higher manifold
pressure increases the density of the fuel-air mixture and
increases the power an engine can produce. With anormally
aspirated engine, it is not possible to have manifold pressure
higher than the existing atmospheric pressure. A supercharger
is capable of boosting manifold pressure above 30 "Hg.

For example, at 8,000 feet, atypical engine may be able to
produce 75 percent of the power it could produce at mean
sea level (MSL) because the air is less dense at the higher
dtitude. The supercharger compresses the air to a higher
density allowing a supercharged engine to produce the same
manifold pressure at higher altitudes as it could produce
at sea level. Thus, an engine at 8,000 feet MSL could still
produce 25 "Hg of manifold pressure whereas, without a
supercharger, it could only produce 22 "Hg. Superchargers
areespecialy valuable at high altitudes (such as 18,000 feet)
wherethe air density is 50 percent that of sealevel. The use
of asupercharger in many caseswill supply air to the engine
at the same density it did at sealevel.

The componentsin asupercharged induction system aresimilar
to those in anormally aspirated system, with the addition of
a supercharger between the fuel metering device and intake
manifold. A supercharger is driven by the engine through a
gear train at one speed, two speeds, or variable speeds. In
addition, superchargers can have one or more stages. Each
stage also provides an increase in pressure and superchargers
may be classified as single stage, two stage, or multistage,
depending on the number of times compression occurs.

Anearly version of asingle-stage, single-speed supercharger
may be referred to as a sea-level supercharger. An engine
equipped with this type of supercharger is called a sea-level
engine. With this type of supercharger, asingle gear-driven
impeller isused to increase the power produced by an engine
at all atitudes. Thedrawback with thistype of superchargeris
adecreasein engine power output with anincreasein atitude.

Single-stage, single-speed superchargersare found on many
high-powered radial engines and use an air intake that faces
forward so the induction system can take full advantage of



the ram air. Intake air passes through ducts to a carburetor,
where fuel is metered in proportion to the airflow. The
fuel-air charge is then ducted to the supercharger, or blower
impeller, which accelerates the fuel-air mixture outward.
Once accelerated, the fuel-air mixture passes through a
diffuser, where air velocity is traded for pressure energy.
After compression, the resulting high pressure fuel-air
mixture is directed to the cylinders.

Some of the large radial engines developed during World
War Il have a single-stage, two-speed supercharger. With
thistype of supercharger, asingle impeller may be operated
at two speeds. The low impeller speed is often referred to
as the low blower setting, while the high impeller speed is
called the high blower setting. On engines equipped with a
two-speed supercharger, alever or switch in the flight deck
activatesan oil-operated clutch that switchesfrom one speed
to the other.

Under normal operations, takeoff is made with the
supercharger in the low blower position. In this mode, the
engine performs as a ground-boosted engine, and the power
output decreases asthe aircraft gains altitude. However, once
the aircraft reaches a specified altitude, apower reductionis
made, and the supercharger control is switched to the high
blower position. The throttle is then reset to the desired
manifold pressure. An engine equipped with this type of
supercharger is called an altitude engine. [ Figure 7-14]

Turbosuperchargers
The most efficient method of increasing horsepower in an
engine is by using a turbosupercharger or turbocharger.
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Figure 7-14. Power output of normally aspirated engine compared
to a single-stage, two-speed supercharged engine.

Installed on an engine, thisbooster usesthe engine’ s exhaust
gases to drive an air compressor to increase the pressure of
the air going into the engine through the carburetor or fuel
injection system to boost power at higher altitude.

Themajor disadvantage of the gear-driven supercharger—use
of alarge amount of the engine' s power output for theamount
of power increase produced—isavoided with aturbocharger
because turbochargers are powered by an engine's exhaust
gases. This means a turbocharger recovers energy from hot
exhaust gases that would otherwise be lost.

A second advantage of turbochargers over superchargersis
the ability to maintain control over an engine's rated sea-
level horsepower from sea level up to the engine's critical
atitude. Critical dtitude is the maximum altitude at which
a turbocharged engine can produce its rated horsepower.
Above the critical altitude, power output begins to decrease
likeit doesfor anormally aspirated engine.

Turbochargersincreasethe pressure of the engine’ sinduction
air, which allows the engine to develop sealevel or greater
horsepower at higher altitudes. A turbocharger is comprised
of two main elements: a compressor and turbine. The
compressor section housesanimpeller that turnsat ahighrate
of speed. Asinduction air isdrawn acrosstheimpeller blades,
the impeller accelerates the air, allowing a large volume of
air to be drawn into the compressor housing. Theimpeller's
action subsequently produces high-pressure, high-density
air that is delivered to the engine. To turn the impeller, the
engine’'s exhaust gases are used to drive a turbine wheel
that is mounted on the opposite end of the impeller’s drive
shaft. By directing different amounts of exhaust gasesto flow
over the turbine, more energy can be extracted, causing the
impeller to deliver more compressed air to the engine. The
waste gate, essentially an adjustable butterfly valveinstalled
inthe exhaust system, isused to vary the mass of exhaust gas
flowing into the turbine. When closed, most of the exhaust
gasesfrom the engine are forced to flow through the turbine.
When open, the exhaust gases are allowed to bypass the
turbine by flowing directly out through the engine' s exhaust
pipe. [Figure 7-15]

Since the temperature of a gas rises when it is compressed,
turbocharging causes the temperature of the induction air to
increase. To reduce this temperature and lower the risk of
detonation, many turbocharged engines use an intercooler.
This small heat exchanger uses outside air to cool the hot
compressed air before it enters the fuel metering device.
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Figure 7-15. Turbocharger components.

System Operation

On most modern turbocharged engines, the position of
the waste gate is governed by a pressure-sensing control
mechanism coupled to an actuator. Engine oil directed into
or away from this actuator moves the waste gate position.
Onthese systems, the actuator isautomatically positioned to
produce the desired MAP simply by changing the position
of the throttle control.

Other turbocharging system designs use a separate manual
control to position the waste gate. With manual control,
the manifold pressure gauge must be closely monitored to
determinewhen the desired M AP has been achieved. Manua
systems are often found on aircraft that have been modified
with aftermarket turbocharging systems. These systems
require special operating considerations. For example, if the
waste gateisleft closed after descending from ahigh altitude,
itispossibleto produce amanifold pressure that exceedsthe
engine's limitations. This condition, called an overboost,
may produce severe detonation because of the leaning effect
resulting from increased air density during descent.

Although an automatic waste gate system is less likely to
experience an overboost condition, it can still occur. If takeoff
power isapplied whilethe engine oil temperatureisbelow its
normal operating range, the cold oil may not flow out of the
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waste gate actuator quickly enough to prevent an overboost.
To help prevent overboosting, advance thethrottle cautiously
to prevent exceeding the maximum manifold pressure limits.

A pilot flying an aircraft with aturbocharger should be aware
of system limitations. For example, a turbocharger turbine
and impeller can operate at rotational speeds in excess of
80,000 rpmwhile at extremely high temperatures. To achieve
high rotational speed, the bearingswithin the system must be
constantly supplied with engine oil to reduce the frictional
forcesand high temperature. To obtain adequate lubrication,
the oil temperature should be in the normal operating range
before high throttle settings are applied. In addition, alow
the turbocharger to cool and the turbineto slow down before
shutting the engine down. Otherwise, the oil remaining in
the bearing housing will boil, causing hard carbon deposits
to form on the bearings and shaft. These deposits rapidly
deteriorate the turbocharger’ sefficiency and servicelife. For
further limitations, refer to the AFM/POH.

High Altitude Performance

Asan aircraft equipped with aturbocharging system climbs,
the waste gateis gradually closed to maintain the maximum
allowable manifold pressure. At some point, the waste gate
is fully closed and further increases in altitude cause the
manifold pressure to decrease. This is the critical altitude,



which is established by the aircraft or engine manufacturer.
When evaluating the performance of the turbocharging
system, be aware that if the manifold pressure begins
decreasing before the specified critical atitude, the engine
and turbocharging system should beinspected by aqualified
aviation maintenance technician (AMT) to verify that the
system is operating properly.

Ignition System

In a spark ignition engine, the ignition system provides a
spark that ignites the fuel-air mixturein the cylindersand is
made up of magnetos, spark plugs, high-tension leads, and
anignition switch. [Figure 7-16]

A magneto uses apermanent magnet to generate an electrical
current completely independent of the aircraft’s electrical
system. The magneto generates sufficiently high voltage
to jJump a spark across the spark plug gap in each cylinder.
The system beginsto firewhen the starter isengaged and the
crankshaft begins to turn. It continues to operate whenever
the crankshaft is rotating.

Most standard certificated aircraft incorporate adual ignition
system with two individual magnetos, separate sets of wires,
and spark plugsto increase reliability of the ignition system.
Each magneto operates independently to fire one of the two
spark plugs in each cylinder. The firing of two spark plugs
improves combustion of the fuel-air mixture and resultsin a

dlightly higher power output. If one of the magnetosfails, the
other isunaffected. The engine continuesto operate normally,
although a dlight decrease in engine power can be expected.
Thesameistrueif oneof thetwo spark plugsinacylinder fails.

The operation of the magneto is controlled in the flight deck
by the ignition switch. The switch hasfive positions:

1. OFF

R (right)
L (left)
BOTH
START

a M WD

With RIGHT or LEFT selected, only the associated magneto
is activated. The system operates on both magnetos when
BOTH is selected.

A malfunctioning ignition system can be identified during
the pretakeoff check by observing the decrease in rpm that
occurs when the ignition switch is first moved from BOTH
to RIGHT and then from BOTH to LEFT. A small decrease
in engine rpm is normal during this check. The permissible
decrease is listed in the AFM or POH. If the engine stops
running when switched to one magneto or if the rpm drop
exceeds the allowable limit, do not fly the aircraft until
the problem is corrected. The cause could be fouled plugs,

[ upper magneto wires

[] Lower magneto wires Upper spark plugs

Lower spark plugs

Left magneto

L

Right magneto

Figure 7-16. Ignition system components.
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broken or shorted wires between the magneto and the plugs,
or improperly timed firing of the plugs. It should be noted
that “no drop” inrpm isnot normal, and in that instance, the
aircraft should not be flown.

Following engine shutdown, turn the ignition switch to the
OFF position. Even with the battery and master switches
OFF, the engine can fire and turn over if the ignition switch
is left ON and the propeller is moved because the magneto
requires no outside source of electrical power. Be aware of
the potential for seriousinjury in this situation.

Even with the ignition switch in the OFF position, if
the ground wire between the magneto and the ignition
switch becomes disconnected or broken, the engine could
accidentally start if the propeller is moved with residual fuel
inthecylinder. If thisoccurs, the only way to stop the engine
isto move the mixture lever to the idle cutoff position, then
have the system checked by a qualified AMT.

Oil Systems

Theengineoil system performs several important functions:
e Lubrication of the engine's moving parts
e Cooling of the engine by reducing friction
e Removing heat from the cylinders
e Providing aseal betweenthe cylinder wallsand pistons
e Carrying away contaminants

Reciprocating engines use either awet-sump or adry-sump
ail system. In awet-sump system, the oil islocated in asump
that is an integral part of the engine. In a dry-sump system,
the oil is contained in a separate tank and circulated through
the engine by pumps. [Figure 7-17]

The main component of a wet-sump system is the oil pump,
which drawsail from the sump and routesit to the engine. After
the oil passes through the engine, it returns to the sump. In
some engines, additional lubricationissupplied by therotating
crankshaft, which splashes oil onto portions of the engine.

An oil pump also supplies oil pressure in a dry-sump
system, but the source of the oil is located external to the
engine in a separate oil tank. After oil is routed through
the engine, it is pumped from the various locations in the
engine back to the ail tank by scavenge pumps. Dry-sump
systems allow for a greater volume of oil to be supplied to
the engine, which makes them more suitable for very large
reciprocating engines.

The oil pressure gauge provides adirect indication of the oil
system operation. It ensuresthe pressurein pounds per square
inch (psi) of the oil supplied to the engine. Green indicates
the normal operating range, whilered indicatesthe minimum
and maximum pressures. There should be an indication of
oil pressure during engine start. Refer to the AFM/POH for
manufacturer limitations.
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Figure 7-17. Wet-sump oil system.
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The oil temperature gauge measures the temperature of oil.
A green area shows the normal operating range, and the red
line indicates the maximum allowable temperature. Unlike
oil pressure, changes in oil temperature occur more slowly.
This is particularly noticeable after starting a cold engine,
when it may take several minutes or longer for the gauge to
show any increase in oil temperature.

Check oil temperature periodically during flight especially
when operating in high or low ambient air temperature.
High oil temperature indications may signal a plugged oil
line, alow oil quantity, a blocked oil cooler, or a defective
temperature gauge. Low oil temperature indications may
signal improper oil viscosity during cold weather operations.

Theoil filler cap and dipstick (for measuring the oil quantity)
areusually accessiblethrough apanel intheenginecowling. If
the quantity does not meet the manufacturer’ srecommended
operating levels, oil should be added. The AFM/POH or
placards near the access panel provide information about
the correct oil type and weight, aswell as the minimum and
maximum oil quantity. [ Figure 7-18]

Engine Cooling Systems

The burning fuel within the cylinders produces intense
heat, most of which is expelled through the exhaust system.
Much of the remaining heat, however, must be removed, or
at least dissipated, to prevent the engine from overhesating.
Otherwise, the extremely high engine temperatures can lead
toloss of power, excessive oil consumption, detonation, and
serious engine damage.

While the oil system is vita to the internal cooling of the
engine, an additional method of cooling is necessary for the
engine' sexternal surface. Most small aircraft areair cooled,
although some are liquid cooled.

Figure 7-18. Always check the engine ail level during the preflight
inspection.

Air cooling is accomplished by air flowing into the engine
compartment through openings in front of the engine
cowling. Bafflesroutethisair over finsattached to the engine
cylinders, and other parts of the engine, wheretheair absorbs
the engine heat. Expulsion of the hot air takes place through
one or more openingsin the lower, aft portion of the engine
cowling. [Figure 7-19]

The outside air enters the engine compartment through an
inlet behind the propeller hub. Baffles direct it to the hottest
parts of the engine, primarily the cylinders, which have fins
that increase the area exposed to the airflow.

The air cooling system is less effective during ground
operations, takeoffs, go-arounds, and other periods of high-
power, low-airspeed operation. Conversely, high-speed
descents provide excess air and can shock cool the engine,
subjecting it to abrupt temperature fluctuations.

Operating the engine at higher than its designed temperature
can cause loss of power, excessive oil consumption, and
detonation. It will also lead to serious permanent damage,
such as scoring the cylinder walls, damaging the pistonsand
rings, and burning and warping the valves. Monitoring the
flight deck engine temperature instruments aidsin avoiding
high operating temperature.

Under normal operating conditionsin aircraft not equipped
with cowl flaps, the engine temperature can be controlled

Cylinders

Baffle

Air inlet

Fixed cowl opening

Figure 7-19. Outside air aidsin cooling the engine.
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by changing the airspeed or the power output of the engine.
High enginetemperatures can be decreased by increasing the
airspeed and/or reducing the power.

The oil temperature gauge gives an indirect and delayed
indication of rising engine temperature, but can be used
for determining engine temperature if this is the only
means available.

Most aircraft are equipped with acylinder-head temperature
gauge that indicates a direct and immediate cylinder
temperature change. Thisinstrument is calibrated in degrees
Celsiusor Fahrenheit and isusually color coded with agreen
arc to indicate the normal operating range. A red line on
the instrument indicates maximum allowable cylinder head
temperature.

To avoid excessive cylinder head temperatures, increase
airspeed, enrich the fuel-air mixture, and/or reduce
power. Any of these procedures help to reduce the engine
temperature. On aircraft equipped with cowl flaps, use the
cowl flap positions to control the temperature. Cowl flaps
are hinged coversthat fit over the opening through which the
hot air isexpelled. If the engine temperatureislow, the cowl
flaps can be closed, thereby restricting the flow of expelled
hot air and increasing engine temperature. If the engine
temperature is high, the cow! flaps can be opened to permit
agreater flow of air through the system, thereby decreasing
the engine temperature.

Exhaust Systems

Engine exhaust systems vent the burned combustion gases
overboard, provide heat for the cabin, and defrost the
windscreen. An exhaust system has exhaust piping attached
to the cylinders, as well as a muffler and a muffler shroud.
The exhaust gases are pushed out of the cylinder through
the exhaust valve and then through the exhaust pipe system
to the atmosphere.

For cabin heat, outside air is drawn into the air inlet and is
ducted through a shroud around the muffler. The muffler is
heated by the exiting exhaust gases and, in turn, heats the
air around the muffler. This heated air is then ducted to the
cabin for heat and defrost applications. The heat and defrost
are controlled in the flight deck and can be adjusted to the
desired level.

Exhaust gases contain large amounts of carbon monoxide,
whichisodorlessand colorless. Carbon monoxideisdeadly,
and its presenceis virtually impossible to detect. To ensure
that exhaust gases are properly expelled, the exhaust system
must be in good condition and free of cracks.
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Some exhaust systems have an EGT probe. This probe
transmits the EGT to an instrument in the flight deck. The
EGT gauge measures the temperature of the gases at the
exhaust manifold. This temperature varies with the ratio of
fuel to air entering the cylinders and can be used as a basis
for regulating the fuel-air mixture. The EGT gaugeishighly
accurate in indicating the correct fuel-air mixture setting.
When using the EGT to aid in leaning the fuel-air mixture,
fuel consumption can be reduced. For specific procedures,
refer to the manufacturer’ srecommendationsfor leaning the
fuel-air mixture.

Starting System

Most small aircraft use a direct-cranking electric starter
system. Thissystem consists of asource of eectricity, wiring,
switches, and solenoids to operate the starter and a starter
motor. Most aircraft have startersthat automatically engage
and disengage when operated, but some older aircraft have
startersthat are mechanically engaged by alever actuated by
the pilot. The starter engages the aircraft flywheel, rotating
the engine at a speed that allows the engine to start and
maintain operation.

Electrical power for starting isusually supplied by an onboard
battery, but can also be supplied by external power through
an external power receptacle. When the battery switch is
turned on, electricity is supplied to the main power bus bar
through the battery solenoid. Both the starter and the starter
switch draw current from the main bus bar, but the starter
will not operate until the starting solenoid is energized by
the starter switch being turned to the “ start” position. When
the starter switch is released from the “start” position, the
solenoid removes power from the starter motor. The starter
motor is protected from being driven by the enginethrough a
clutchin the starter drive that allowsthe engineto run faster
than the starter motor. [ Figure 7-20]

When starting an engine, the rules of safety and courtesy
should be strictly observed. One of the most important saf ety
rulesis to ensure there is no one near the propeller prior to
starting the engine. In addition, the wheel s should be chocked
and the brakes set to avoid hazards caused by unintentional
movement. To avoid damage to the propeller and property,
the aircraft should be in an areawhere the propeller will not
stir up gravel or dust.

Combustion

During normal combustion, the fuel-air mixture burnsin a
very controlled and predictable manner. In a spark ignition
engine, the process occurs in a fraction of a second. The
mixtureactually beginsto burn at the point whereitisignited
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Figure 7-20. Typical starting circuit.

by the spark plugs. It then burns away from the plugs until it
is completely consumed. This type of combustion causes a
smooth build-up of temperature and pressure and ensuresthat
the expanding gases deliver the maximum forceto the piston
at exactly theright time in the power stroke. [ Figure 7-21]
Detonation is an uncontrolled, explosive ignition of the
fuel-air mixture within the cylinder’ s combustion chamber.
It causes excessive temperatures and pressures which, if not
corrected, can quickly lead to failure of the piston, cylinder,
or valves. In less severe cases, detonation causes engine
overheating, roughness, or loss of power.

Detonationischaracterized by high cylinder head temperatures
and is most likely to occur when operating at high power
settings. Common operational causes of detonation are:

e Useof alower fuel grade than that specified by the
aircraft manufacturer

e Operation of the enginewith extremely high manifold
pressures in conjunction with low rpm

e Operation of the engine at high power settings with
an excessively lean mixture

Normal combustion

Explosion

L J

Figure 7-21. Normal combustion and explosive combustion.

e Maintaining extended ground operations or steep
climbs in which cylinder cooling is reduced

Detonation may be avoided by following these basic
guidelines during the various phases of ground and flight
operations:

e Ensurethat the proper grade of fuel is used.

e Keep the cowl flaps (if available) in the full-open
position while on the ground to provide the maximum
airflow through the cowling.

e Use an enriched fuel mixture, as well as a shallow
climb angle, to increase cylinder cooling during
takeoff and initial climb.

e Avoid extended, high power, steep climbs.

»  Developthehabit of monitoring theengineinstruments
to verify proper operation according to procedures
established by the manufacturer.

Preignition occurs when the fuel-air mixture ignites prior
to the engine’'s normal ignition event. Premature burning
is usually caused by a residual hot spot in the combustion
chamber, often created by a small carbon deposit on a spark
plug, a cracked spark plug insulator, or other damage in the
cylinder that causes a part to heat sufficiently to ignite the
fuel-air charge. Preignition causes the engine to lose power
and produces high operating temperature. Aswith detonation,
preignition may also cause severe engine damage because
the expanding gases exert excessive pressure on the piston
while still on its compression stroke.
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Detonation and preignition often occur simultaneously and
one may cause the other. Since either condition causes high
engine temperature accompanied by a decrease in engine
performance, it is often difficult to distinguish between the
two. Using the recommended grade of fuel and operating
the engine within its proper temperature, pressure, and rpm
ranges reduce the chance of detonation or preignition.

Full Authority Digital Engine Control
(FADEC)

FADEC is a system consisting of a digital computer and
ancillary components that control an aircraft’s engine
and propeller. First used in turbine-powered aircraft, and
referred to as full authority digital electronic control, these
sophisticated control systemsareincreasingly being used in
piston powered aircraft.

In a spark-ignition reciprocating engine, the FADEC uses
speed, temperature, and pressure sensorsto monitor the status
of each cylinder. A digital computer cal culatestheideal pulse
for each injector and adjusts ignition timing as necessary
to achieve optimal performance. In a compression-ignition
engine, the FADEC operates similarly and performs all of
the same functions, excluding those specifically related to
the spark ignition process.

FADEC systems eliminate the need for magnetos, carburetor
heat, mixture controls, and engine priming. A singlethrottle
lever ischaracteristic of an aircraft equipped withaFADEC
system. The pilot simply positions the throttle lever to a
desired detent, such asstart, idle, cruise power, or max power,
and the FADEC system adjusts the engine and propeller
automatically for the mode selected. Thereisno need for the
pilot to monitor or control the fuel-air mixture.

During aircraft starting, the FADEC primes the cylinders,
adjuststhe mixture, and positionsthethrottle based on engine
temperature and ambient pressure. During cruise flight, the
FADEC constantly monitorsthe engine and adjustsfuel flow
andignitiontimingindividually in each cylinder. Thisprecise
control of the combustion process often resultsin decreased
fuel consumption and increased horsepower.

FADEC systems are considered an essential part of the
engine and propeller control and may be powered by the
aircraft’s main electrical system. In many aircraft, FADEC
uses power from aseparate generator connected to the engine.
In either case, there must be a backup electrical source
available becausefailure of aFADEC system could resultina
completeloss of enginethrust. To prevent loss of thrust, two
separate and identical digital channels are incorporated for
redundancy. Each channel is capable of providing al engine
and propeller functions without limitations.
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Turbine Engines

Anaircraft turbine engine consistsof anair inlet, compressor,
combustion chambers, aturbine section, and exhaust. Thrust
is produced by increasing the velocity of the air flowing
through the engine. Turbine engines are highly desirable
aircraft powerplants. They are characterized by smooth
operation and a high power-to-weight ratio, and they
use readily available jet fuel. Prior to recent advances in
material, engine design, and manufacturing processes, the
use of turbine enginesin small/light production aircraft was
cost prohibitive. Today, several aviation manufacturers are
producing or plan to produce small/light turbine-powered
aircraft. These smaller turbine-powered aircraft typically
seat between three and seven passengers and are referred to
asvery light jets (VLJs) or microjets. [Figure 7-22]

Types of Turbine Engines

Turbine engines are classified according to the type of
compressorsthey use. There arethreetypes of compressors—
centrifugal flow, axial flow, and centrifugal-axial flow.
Compression of inlet air is achieved in a centrifugal flow
engine by accelerating air outward perpendicular to the
longitudinal axis of the machine. The axial-flow engine
compresses air by a series of rotating and stationary
airfoils moving the air parallel to the longitudinal axis. The
centrifugal-axial flow design usesboth kinds of compressors
to achieve the desired compression.

The path the air takes through the engine and how power is
produced determinesthetype of engine. Therearefour types
of aircraft turbine engines—turbojet, turboprop, turbofan,
and turboshaft.

Turbojet

The turbojet engine consists of four sections—compressor,
combustion chamber, turbine section, and exhaust. The
compressor section passesinlet air at ahigh rate of speed to

Figure 7-22. Eclipse 500 VLJ.



the combustion chamber. The combustion chamber contains
the fuel inlet and igniter for combustion. The expanding
air drives a turbine, which is connected by a shaft to the
compressor, sustaining engine operation. The accelerated
exhaust gases from the engine provide thrust. Thisisabasic
application of compressing air, igniting the fuel-air mixture,
producing power to self-sustain the engine operation, and
exhaust for propulsion. [Figure 7-23]

Turbojet engines are limited in range and endurance. They
are also slow to respond to throttle applications at slow
compressor speeds.

Turboprop

A turboprop engineisaturbine enginethat drivesapropeller
through areduction gear. The exhaust gases drive a power
turbine connected by a shaft that drives the reduction gear
assembly. Reduction gearing is necessary in turboprop
engines because optimum propeller performanceisachieved
at much slower speeds than the engine's operating rpm.
Turboprop engines are a compromise between turbojet
engines and reciprocating powerplants. Turboprop engines
are most efficient at speeds between 250 and 400 mph and
altitudes between 18,000 and 30,000 feet. They also perform
well at the slow airspeeds required for takeoff and landing and
are fuel efficient. The minimum specific fuel consumption

of the turboprop engineis normally available in the altitude
range of 25,000 feet to the tropopause. [ Figure 7-24]

Turbofan

Turbofans were developed to combine some of the best
features of the turbojet and the turboprop. Turbofan engines
are designed to create additional thrust by diverting a
secondary airflow around the combustion chamber. The
turbofan bypass air generates increased thrust, cools the
engine, and aidsin exhaust noise suppression. Thisprovides
turbojet-type cruise speed and lower fuel consumption.

Theinlet air that passes through aturbofan engineisusually
divided into two separate streams of air. One stream passes
through the engine core, while asecond stream bypassesthe
engine core. It isthis bypass stream of air that isresponsible
for theterm “bypassengine.” A turbofan’ sbypassratio refers
to the ratio of the mass airflow that passes through the fan
divided by the mass airflow that passes through the engine
core. [Figure 7-25]

Turboshaft

The fourth common type of jet engine is the turboshaft.
[Figure 7-26] It delivers power to a shaft that drives
something other than a propeller. The biggest difference
between a turbojet and turboshaft engine is that on a
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turboshaft engine, most of the energy produced by the
expanding gasesis used to drive aturbine rather than produce
thrust. Many helicopters use aturboshaft gasturbine engine.
In addition, turboshaft engines are widely used as auxiliary
power units on large aircraft.

Turbine Engine Instruments

Engineinstrumentsthat indicate oil pressure, oil temperature,
engine speed, exhaust gas temperature, and fuel flow are
common to both turbine and reci procating engines. However,
there are someinstrumentsthat are uniqueto turbine engines.
These instruments provide indications of engine pressure
ratio, turbine discharge pressure, and torque. In addition,
most gas turbine engines have multiple temperature-sensing
instruments, called thermocouples, which provide pilotswith
temperature readings in and around the turbine section.

Engine Pressure Ratio (EPR)

An engine pressureratio (EPR) gaugeis used to indicate the
power output of aturbojet/turbofan engine. EPR istheratio
of turbine discharge to compressor inlet pressure. Pressure
measurements are recorded by probesinstalled in the engine
inlet and at the exhaust. Once collected, the data is sent to
a differential pressure transducer, which is indicated on a
flight deck EPR gauge.
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EPR system design automatically compensatesfor the effects
of airspeed and altitude. Changes in ambient temperature
requireacorrection be applied to EPR indicationsto provide
accurate engine power settings.

Exhaust Gas Temperature (EGT)

A limiting factor in a gas turbine engine is the temperature
of the turbine section. The temperature of a turbine section
must be monitored closely to prevent overheating the turbine
blades and other exhaust section components. One common
way of monitoring the temperature of a turbine section is
with an EGT gauge. EGT is an engine operating limit used
to monitor overall engine operating conditions.

Variations of EGT systems bear different names based on
the location of the temperature sensors. Common turbine
temperature sensing gauges include the turbine inlet
temperature (TIT) gauge, turbine outlet temperature (TOT)
gauge, interstage turbine temperature (ITT) gauge, and
turbine gas temperature (TGT) gauge.

Torquemeter

Turboprop/turboshaft engine power output is measured
by the torquemeter. Torque is a twisting force applied to a
shaft. The torquemeter measures power applied to the shaft.



Turboprop and turboshaft engines are designed to produce
torque for driving a propeller. Torquemeters are calibrated
in percentage units, foot-pounds, or psi.

N, Indicator

N represents the rotational speed of the low pressure
compressor and is presented on theindicator asapercentage
of design rpm. After start, the speed of the low pressure
compressor is governed by the N, turbine wheel. The N,
turbine wheel is connected to the low pressure compressor
through a concentric shaft.

N, Indicator

N, represents the rotational speed of the high pressure
compressor and is presented on theindicator asapercentage of
design rpm. The high pressure compressor isgoverned by the
N, turbinewhedl. The N, turbinewheel isconnected tothehigh
pressure compressor through aconcentric shaft. [ Figure 7-27]

Turbine Engine Operational Considerations

The great variety of turbine engines makesit impractical to
cover specific operational procedures, but there are certain
operational considerations common to all turbine engines.
They are engine temperature limits, foreign object damage,
hot start, compressor stall, and flameout.

Engine Temperature Limitations

The highest temperature in any turbine engine occurs at the
turbine inlet. TIT is therefore usually the limiting factor in
turbine engine operation.

Thrust Variations

Turbine engine thrust varies directly with air density. Asair
density decreases, so does thrust. Additionally, because air
density decreases with an increase in temperature, increased
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Figure 7-27. Dual-spool axial-flow compressor.

temperatures also results in decreased thrust. While both
turbine and reciprocating powered engines are affected to
some degree by high relative humidity, turbine engines will
experience a negligible loss of thrust, while reciprocating
engines asignificant loss of brake horsepower.

Foreign Object Damage (FOD)

Dueto the design and function of aturbineengine sair inlet,
the possihility of ingestion of debris always exists. This
causes significant damage, particularly to the compressor
and turbine sections. When ingestion of debris occurs, it is
called foreign object damage (FOD). Typical FOD consists
of small nicks and dents caused by ingestion of small objects
from the ramp, taxiway, or runway, but FOD damage caused
by bird strikes or ice ingestion also occur. Sometimes FOD
resultsin total destruction of an engine.

Prevention of FOD is a high priority. Some engine inlets
have a tendency to form a vortex between the ground and
theinlet during ground operations. A vortex dissipater may
beinstalled on these engines. Other devices, such as screens
and/or deflectors, may also be utilized. Preflight procedures
include avisual inspection for any sign of FOD.

Turbine Engine Hot/Hung Start

When the EGT exceeds the safe limit of an aircraft, it
experiences a “hot start.” This is caused by too much fuel
entering the combustion chamber or insufficient turbine rpm.
Any timean enginehasahot start, refer to the AFM/POH or an
appropriate mai ntenance manual for inspection requirements.

If the engine fails to accelerate to the proper speed after
ignition or does not accelerateto idlerpm, ahung or false start
has occurred. A hung start may be caused by an insufficient
starting power source or fuel control malfunction.

Compressor Stalls

Compressor blades are small airfoils and are subject to the
same aerodynamic principles that apply to any airfoil. A
compressor blade has an AOA that is a result of inlet air
vel ocity and the compressor’ srotational velocity. Thesetwo
forces combine to form avector, which defines the airfoil’s
actual AOA to the approaching inlet air.

A compressor stall is an imbalance between the two vector
quantities, inlet velocity, and compressor rotationa speed.
Compressor stalls occur when the compressor blades' AOA
exceeds the critical AOA. At this point, smooth airflow
is interrupted and turbulence is created with pressure
fluctuations. Compressor stalls cause air flowing in the
compressor to slow down and stagnate, sometimesreversing
direction. [Figure 7-28]

7-23



Distorted inlet airflow

L —— /
| —
 —
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Compressor stallscan betransient and intermittent or steady
and severe. Indications of a transient/intermittent stall are
usually anintermittent “bang” as backfire and flow reversal
take place. If the stall develops and becomes steady, strong
vibration and aloud roar may develop from the continuous
flow reversal. Often, the flight deck gauges do not show
amild or transient stall, but they do indicate a developed
stall. Typical instrument indications include fluctuations
in rpm and an increase in exhaust gas temperature. Most
transient stallsare not harmful to the engine and often correct
themselves after one or two pulsations. The possibility of
severe engine damage from a steady state stall isimmediate.
Recovery must be accomplished by quickly reducing power,
decreasing the aircraft’s AOA, and increasing airspeed.

Although all gas turbine engines are subject to compressor
stalls, most models have systems that inhibit them. One
system usesavariableinlet guide vane (VIGV) and variable
stator vanesthat direct theincoming air into the rotor blades
at an appropriate angle. To prevent air pressure stalls,
operate the aircraft within the parameters established by the
manufacturer. If acompressor stall does devel op, follow the
procedures recommended in the AFM/POH.

Flameout

A flameout occursin the operation of agasturbineenginein
which the fire in the engine unintentionally goes out. If the
rich limit of the fuel-air ratio is exceeded in the combustion
chamber, the flame will blow out. This condition is often
referred to as a rich flameout. It generally results from
very fast engine acceleration where an overly rich mixture
causes the fuel temperature to drop below the combustion
temperature. It may also be caused by insufficient airflow
to support combustion.
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A more common flameout occurrence is due to low fuel
pressure and low engine speeds, which typically are
associated with high-altitude flight. This situation may also
occur with the engine throttled back during adescent, which
can set up the lean-condition flameout. A weak mixture can
easily causetheflameto die out, even with anormal airflow
through the engine.

Any interruption of the fuel supply can result in a
flameout. This may be due to prolonged unusual attitudes,
a malfunctioning fuel control system, turbulence, icing, or
running out of fuel.

Symptoms of a flameout normally are the same as those
following an engine failure. If the flameout is due to a
transitory condition, such as an imbalance between fuel
flow and engine speed, an airstart may be attempted once
the condition is corrected. In any case, pilots must follow
the applicable emergency procedures outlined in the AFM/
POH. Generally these procedures contain recommendations
concerning atitude and airspeed where the airstart is most
likely to be successful.

Performance Comparison

It is possible to compare the performance of areciprocating
powerplant and different types of turbine engines. For
the comparison to be accurate, thrust horsepower (usable
horsepower) for the reciprocating powerplant must be used
rather than brake horsepower, and net thrust must be used
for the turbine-powered engines. In addition, aircraft design
configuration and size must be approximately the same.

When comparing performance, the following definitions
are useful:

*  Brake horsepower (BHP)—the horsepower actually
delivered to the output shaft. Brake horsepower isthe
actual usable horsepower.

* Net thrust—the thrust produced by a turbojet or
turbofan engine.

»  Thrust horsepower (THP)—the horsepower equivalent
of thethrust produced by aturbojet or turbofan engine.

Equivalent shaft horsepower (ESHP)—with respect
to turboprop engines, the sum of the shaft horsepower
(SHP) delivered to the propeller and THP produced by the
exhaust gases.

Figure 7-29 shows how four types of enginescomparein net
thrust asairspeed isincreased. Thisfigureisfor explanatory
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purposes only and is not for specific models of engines. The
following are the four types of engines:

e Reciprocating powerplant

e Turbine, propeller combination (turboprop)

e Turbine engine incorporating afan (turbofan)
e Turbojet (purejet)

By plotting the performance curve for each engine, a
comparison can be made of maximum aircraft speed variation
with thetype of engine used. Sincethe graphisonly ameans
of comparison, numerical valuesfor net thrust, aircraft speed,
and drag are not included.

Comparison of thefour powerplants on the basis of net thrust
makes certain performance capabilities evident. In the speed
range shownto theleft of line A, thereci procating powerplant
outperformsthe other three types. Theturboprop outperforms
the turbofan in the range to the left of line C. The turbofan
engine outperforms the turbojet in the range to the left of
line F. The turbofan engine outperforms the reciprocating
powerplant to the right of line B and the turboprop to the
right of line C. The turbojet outperforms the reciprocating
powerplant to the right of line D, the turboprop to the right
of line E, and the turbofan to the right of line F.

The points where the aircraft drag curve intersects the net
thrust curves are the maximum aircraft speeds. The vertica
lines from each of the points to the baseline of the graph
indicatethat theturbojet aircraft can attain ahigher maximum
speed than aircraft equipped with the other types of engines.
Aircraft equipped with the turbofan engine attains a higher

maximum speed than aircraft equipped with a turboprop or
reciprocating powerplant.

Airframe Systems

Fuel, electrical, hydraulic, and oxygen systems make up the
airframe systems.

Fuel Systems

The fuel system is designed to provide an uninterrupted
flow of clean fuel from the fuel tanks to the engine. The
fuel must be available to the engine under all conditions
of engine power, atitude, attitude, and during all approved
flight maneuvers. Two common classifications apply to fuel
systemsinsmall aircraft: gravity-feed and fuel-pump systems.

Gravity-Feed System

The gravity-feed system utilizes the force of gravity to
transfer thefuel from thetanksto the engine. For example, on
high-wing airplanes, thefuel tanksareinstalled inthewings.
This places the fuel tanks above the carburetor, and the fuel
is gravity fed through the system and into the carburetor. If
the design of the aircraft is such that gravity cannot be used
to transfer fuel, fuel pumps are installed. For example, on
low-wing airplanes, the fuel tanks in the wings are located
below the carburetor. [ Figure 7-30]

Fuel-Pump System

Aircraft with fuel-pump systems have two fuel pumps. The
main pump system is engine driven with an electrically-
driven auxiliary pump provided for use in engine starting
and in the event the engine pump fails. The auxiliary pump,
also known as a boost pump, provides added reliability to
the fuel system. The electrically-driven auxiliary pump is
controlled by a switch in the flight deck.

Fuel Primer

Both gravity-feed and fuel-pump systems may incorporatea
fuel primer into the system. The fuel primer is used to draw
fuel from thetanksto vaporizefuel directly into the cylinders
prior to starting the engine. During cold weather, when
engines are difficult to start, the fuel primer helps because
there is not enough heat available to vaporize the fuel in the
carburetor. It isimportant to lock the primer in place when
it isnot in use. If the knob is free to move, it may vibrate
out of position during flight which may cause an excessively
rich fuel-air mixture. To avoid overpriming, read the priming
instructions for the aircraft.

Fuel Tanks

The fuel tanks, normally located inside the wings of an
airplane, have a filler opening on top of the wing through
which they can be filled. A filler cap covers this opening.
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Figure 7-30. Gravity-feed and fuel-pump systems.

The tanks are vented to the outside to maintain atmospheric
pressure inside the tank. They may be vented through the
filler cap or through a tube extending through the surface
of the wing. Fuel tanks also include an overflow drain that
may stand alone or be collocated with the fuel tank vent.
This alows fuel to expand with increases in temperature
without damage to the tank itself. If the tanks have been
filled onahot day, it is not unusual to see fuel coming from
the overflow drain.

Fuel Gauges

The fuel quantity gauges indicate the amount of fuel
measured by asensing unit in each fuel tank and isdisplayed
in gallons or pounds. Aircraft certification rules require
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accuracy in fuel gauges only when they read “empty.” Any
reading other than “empty” should beverified. Do not depend
solely on the accuracy of the fuel quantity gauges. Always
visually check thefuel level in each tank during the preflight
inspection, and then compare it with the corresponding fuel
quantity indication.

If afuel pumpisinstalled in the fuel system, afuel pressure
gaugeis also included. This gauge indicates the pressure in
the fuel lines. The normal operating pressure can be found
in the AFM/POH or on the gauge by color coding.

Fuel Selectors

Thefuel selector valve allows selection of fuel from various
tanks. A common type of selector valve contains four
positions: LEFT, RIGHT, BOTH, and OFF. Selecting the
LEFT or RIGHT position alows fuel to feed only from the
respective tank, while selecting the BOTH position feeds
fuel from both tanks. The LEFT or RIGHT position may be
used to balance the amount of fuel remaining in each wing
tank. [Figure 7-31]

Fuel placards show any limitations on fuel tank usage, such
as“level flight only” and/or “both” for landings and takeoffs.

Regardless of the type of fuel selector in use, fuel
consumption should be monitored closely to ensure that a
tank does not run completely out of fuel. Running afuel tank
dry does not only cause the engine to stop, but running for
prolonged periodson onetank causes an unbalanced fuel 1oad
between tanks. Running atank completely dry may allow air
to enter the fuel system and cause vapor lock, which makes
it difficult to restart the engine. On fuel-injected engines, the
fuel becomes so hot it vaporizesinthefuel line, not alowing
fuel to reach the cylinders.
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Figure 7-31. Fuel selector valve.



Fuel Strainers, Sumps, and Drains

After leaving thefuel tank and beforeit entersthe carburetor,
the fuel passes through a strainer that removes any moisture
and other sedimentsin the system. Since these contaminants
are heavier than aviation fuel, they settle in a sump at the
bottom of the strainer assembly. A sumpisalow pointinafuel
system and/or fuel tank. Thefuel system may contain asump,
afuel strainer, and fuel tank drains, which may be collocated.

The fuel strainer should be drained before each flight. Fuel
samples should be drained and checked visually for water
and contaminants.

Water in the sump is hazardous because in cold weather the
water can freeze and block fuel lines. In warm weather, it
can flow into the carburetor and stop the engine. If water is
present in the sump, morewater inthefuel tanksisprobable,
and they should be drained until thereisno evidence of water.
Never take off until al water and contaminants have been
removed from the engine fuel system.

Because of thevariation in fuel systems, become thoroughly
familiar with the systemsthat apply to theaircraft being flown.
Consult the AFM/POH for specific operating procedures.

Fuel Grades

Aviation gasoline (AVGAYS) is identified by an octane or
performance number (grade), which designates the antiknock
value or knock resistance of the fuel mixture in the engine
cylinder. The higher the grade of gasoline, the more pressure
the fuel can withstand without detonating. Lower grades of
fuel are used in lower-compression engines because these
fuels ignite at a lower temperature. Higher grades are used
in higher-compression engines because they ignite at higher
temperatures, but not prematurely. If the proper grade of fuel
isnot available, usethe next higher grade asasubstitute. Never
use a grade lower than recommended. This can cause the
cylinder head temperature and engine oil temperatureto exceed
their normal operating ranges, which may result in detonation.

Several grades of AVGAS are available. Care must be
exercised to ensure that the correct aviation grade is being
used for the specific type of engine. The proper fuel gradeis
stated in the AFM/POH, on placards in the flight deck, and
next to the filler caps. Automobile gas should NEVER be
used in aircraft enginesunlessthe aircraft has been modified
with a Supplemental Type Certificate (STC) issued by the
Federal Aviation Administration (FAA).

The current method identifies AVGAS for aircraft with
reciprocating engines by the octane and performance number,
along with the abbreviation AVGAS. These aircraft use
AVGAS 80, 100, and 100LL. Although AVGAS 100LL

performs the same as grade 100, the “LL" indicates it has
alow lead content. Fuel for aircraft with turbine enginesis
classifiedasJET A, JET A-1, and JET B. Jet fuel isbasically
kerosene and has a distinctive kerosene smell. Since use of
the correct fuel iscritical, dyesare added to help identify the
type and grade of fuel. [Figure 7-32]

In addition to the color of the fuel itself, the color-coding
system extends to decals and various airport fuel handling
equipment. For example, all AVGASisidentified by name,
using white letters on ared background. In contrast, turbine
fuels areidentified by white letters on a black background.

Special Airworthiness Information Bulleting (SAIB)
NE-11-15 advisesthat grade 100VLL AVGASisacceptable
for use on aircraft and engines. 100VLL meets all
performance requirements of grades 80, 91, 100, and 100LL ;
meets the approved operating limitations for aircraft and
engines certificated to operate with these other grades of
AVGAS; and is basically identical to 100LL AVGAS. The
lead content of 100VLL is reduced by about 19 percent.
100VLL isbluelike 100LL and virtually indistinguishable.

Fuel Contamination

Accidents attributed to powerplant failure from fuel
contamination have often been traced to:

» Inadequate preflight inspection by the pilot

*  Servicing aircraft with improperly filtered fuel from
small tanks or drums

e Storing aircraft with partialy filled fuel tanks

»  Lack of proper maintenance

Fuel should be drained from the fuel strainer quick drain and
from each fuel tank sump into a transparent container and
then checked for dirt and water. When the fuel strainer is
being drained, water in the tank may not appear until all the
fuel hasbeen drained from thelinesleading to thetank. This
indicatesthat water remainsinthetank and isnot forcing the
fuel out of thefuel linesleadingtothefuel strainer. Therefore,
drain enough fuel from the fuel strainer to be certain that
fuel isbeing drained from the tank. The amount depends on
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Figure 7-32. Aviation fuel color-coding system.
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the length of fuel line from the tank to the drain. If water or
other contaminantsarefoundin thefirst sample, drain further
samples until no trace appears.

Water may also remain in the fuel tanks after the drainage
from the fuel strainer has ceased to show any trace of water.
Thisresidual water can be removed only by draining thefuel
tank sump drains.

Water is the principal fuel contaminant. Suspended water
dropletsin thefuel can beidentified by a cloudy appearance
of thefuel, or by the clear separation of water from the colored
fuel, which occurs after the water has settled to the bottom
of the tank. As a safety measure, the fuel sumps should be
drained before every flight during the preflight inspection.

Fuel tanks should be filled after each flight or after the last
flight of the day to prevent moisture condensation within the
tank. To prevent fuel contamination, avoid refueling from
cans and drums.

In remote areas or in emergency situations, there may be no
alternative to refueling from sources with inadequate anti-
contamination systems. While a chamois skin and funnel
may be the only possible means of filtering fuel, using
them is hazardous. Remember, the use of a chamois does
not always ensure decontaminated fuel. Worn-out chamois
do not filter water; neither will anew, clean chamoisthat is
already water-wet or damp. Most imitation chamois skins
do not filter water.

Fuel System Icing

Ice formation in the aircraft fuel system results from the
presence of water in the fuel system. This water may be
undissolved or dissolved. One condition of undissolved
water is entrained water that consists of minute water
particles suspended in the fuel. Thismay occur asaresult of
mechanical agitation of freewater or conversion of dissolved
water through temperature reduction. Entrained water settles
out in time under static conditions and may or may not be
drained during normal servicing, depending on the rate at
whichitisconverted to freewater. In general, itisnot likely
that all entrained water can ever be separated from fuel under
field conditions. The settling rate depends on a series of
factors including temperature, quiescence, and droplet size.

The droplet size varies depending upon the mechanics
of formation. Usually, the particles are so small as to be
invisible to the naked eye, but in extreme cases, can cause
slight haziness in the fuel. Water in solution cannot be
removed except by dehydration or by converting it through
temperature reduction to entrained, then to free water.
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Another condition of undissolved water is free water that
may be introduced as a result of refueling or the settling of
entrained water that collects at the bottom of afuel tank. Free
water is usually present in easily detected quantities at the
bottom of the tank, separated by a continuousinterface from
the fuel above. Free water can be drained from a fuel tank
through the sump drains, which are provided for that purpose.
Free water, frozen on the bottom of reservoirs, such as the
fuel tanks and fuel filter, may render water drains useless
and can later melt releasing the water into the system thereby
causing engine malfunction or stoppage. If such acondition
is detected, the aircraft may be placed in a warm hangar to
reestablish proper draining of thesereservoirs, and al sumps
and drains should be activated and checked prior to flight.

Entrained water (i.e., water in solution with petroleum fuels)
constitutes arelatively small part of thetotal potential water
inaparticular system, the quantity dissolved being dependent
on fuel temperature and the existing pressure and the water
volubility characteristics of thefuel. Entrained water freezes
in mid fuel and tends to stay in suspension longer since the
specific gravity of ice is approximately the same as that of
AVGAS.

Water in suspension may freeze and form ice crystals of
sufficient size such that fuel screens, strainers, and filters
may be blocked. Some of thiswater may be cooled further as
the fuel enters carburetor air passages and causes carburetor
metering component icing, when conditionsare not otherwise
conducive to this form of icing.

Prevention Procedures

The use of anti-icing additives for some aircraft has been
approved as a means of preventing problems with water
and ice in AVGAS. Some laboratory and flight testing
indicates that the use of hexylene glycal, certain methanol
derivatives, and ethylene glycol mononethyl ether (EGME)
in small concentrationsinhibit fuel systemicing. Thesetests
indicate that the use of EGME at a maximum 0.15 percent
by volume concentration substantially inhibits fuel system
icing under most operating conditions. The concentration
of additives in the fuel is critical. Marked deterioration in
additive effectiveness may result from too little or too much
additive. Pilots should recognizethat anti-icing additivesare
in no way a substitute or replacement for carburetor heat.
Aircraft operating instructionsinvolving the use of carburetor
heat should be adhered to at all times when operating under
atmospheric conditions conducive to icing.



Refueling Procedures

Static electricity is formed by the friction of air passing
over the surfaces of an aircraft in flight and by the flow of
fuel through the hose and nozzle during refueling. Nylon,
Dacron, or wool clothing is especialy prone to accumulate
and discharge static electricity from the person to the funnel
or nozzle. To guard against the possibility of static electricity
igniting fuel fumes, a ground wire should be attached to the
aircraft beforethe fuel cap isremoved from thetank. Because
both the aircraft and refueler have different static charges,
bonding both componentsto each other iscritical. By bonding
both componentsto each other, the static differential chargeis
equalized. Therefueling nozzle should be bonded to theaircraft
before refueling begins and should remain bonded throughout
the refueling process. When afuel truck is used, it should be
grounded prior to the fuel nozzle contacting the aircraft.

If fueling from drums or cans is necessary, proper bonding
and grounding connections are important. Drums should be
placed near grounding posts, and the following sequence of
connections observed:

1. Drum to ground
2. Ground to aircraft

3. Drumtoaircraft or nozzleto aircraft before removing
the fuel cap

When disconnecting, reverse the order.

The passage of fuel through a chamoisincreases the charge
of static electricity and the danger of sparks. The aircraft
must be properly grounded and the nozzle, chamois filter,
and funnel bonded to the aircraft. If acanis used, it should
be connected to either the grounding post or the funnel.
Under no circumstances should a plastic bucket or similar
nonconductive container be used in this operation.

Heating System

Therearemany different typesof aircraft heating systemsthat
are available depending on thetype of aircraft. Regardless of
which type or the safety features that accompany them, it is
alwaysimportant to reference the specific aircraft operator’s
manual and become knowledgeabl e about the heating system.
Each has different repair and inspection criteria that should
be precisely followed.

Fuel Fired Heaters

A fuel fired heater is a small mounted or portable space-
heating device. The fuel is brought to the heater by using
piping from afuel tank, or tapsintotheaircraft’ sfuel system.
A fan blowsair into acombustion chamber, and aspark plug
or ignition devicelightsthefuel-air mixture. A built-in safety

switch preventsfuel from flowing unlessthefanisworking.
Outside the combustion chamber, a second, larger diameter
tube conductsair around the combustion tube’ souter surface,
and a second fan blows the warmed air into tubing to direct
it towards the interior of the aircraft. Most gasoline heaters
can produce between 5,000 and 50,000 British Thermal Units
(BTU) per hour.

Fuel fired heaters require electricity to operate and are
compatible with a 12-volt and 24-volt aircraft electrical
system. The heater requires routine maintenance, such as
regular inspection of the combustion tube and replacement of
theigniter at periodicintervals. Because gasoline heatersare
required to be vented, special care must be madeto ensurethe
ventsdo not leak into theinterior of theaircraft. Combustion
byproductsinclude soot, sulfur dioxide, carbon dioxide, and
some carbon monoxide. An improperly adjusted, fueled, or
poorly maintained fuel heater can be dangerous.

Exhaust Heating Systems

Exhaust heating systems are the simplest type of aircraft
heating system and are used on most light aircraft. Exhaust
heating systems are used to route exhaust gases away from
the engine and fuselage while reducing engine noise. The
exhaust systems also serve as a heat source for the cabin
and carburetor.

The risks of operating an aircraft with a defective exhaust
heating system include carbon monoxide poisoning, a
decrease in engine performance, and an increased potential
for fire. Because of theserisks, technicians should be aware
of therate of exhaust heating system deterioration and should
thoroughly inspect all areas of the exhaust heating system to
look for deficiencies inside and out.

Combustion Heater Systems

Combustion heaters or surface combustion heaters are often
used to heat the cabin of larger, more expensive aircraft.
Thistype of heater burns the aircraft’s fuel in acombustion
chamber or tube to develop required heat, and the air
flowing around the tube is heated and ducted to the cabin.
A combustion heater is an airtight burner chamber with a
stainless-steel jacket. Fuel from the aircraft fuel system is
ignited and burns to provide heat. Ventilation air is forced
over theairtight burn chamber picking up heat, whichisthen
dispersed into the cabin area.

When the heater control switchisturned on, airflow, ignition,
and fuel are supplied to the heater. Airflow and ignition are
constant within the burner chamber while the heater control
switchison. When heat is required, the temperature control
isadvanced, activating thethermostat. The thermostat (which
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senses ventilation air temperature) turnson the fuel solenoid
allowing fuel to spray into the burner chamber. Fuel mixes
with air inside the chamber and isignited by the spark plug,
producing heat.

Theby-product, carbon monoxide, leavestheaircraft through
the heater exhaust pipe. Air flowing over the outside of the
burner chamber and inside the jacket of the heater absorbs
the heat and carries it through ducts into the cabin. As the
thermostat reachesits preset temperature, it turns off thefuel
solenoid and stops the flow of fuel into the burner chamber.
When ventilation air cools to the point that the thermostat
again turns the fuel solenoid on, the burner starts again.

This method of heat is very safe as an overheat switch is
provided on all combustion heaters, which is wired into
the heater’s electrical system to shut off the fuel in the case
of malfunction. In the unlikely event that the heater fuel
solenoid, located at the heater, remains open or the control
switches fail, the remote fuel solenoid and/or fuel pump is
shut off by the mechanical overheat switch, stopping all fuel
flow to the system.

As opposed to the fuel fired cabin heaters that are used
on most single-engine aircraft, it is unlikely for carbon
monoxide poisoning to occur in combustion heaters.
Combustion heaters have low pressure in the combustion
tubethat isvented through itsexhaust into the air stream. The
ventilation air on the outside of the combustion chamber is
of higher pressure than on the inside, and ram air increases
the pressure on the outside of the combustion tube. In the
event aleak would develop in the combustion chamber, the
higher-pressure air outside the chamber would travel into the
chamber and out the exhaust.

Bleed Air Heating Systems

Bleed air heating systems are used on turbine-engine
aircraft. Extremely hot compressor bleed air is ducted into
a chamber where it is mixed with ambient or re-circulated
air to cool the air to a useable temperature. The air mixture
isthen ducted into the cabin. Thistype of system contains
several safety features to include temperature sensors that
prevent excessive heat from entering the cabin, check
valves to prevent a loss of compressor bleed air when
starting the engine and when full power is required, and
engine sensors to eliminate the bleed system if the engine
becomes inoperative.

Electrical System

Most aircraft are equipped with either a14- or a28-volt direct
current (DC) electrical system. A basic aircraft electrical
system consists of the following components:

e Alternator/generator
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«  Battery

*  Master/battery switch

»  Alternator/generator switch

»  Bushbar, fuses, and circuit breakers
e Voltage regulator

*  Ammeter/loadmeter

»  Associated electrical wiring

Engine-driven alternators or generators supply electric
current to the electrical system. They also maintain a
sufficient electrical charge in the battery. Electrical energy
stored in a battery provides a source of electrical power for
starting the engine and a limited supply of electrical power
for use in the event the alternator or generator fails.

Most DC generators do not produce a sufficient amount of
electrical current at low engine rpm to operate the entire
electrical system. During operations at low engine rpm, the
electrical needs must be drawn from the battery, which can
quickly be depleted.

Alternators have several advantages over generators.
Alternators produce sufficient current to operate the entire
electrical system, even at slower engine speeds, by producing
aternating current (AC), which is converted to DC. The
electrical output of an alternator ismore constant throughout
awide range of engine speeds.

Some aircraft have receptacles to which an external ground
power unit (GPU) may be connected to provide electrical
energy for starting. These are very useful, especially
during cold weather starting. Follow the manufacturer’s
recommendations for engine starting using a GPU.

Theélectrical systemisturned on or off with amaster switch.
Turning the master switch to the ON position provides
electrical energy to all the electrical equipment circuits
except the ignition system. Equipment that commonly uses
the electrical system for its source of energy includes:

* Position lights

e Anticollision lights
e Landing lights

e Taxilights

e Interior cabin lights
e Instrument lights

* Radio equipment

e Turnindicator

e Fuel gauges



e Electric fuel pump

e Stall warning system
e Pitot heat

e Starting motor

Many aircraft are equipped with a battery switch that
controls the electrical power to the aircraft in a manner
similar to the master switch. In addition, an alternator switch
is installed that permits the pilot to exclude the aternator
from the electrical system in the event of alternator failure.
[Figure 7-33]

Withthealternator half of the switchin the OFF position, the
entireelectrical load isplaced onthe battery. All nonessential
electrical equipment should be turned off to conserve
battery power.

A busbar isused asaterminal intheaircraft electrical system
to connect the main electrical system to the equipment using
electricity as a source of power. This simplifies the wiring
system and provides acommon point from which voltage can
be distributed throughout the system. [ Figure 7-34]

Fuses or circuit breakers are used in the electrical system to
protect the circuits and equipment from electrical overload.
Spare fuses of the proper amperage limit should be carried in
theaircraft to replace defective or blown fuses. Circuit breakers
have the same function as a fuse but can be manually reset,
rather than replaced, if an overload condition occurs in the
electrical system. Placards at the fuse or circuit breaker panel
identify the circuit by name and show the amperage limit.

MASTER
ALT BAT

ON

Figure 7-33. Onthismaster switch, theleft half isfor the alternator
and theright half isfor the battery.

Anammeter isused to monitor the performance of the aircraft
electrical system. The ammeter shows if the alternator/
generator isproducing an adequate supply of electrical power.
It also indicates whether or not the battery is receiving an
electrical charge.

Ammeters are designed with the zero point in the center
of the face and a negative or positive indication on either
side. [Figure 7-35] When the pointer of the ammeter is
on the plus side, it shows the charging rate of the battery.
A minus indication means more current is being drawn
from the battery than is being replaced. A full-scale minus
deflectionindicatesamalfunction of the alternator/generator.
A full-scale positive deflection indicates a malfunction of
the regulator. In either case, consult the AFM/POH for
appropriate action to be taken.

Not all aircraft are equipped with an ammeter. Some have
awarning light that, when lighted, indicates a discharge in
the system asagenerator/alternator malfunction. Refer to the
AFM/POH for appropriate action to be taken.

Another electrical monitoring indicator is a loadmeter.
This type of gauge has a scale beginning with zero and
shows the load being placed on the alternator/generator.
[Figure 7-35] Theloadmeter reflectsthetotal percentage of
the load placed on the generating capacity of the electrical
system by the electrical accessories and battery. When all
electrical components are turned off, it reflects only the
amount of charging current demanded by the battery.

A voltage regulator controlsthe rate of charge to the battery
by stabilizing the generator or alternator electrical output. The
generator/alternator voltage output should be higher than the
battery voltage. For example, a 12-volt battery would be fed
by a generator/alternator system of approximately 14 volts.
The difference in voltage keeps the battery charged.

Hydraulic Systems

There are multiple applications for hydraulic usein aircraft,
depending on the complexity of the aircraft. For example, a
hydraulic system is often used on small airplanesto operate
whedl brakes, retractable landing gear, and some constant-
speed propellers. On large airplanes, a hydraulic system is
used for flight control surfaces, wing flaps, spoilers, and
other systems.

A basic hydraulic system consists of a reservoir, pump
(either hand, electric, or engine-driven), afilter to keep the
fluid clean, aselector valve to control the direction of flow,
arelief valve to relieve excess pressure, and an actuator.
[Figure 7-36]
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Figure 7-34. Electrical system schematic.

The hydraulic fluid is pumped through the system to an
actuator or servo. A servo isacylinder with a piston inside
that turnsfluid power into work and createsthe power needed
to move an aircraft system or flight control. Servos can be
either single-acting or double-acting, based on the needs of
the system. This means that the fluid can be applied to one
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or both sides of the servo, depending on the servo type. A
single-acting servo provides power in one direction. The
selector valve allows the fluid direction to be controlled.
This is necessary for operations such as the extension and
retraction of landing gear during which the fluid must work
intwo different directions. Therelief valve providesan outlet



Ammeter Loadmeter

Figure 7-35. Ammeter and loadmeter.

for the system in the event of excessive fluid pressurein the
system. Each system incorporates different components to
meet the individual needs of different aircraft.

A mineral-based hydraulic fluid is the most widely used type
for small aircraft. Thistypeof hydraulic fluid, akerosene-like
petroleum product, has good lubricating properties, as well
as additives to inhibit foaming and prevent the formation
of corrosion. It is chemically stable, has very little viscosity
change with temperature, and isdyed for identification. Since
severa typesof hydraulic fluidsare commonly used, anaircraft
must be serviced with the type specified by the manufacturer.
Refer to the AFM/POH or the Maintenance Manual.

Landing Gear

Thelanding gear formsthe principal support of an aircraft on
the surface. The most common type of landing gear consists
of wheels, but aircraft can also be equipped with floats for
water operations or skisfor landing on snow. [Figure 7-37]
The landing gear on small aircraft consists of three wheels:
two main wheels (one located on each side of the fuselage)
and athird wheel positioned either at the front or rear of the

s N

[] Hydraulic fluid supply
[ Return fluid

| Hydraulic pressure

System relief valve

Selector valve Double acting cylinder

L J

Figure 7-36. Basic hydraulic system.

Figure 7-37. The landing gear supports the airplane during the
takeoff run, landing, taxiing, and when parked.

airplane. Landing gear employing a rear-mounted wheel is
called conventional landing gear. Airplaneswith conventional
landing gear are often referred to astailwheel airplanes. When
thethird wheel islocated onthenose, itiscalled anosewhesl,
and the design is referred to as atricycle gear. A steerable
nosewheel or tailwheel permitsthe airplane to be controlled
throughout all operations while on the ground.

Tricycle Landing Gear

There are three advantages to using tricycle landing gear:

1. Italowsmoreforceful application of the brakesduring
landings at high speedswithout causing the aircraft to
nose over.

2. It permitsbetter forward visibility for the pilot during
takeoff, landing, and taxiing.

3. It tends to prevent ground looping (swerving) by
providing more directional stability during ground
operation since the aircraft’s center of gravity (CG)
isforward of themain wheels. Theforward CG keeps
the airplane moving forward in a straight line rather
than ground looping.

Nosewheels are either steerable or castering. Steerable
nosewheelsarelinked to the rudders by cablesor rods, while
castering nosewheels are free to swivel. In both cases, the
aircraft is steered using the rudder pedals. Airplanes with a
castering nosewheel may require the pilot to combine the
use of the rudder pedals with independent use of the brakes.

Tailwheel Landing Gear

Tailwheel landing gear airplanes have two main wheels
attached to the airframe ahead of its CG that support most of
theweight of the structure. A tailwheel at the very back of the
fuselage provides athird point of support. Thisarrangement
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allows adequate ground clearance for a larger propeller
and is more desirable for operations on unimproved fields.
[Figure 7-38]

With the CG located behind the main landing gear, directional
control using thistype of landing gear ismore difficult while
on theground. Thisisthe main disadvantage of thetailwheel
landing gear. For example, if the pilot allows the aircraft to
swerve while rolling on the ground at a low speed, he or
she may not have sufficient rudder control and the CG will
attempt to get ahead of the main gear, which may cause the
airplane to ground loop.

Diminished forward visibility when thetailwheel ison or near
the ground isasecond disadvantage of tailwheel landing gear
airplanes. Because of these disadvantages, specific training
isrequired to operate tailwheel airplanes.

Fixed and Retractable Landing Gear

Landing gear can also be classified as either fixed or
retractable. Fixed landing gear always remains extended
and has the advantage of simplicity combined with low

Figure 7-38. Tailwheel landing gear.

maintenance. Retractable landing gear is designed to
streamline the airplane by allowing the landing gear to
be stowed inside the structure during cruising flight.
[Figure 7-39]

Brakes

Airplane brakes are located on the main wheels and are
applied by either ahand control or by foot pedals (toe or hedl).
Foot pedals operate independently and allow for differential
braking. During ground operations, differential braking can
supplement nosewheel/tailwheel steering.

Pressurized Aircraft

Aircraft are flown at high altitudesfor two reasons. First, an
aircraft flown at high altitude consumeslessfuel for agiven
airspeed than it does for the same speed at a lower altitude
because the aircraft is more efficient at a high altitude.
Second, bad weather and turbulence may beavoided by flying
in relatively smooth air above the storms. Many modern
aircraft are being designed to operate at high altitudes,
taking advantage of that environment. In order to fly at
higher altitudes, the aircraft must be pressurized or suitable
supplemental oxygen must be provided for each occupant.
Itisimportant for pilotswho fly these aircraft to be familiar
with the basic operating principles.

In a typical pressurization system, the cabin, flight
compartment, and baggage compartments are incorporated
into a sealed unit capable of containing air under a pressure
higher than outsi de atmospheric pressure. On aircraft powered
by turbine engines, bleed air from the engine compressor
section is used to pressurize the cabin. Superchargers may
be used on older model turbine-powered aircraft to pump
air into the sealed fusel age. Piston-powered aircraft may use
air supplied from each engine turbocharger through a sonic
venturi (flow limiter). Air is released from the fuselage by

Figure 7-39. Fixed (left) and retractable (right) gear airplanes.
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adevice caled an outflow valve. By regulating the air exit,
the outflow valve alows for a constant inflow of air to the
pressurized area. [ Figure 7-40]

A cabin pressurization system typically maintains a cabin
pressure altitude of approximately 8,000 feet at the maximum
designed cruising altitude of an aircraft. This preventsrapid
changesof cabin altitudethat may be uncomfortable or cause
injury to passengersand crew. In addition, the pressurization
system permits a reasonably fast exchange of air from
the inside to the outside of the cabin. This is necessary to
eliminate odors and to remove stale air. [Figure 7-41]

Pressurization of the aircraft cabin is necessary in order to
protect occupants against hypoxia. Within a pressurized
cabin, occupants can be transported comfortably and safely
for long periods of time, particularly if the cabin atitude
is maintained at 8,000 feet or below, where the use of
oxygen equipment is not required. The flight crew in this
type of aircraft must be aware of the danger of accidental
loss of cabin pressure and be prepared to deal with such an
emergency whenever it occurs.

Cabin heat Air scoops
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Heat exchanger
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compressor
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air outlets
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controller

Safety/dump valve

Outflow valve
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Pressurization air

OCNNCRE

Pre-heated ambient air

Conditioned pressurization air

Pressurized cabin

Figure 7-40. High performance airplane pressurization system.

Atmosphere pressure
Altitude (ft) | Pressure (psi)
Sea level 14.7
2,000 13.7
4,000 12.7
The altitude at which the
: . 6,000 11.8
standard air pressure is
equal to 10.9 psi can be
found at 8,000 feet. 10,000 10.1
12,000 9.4
At an altitude of 28,000 14,000 8.6
feet, standard atmo- 16,000 8.0
spheric pressure is 4.8 18,000 7.3
psi. By adding this 20,000 6.8
pressure to the cabin 22,000 6.2
pressure differential of
6.1 psi difference (psid), ;gggg 2;
a total air pressure of 2 .
10.9 psi is obtained.
30,000 4.4

Figure 7-41. Standard atmospheric pressure chart.

Thefollowing termswill aid in understanding the operating
principles of pressurization and air conditioning systems:

e Aircraft dtitude—the actual height above sealevel at
which the aircraft is flying

e Ambient temperature—the temperature in the area
immediately surrounding the aircraft

e Ambient pressure—the pressure in the area
immediately surrounding the aircraft

e Cabinaltitude—cabin pressurein terms of equivalent
altitude above sea level

» Differential pressure—the difference in pressure
between the pressure acting on one side of a wall
and the pressure acting on the other side of the
wall. In aircraft air-conditioning and pressurizing
systems, it is the difference between cabin pressure
and atmospheric pressure.

The cabin pressure control system provides cabin pressure
regulation, pressure relief, vacuum relief, and the means
for selecting the desired cabin dtitude in the isobaric and
differential range. In addition, dumping of the cabin pressure
isafunction of the pressure control system. A cabin pressure
regulator, an outflow valve, and a safety valve are used to
accomplish these functions.

The cabin pressure regulator controls cabin pressure to a
selected valuein theisobaric range and limits cabin pressure
toapreset differential valueinthedifferential range. Whenan
aircraft reaches the altitude at which the difference between
the pressure inside and outside the cabin is equal to the
highest differential pressurefor which the fuselage structure
is designed, a further increase in aircraft altitude will result
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in a corresponding increase in cabin dtitude. Differential
control isused to prevent the maximum differential pressure,
for which the fuselage was designed, from being exceeded.
This differential pressure is determined by the structural
strength of the cabin and often by the relationship of the
cabin size to the probable areas of rupture, such as window
areas and doors.

The cabin air pressure safety valve is a combination
pressurerelief, vacuum relief, and dump valve. The pressure
relief valve prevents cabin pressure from exceeding a
predetermined differential pressure above ambient pressure.
Thevacuum relief preventsambient pressurefrom exceeding
cabin pressure by allowing external air to enter the cabin
when ambient pressure exceeds cabin pressure. The flight
deck control switch actuates the dump valve. When this
switchis positioned to ram, a solenoid valve opens, causing
the valve to dump cabin air into the atmosphere.

The degree of pressurization and the operating altitude of
the aircraft are limited by several critical design factors.
Primarily, the fuselage is designed to withstand a particular
maximum cabin differential pressure.

Several instruments are used in conjunction with the
pressurization controller. The cabin differential pressure gauge
indicates the difference between inside and outside pressure.
This gauge should be monitored to assure that the cabin does
not exceed the maximum alowable differential pressure. A
cabin altimeter isalso provided asacheck on the performance
of the system. In some cases, these two instruments are
combined into one. A third instrument indicatesthe cabinrate
of climb or descent. A cabin rate-of-climb instrument and a
cabin altimeter areillustrated in Figure 7-42.

Decompression is defined as the inability of the aircraft’s
pressurization system to maintain its designed pressure
differential. This can be caused by a malfunction in the
pressurization system or structural damage to the aircraft.

Physiologically, decompressionsfall into the following two
categories:

e Explosivedecompression—achangein cabin pressure
faster than the lungs can decompress, possibly
resulting inlung damage. Normally, thetimerequired
torelease air from thelungswithout restrictions, such
asmasks, is0.2 seconds. Most authorities consider any
decompression that occursin lessthan 0.5 secondsto
be explosive and potentially dangerous.

*  Rapid decompression—achangein cabin pressurein
which the lungs decompress faster than the cabin.

During an explosive decompression, there may be noise,
and one may feel dazed for a moment. The cabin air fills
with fog, dust, or flying debris. Fog occurs due to the rapid
drop in temperature and the change of relative humidity.
Normally, the ears clear automatically. Air rushes from the
mouth and nose due to the escape of air from the lungs and
may be noticed by some individuals.

Rapid decompression decreases the period of useful
consciousness because oxygenin thelungsisexhaedrapidly,
reducing pressure on the body. This decreases the partial
pressure of oxygen in the blood and reduces the pilot’s
effective performance time by one-third to one-fourth its
normal time. For this reason, an oxygen mask should be
worn when flying at very high altitudes (35,000 feet or
higher). It isrecommended that the crewmembers select the
100 percent oxygen setting on the oxygen regulator at high
dtitudeif the aircraft is equipped with ademand or pressure
demand oxygen system.
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Figure 7-42. Cabin pressurization instruments.
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The primary danger of decompression is hypoxia. Quick,
proper utilization of oxygen equipment isnecessary to avoid
unconsciousness. Another potential danger that pilots, crew,
and passengers face during high altitude decompressions is
evolved gas decompression sickness. This occurs when the
pressure on the body drops sufficiently, nitrogen comes out
of solution, and forms bubblesinside the person that can have
adverse effects on some body tissues.

Decompression caused by structural damage to the aircraft
presents another type of danger to pilots, crew, and
passengers—being tossed or blown out of the aircraft if
they are located near openings. Individuals near openings
should wear safety harnesses or seatbelts at al times when
the aircraft is pressurized and they are seated. Structural
damage al so has the potential to expose them to wind blasts
and extremely cold temperatures.

Rapid descent from altitude isnecessary in order to minimize
these problems. Automatic visual and aural warning systems
are included in the equipment of all pressurized aircraft.

Oxygen Systems

Crew and passengers use oxygen systems, in conjunction
with pressurization systems, to prevent hypoxia. Regulations
require, at aminimum, flight crews have and use supplemental
oxygen after 30 minutes exposure to cabin pressure altitudes
between 12,500 and 14,000 feet. Use of supplemental
oxygen is required immediately upon exposure to cabin
pressure altitudes above 14,000 feet. Every aircraft occupant,
above 15,000 feet cabin pressure altitude, must have
supplemental oxygen. However, based on aperson’ s physical
characteristics and condition, a person may feel the effects
of oxygen deprivation at much lower atitudes. Some people
flying above 10,000 feet during the day may experience
disorientation due to the lack of adequate oxygen. At night,
especialy when fatigued, these effects may occur as low
as 5,000 feet. Therefore, for optimum protection, pilots are
encouraged to use supplemental oxygen above 10,000 feet
cabin atitude during the day and above 5,000 feet at night.

Most high altitude aircraft come equipped with some type
of fixed oxygen installation. If the aircraft does not have
a fixed installation, portable oxygen equipment must be
readily accessible during flight. The portable equipment
usually consists of a container, regulator, mask outlet,
and pressure gauge. Aircraft oxygen is usually stored in
high pressure system containers of 1,800-2,200 psi. When
the ambient temperature surrounding an oxygen cylinder
decreases, pressure within that cylinder decreases because
pressure varies directly with temperature if the volume of a
gas remains constant. A drop in the indicated pressure of a
supplemental oxygen cylinder may be due to the container

being stored in an unheated area of the aircraft rather than
an actual depletion of the oxygen supply. High pressure
oxygen containers should be marked with the psi tolerance
(i.e., 1,800 psi) before filling the container to that pressure.
The containers should be supplied with oxygen that meets
or exceeds SAE AS8010 (as revised), Aviator’s Breathing
Oxygen Purity Standard. To assure safety, periodicinspection
and servicing of the oxygen system should be performed.

An oxygen system consists of a mask or cannula and a
regulator that supplies a flow of oxygen dependent upon
cabin altitude. M ost regulators approved for use up to 40,000
feet are designed to provide zero percent cylinder oxygen
and 100 percent cabin air at cabin altitudes of 8,000 feet or
less, with the ratio changing to 100 percent oxygen and zero
percent cabin air at approximately 34,000 feet cabin altitude.
[Figure 7-43] Most regulators approved up to 45,000 feet
are designed to provide 40 percent cylinder oxygen and 60
percent cabin air at lower atitudes, with the ratio changing
to 100 percent at the higher altitude.

Pilots should be aware of the danger of fire when using
oxygen. Materialsthat are nearly fireproof inordinary air may
be susceptibleto combustion in oxygen. Oilsand greases may
ignite if exposed to oxygen and cannot be used for sealing
thevalvesand fittings of oxygen equipment. Smoking during
any kind of oxygen equipment use is prohibited. Before
each flight, the pilot should thoroughly inspect and test all
oxygen equipment. Theinspection should include athorough
examination of the aircraft oxygen equipment, including
available supply, an operational check of the system, and
assurancethat the supplemental oxygenisreadily accessible.
Theinspection should be accomplished with clean handsand
should include a visual inspection of the mask and tubing
for tears, cracks, or deterioration; the regulator for valve
and lever condition and positions; oxygen quantity; and the
location and functioning of oxygen pressure gauges, flow
indicators, and connections. The mask should be donned and
the system should betested. After any oxygen use, verify that
all components and valves are shut off.
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PRESSURE DEMAND

SUPPLY
PRESSURE

100 % =
DXYGEN ON

3 SUPPLY $-'-

NORMAL
OXYGEN .

FLOW

* EMERGENCY

» NORMAL

TEST
OFF

Figure 7-43. Oxygen system regulator.
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Oxygen Masks

There are numerous types and designs of oxygen masksin
use. The most important factor in oxygen mask use is to
ensure that the masks and oxygen system are compatible.
Crew masks are fitted to the user’ s face with a minimum of
leakage and usually contain a microphone. Most masks are
the oronasal type that covers only the mouth and nose.

A passenger mask may be a simple, cup-shaped rubber
molding sufficiently flexible to obviate individual fitting. It
may have a simple elastic head strap or the passenger may
hold it to his or her face.

All oxygen masks should be kept clean to reduce the danger
of infection and prolong the life of the mask. To clean the
mask, wash it with amild soap and water solution and rinse
it with clear water. If amicrophoneisinstalled, use a clean
swab, instead of running water, to wipe off the soapy solution.
The mask should aso be disinfected. A gauze pad that has
been soaked in awater solution of Merthiolate can be used
to swab out the mask. This solution used should contain
one-fifth teaspoon of Merthiolate per quart of water. Wipe
the mask with a clean cloth and air dry.

Cannula

A cannulais an ergonomic piece of plastic tubing that runs
under the noseto administer oxygen to theuser. [ Figure 7-44]
Cannulas are typically more comfortable than masks, but
may not provide an adequate flow of oxygen as reliably as
maskswhen operating at higher altitudes. Airplanescertified
to older regulations had cannulasinstalled with an on-board

Figure 7-44. Cannula with green flow detector.

7-38

oxygen system. However, current regul ationsrequire aircraft
with oxygen systems installed and certified for operations
above 18,000 feet to be equi pped with oxygen masksinstead
of cannulas. Many cannulas have aflow meter inthe oxygen
supply line. If equipped, a periodic check of the green flow
detector should be a part of the pilot’s regular scan.

Diluter-Demand Oxygen Systems

Diluter-demand oxygen systems supply oxygen only when
the user inhales through the mask. An automix lever alows
the regulators to automatically mix cabin air and oxygen or
supply 100 percent oxygen, depending on the atitude. The
demand mask provides a tight seal over the face to prevent
dilution with outside air and can be used safely up to 40,000
feet. A pilot who hasabeard or mustache should be sureitis
trimmed in a manner that will not interfere with the sealing
of the oxygen mask. The fit of the mask around the beard or
mustache should be checked on the ground for proper sealing.

Pressure-Demand Oxygen Systems
Pressure-demand oxygen systems are similar to diluter
demand oxygen equipment, except that oxygenissuppliedto
themask under pressure at cabin atitudes above 34,000 feet.
Pressure-demand regul ators create airtight and oxygen-tight
sedls, but they al so provide apositive pressure application of
oxygen to the mask face piece that alows the user’s lungs
to be pressurized with oxygen. This feature makes pressure
demand regulators safe at altitudes above 40,000 feet. Some
systems may have apressure demand mask with the regul ator
attached directly to the mask, rather than mounted on the
instrument panel or other area within the flight deck. The
mask-mounted regulator eliminates the problem of a long
hose that must be purged of air before 100 percent oxygen
begins flowing into the mask.

Continuous-Flow Oxygen System

Continuous-flow oxygen systems are usually provided for
passengers. The passenger mask typically has a reservoir
bag that collects oxygen from the continuous-flow oxygen
system during the time when the mask user is exhaling.
The oxygen collected in the reservoir bag alows a higher
aspiratory flow rate during the inhalation cycle, which
reduces the amount of air dilution. Ambient air is added to
the supplied oxygen during inhal ation after the reservoir bag
oxygen supply isdepleted. The exhaled air isreleased to the
cabin. [Figure 7-45]

Electrical Pulse-Demand Oxygen System

Portable electrical pulse-demand oxygen systems deliver
oxygen by detecting an individual’s inhalation effort and
provide oxygen flow during theinitial portion of inhalation.
Pulse demand systems do not waste oxygen during the
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Figure 7-45. Continuous flow mask and rebreather bag.

breathing cycle because oxygen is only delivered during
inhalation. Compared to continuous-flow systems, the pul se-
demand method of oxygen delivery can reduce the amount
of oxygen needed by 50-85 percent. Most pulse-demand
oxygen systems also incorporate an internal barometer
that automatically compensates for changes in atitude by
increasing the amount of oxygen delivered for each pulse as
atitude isincreased. [ Figure 7-46]

Pulse Oximeters

A pulse oximeter is a device that measures the amount of
oxygen in an individual’s blood, in addition to heart rate.
This non-invasive device measures the color changes that
red blood cells undergo when they become saturated with
oxygen. By transmitting a special light beam through a
fingertip to evaluate the color of the red cells, a pulse
oximeter can calculate the degree of oxygen saturation
within one percent of directly measured blood oxygen.
Because of their portability and speed, pulse oximeters are
very useful for pilots operating in nonpressurized aircraft
above 12,500 feet where supplemental oxygen is required.
A pulse oximeter permits crewmembers and passengers of
an aircraft to evaluate their actual need for supplemental
oxygen. [Figure 7-47]

Servicing of Oxygen Systems

Before servicing any aircraft with oxygen, consult the
specific aircraft service manual to determine the type of
equipment required and procedures to be used. Certain
precautions should be observed whenever aircraft oxygen

Figure 7-46. EDS-011 portable pulse-demand oxygen system.

systems are to be serviced. Oxygen system servicing should
be accomplished only when the aircraft is located outside
of the hangars. Personal cleanliness and good housekeeping
are imperative when working with oxygen. Oxygen under
pressure creates spontaneous results when brought in contact
with petroleum products. Service people should be certain to
wash dirt, oil, and grease (including lip salves and hair oil)
from their hands before working around oxygen equipment. It
isalso essential that clothing and toolsarefree of oil, grease,
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Figure 7-47. Onyx pulse oximeter.
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and dirt. Aircraft with permanently installed oxygen tanks
usually require two persons to accomplish servicing of the
system. One should be stationed at the service equipment
control valves, and the other stationed where he or she
can observe the aircraft system pressure gauges. Oxygen
system servicing isnot recommended during aircraft fueling
operations or while other work is performed that could
provide asource of ignition. Oxygen system servicing while
passengers are on board the aircraft is not recommended.

Anti-lce and Deice Systems

Anti-icing equipment is designed to prevent the formation
of ice, while deicing equipment is designed to remove ice
once it has formed. These systems protect the leading edge
of wing and tail surfaces, pitot and static port openings, fuel
tank vents, stall warning devices, windshields, and propeller
blades. I ce detection lighting may also be installed on some
aircraft to determine the extent of structural icing during
night flights.

Most light aircraft have only a heated pitot tube and are not
certified for flight inicing. These light aircraft have limited
cross-country capability in the cooler climates during late
fall, winter, and early spring. Noncertificated aircraft must
exit icing conditions immediately. Refer to the AFM/POH
for details.

Airfoil Anti-lce and Deice

Inflatable deicing boots consist of arubber sheet bonded to
the leading edge of the airfoil. When ice builds up on the
leading edge, an engine-driven pneumatic pump inflatesthe
rubber boots. Many turboprop aircraft divert engine bleed
air to the wing to inflate the rubber boots. Upon inflation,
theiceis cracked and should fall off the leading edge of the
wing. Deicing boots are controlled from the flight deck by
aswitch and can be operated in asingle cycle or alowed to
cycle at automatic, timed intervals. [ Figure 7-48]

In the past, it was believed that if the boots were cycled
too soon after encountering ice, the ice layer would expand
instead of breaking off, resulting in acondition referred to as
ice“bridging.” Consequently, subsequent deice boot cycles
would be ineffective at removing the ice buildup. Although
some residual ice may remain after aboot cycle, “bridging”
does not occur with any modern boots. Pilots can cycle the
boots as soon as an ice accumulation is observed. Consult
the AFM/POH for information on the operation of deice
boots on an aircraft.

Many deicing boot systems use theinstrument system suction
gauge and apneumatic pressure gauge to indicate proper boot
operation. These gauges have range markings that indicate
the operating limits for boot operation. Some systems may
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Figure 6-48. Deicing boots on the leading edge of the wing.

also incorporate an annunciator light to indicate proper boot
operation.

Proper maintenance and care of deicing boots are important
for continued operation of this system. They need to be
carefully inspected during preflight.

Another type of leading edge protection isthethermal anti-ice
system. Heat provides one of the most effective methods for
preventing ice accumulation on an airfoil. High performance
turbine aircraft often direct hot air from the compressor
section of the engine to the leading edge surfaces. The hot
air heatstheleading edge surfaces sufficiently to prevent the
formation of ice. A newer type of thermal anti-ice system
referred to as ThermaWing uses electrically heated graphite
foil laminate applied to the leading edge of the wing and
horizontal stabilizer. ThermaWing systems typically have
two zones of heat application. One zone on the leading edge
receives continuous heat; the second zonefurther aft receives
heat in cyclesto dislodgetheiceallowing aerodynamic forces
to remove it. Thermal anti-ice systems should be activated
prior to entering icing conditions.

An alternate type of leading edge protection that is not as
common as thermal anti-ice and deicing boots is known



as a weeping wing. The weeping-wing design uses small
holes located in the leading edge of the wing to prevent
the formation and build-up of ice. An antifreeze solution
is pumped to the leading edge and weeps out through the
holes. Additionally, the weeping wing is capable of deicing
an aircraft. When ice has accumulated on the leading edges,
application of the antifreeze solution chemically breaksdown
the bond between theice and airframe, allowing aerodynamic
forcesto removetheice. [Figure 7-49]

Windscreen Anti-lce

There are two main types of windscreen anti-ice systems.
Thefirst system directs aflow of acohol to the windscreen.
If used early enough, the alcohol preventsice from building
up on the windscreen. The rate of alcohol flow can be
controlled by adial intheflight deck according to procedures
recommended by the aircraft manufacturer.

Another effective method of anti-icing equipment is the
electric heating method. Small wires or other conductive
meaterial isimbedded in the windscreen. The heater can be
turned on by aswitch intheflight deck, causing an electrical
current to be passed across the shield through the wires to
provide sufficient heat to prevent the formation of ice on
the windscreen. The heated windscreen should only be used
during flight. Do not leaveit on during ground operations, as
it can overheat and cause damageto the windscreen. Warning:
the electrical current can cause compass deviation errors by
as much as 40°.

Propeller Anti-lce

Propellers are protected from icing by the use of alcohol or
electrically heated elements. Some propellers are equipped
with adischarge nozzlethat is pointed toward the root of the
blade. Alcohoal isdischarged from the nozzles, and centrifugal
force drives the alcohol down the leading edge of the blade.
Thebootsare a so grooved to help direct theflow of alcohal.
This prevents ice from forming on the leading edge of the
propeller. Propellers can a so befitted with propeller anti-ice
boots. The propeller boot is divided into two sections—the

Figure 7-49. TKSweeping wing anti-ice/deicing system.

inboard and the outboard sections. The boots are imbedded
with electrical wires that carry current for heating the
propeller. The prop anti-ice system can be monitored for
proper operation by monitoring the prop anti-ice ammeter.
During the preflight inspection, check the propeller bootsfor
proper operation. If aboot failsto heat oneblade, an unequal
blade loading can result and may cause severe propeller
vibration. [Figure 7-50]

Other Anti-Ilce and Deice Systems

Pitot and static ports, fuel vents, stall-warning sensors,
and other optional equipment may be heated by electrical
elements. Operational checks of the electrically heated
systemsareto be checked in accordance with the AFM /POH.

Operation of aircraft anti-icing and deicing systems should be
checked prior to encountering icing conditions. Encounters
with structural ice require immediate action. Anti-icing and
deicing equipment are not intended to sustain long-term flight
inicing conditions.

Chapter Summary

All aircraft have a requirement for essential systems such
as the engine, propeller, induction, ignition systems as well
asthe fuel, lubrication, cooling, electrical, landing gear, and

Prop anti-ice ammeter

When the system is operating,
the prop ammeter indicates
normal operating range. As each
boot section cycles, the ammeter

PROP DEICER
fluctuates.

AMPS

Inboard section

m

Prop anti-ice boot

The boot is divided into two sections: inboard and outboard.
When the anti-ice is operating, the inboard section heats on
each blade, and then cycles to the outboard section. If a boot

fails to heat properly on one blade, unequal ice loading may
result causing severe vibration.

L J

Figure 7-50. Prop ammeter and anti-ice boots.
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environmental control systemsto support flight. Understanding
the aircraft systems of the aircraft being flown is critical to
its safe operation and proper maintenance. Consult the AFM/
POH for specific information pertaining to the aircraft being
flown. Various manufacturer and owners group websites can
also be avaluable source of additional information.
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Flight
Instruments

Introduction

In order to safely fly any aircraft, a pilot must understand
how to interpret and operate the flight instruments. The
pilot also needsto be able to recognize associated errors and
malfunctions of theseinstruments. This chapter addressesthe
pitot-static system and associated instruments, the vacuum
system and related instruments, gyroscopic instruments, and
the magnetic compass. When a pilot understands how each
instrument works and recognizes when an instrument is
malfunctioning, he or she can safely utilize the instruments
to their fullest potential.

Pitot-Static Flight Instruments

The pitot-static system isacombined system that utilizesthe
static air pressure and the dynamic pressure dueto the motion
of the aircraft through the air. These combined pressuresare
utilized for the operation of the airspeed indicator (ASl),
altimeter, and vertical speed indicator (VSl). [Figure 8-1]
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Figure 8-1. Pitot-static system and instruments.

Impact Pressure Chamber and Lines

The pitot tube is utilized to measure the total combined
pressures that are present when an aircraft moves through
the air. Static pressure, also known as ambient pressure, is
always present whether an aircraft ismoving or at rest. It is
simply the barometric pressure in the local area. Dynamic
pressure is present only when an aircraft is in motion;
therefore, it can be thought of as a pressure due to motion.
Wind also generates dynamic pressure. It does not matter if
the aircraft is moving through still air at 70 knots or if the
aircraft is facing awind with a speed of 70 knots, the same
dynamic pressure is generated.

When the wind blows from an angle less than 90° off the
nose of the aircraft, dynamic pressure can be depicted on the
ASl. The wind moving across the airfoil at 20 knots is the
same as the aircraft moving through calm air at 20 knots.
The pitot tube captures the dynamic pressure, as well asthe
static pressure that is always present.

The pitot tube has a small opening at the front that allows
the total pressure to enter the pressure chamber. The total
pressureis made up of dynamic pressure plus stetic pressure.
In addition to the larger hole in the front of the pitot tube,
thereisasmall hole in the back of the chamber that allows
moisture to drain from the system should the aircraft enter
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precipitation. Both openingsin the pitot tube must be checked
prior to flight to ensurethat neither isblocked. Many aircraft
have pitot tube covers installed when they sit for extended
periods of time. This helps to keep bugs and other objects
from becoming lodged in the opening of the pitot tube.

The oneinstrument that utilizesthe pitot tubeisthe ASI. The
total pressure istransmitted to the ASI from the pitot tube’s
pressure chamber via a small tube. The static pressure is
also delivered to the opposite side of the ASI, which serves
to cancel out the two static pressures, thereby leaving the
dynamic pressure to be indicated on the instrument. When
the dynamic pressure changes, the ASI showseither increase
or decrease, corresponding to the direction of change. The
two remaining instruments (altimeter and V SI) utilize only
the static pressure that is derived from the static port.

Static Pressure Chamber and Lines

The static chamber is vented through small holes to the
free undisturbed air on the side(s) of the aircraft. As the
atmospheric pressure changes, the pressure is able to move
freely in and out of the instruments through the small lines
that connect theinstrumentsto the static system. An aternate
static source is provided in some aircraft to provide static
pressure should the primary static source become blocked.
Thealternate static sourceisnormally found inside the flight



deck. Dueto the venturi effect of the air flowing around the
fuselage, the air pressureinside the flight deck islower than
the exterior pressure.

When the alternate static source pressure is used, the
following instrument indications are observed:

1. Thealtimeter indicates adightly higher atitude than
actual.

2. TheASl indicates an airspeed greater than the actual
airspeed.

3. TheVSl showsamomentary climb and then stabilizes
if the dtitude is held constant.

Each pilot is responsible for consulting the Aircraft Flight
Manual (AFM) or the Pilot’s Operating Handbook (POH)
to determine the amount of error that is introduced into the
system when utilizing the alternate static source. In an aircraft
not equipped with an alternate static source, an alternate
method of introducing static pressureinto the system should
a blockage occur is to break the glass face of the VSI. This
most likely renders the VS| inoperative. The reason for
choosing the VS| as the instrument to break isthat it is the
least important static source instrument for flight.

Altimeter

The atimeter is an instrument that measures the height of
an aircraft above a given pressure level. Pressure levels
are discussed later in detail. Since the altimeter is the only
instrument that is capabl e of indicating altitude, thisisone of
themost vital instrumentsinstalled inthe aircraft. To usethe
atimeter effectively, the pilot must understand the operation
of the instrument, as well as the errors associated with the
altimeter and how each affect the indication.

A stack of sealed aneroid wafers comprise the main
component of the altimeter. An aneroid wafer is a sealed
wafer that is evacuated to an internal pressure of 29.92
inches of mercury ("Hg). These wafers are free to expand
and contract with changes to the static pressure. A higher
static pressure presses down on the wafers and causes them
to collapse. A lower static pressure (less than 29.92 "Hg)
allowsthewafersto expand. A mechanical linkage connects
the wafer movement to the needles on the indicator face,
which translates compression of the wafers into a decrease
in altitude and translates an expansion of the wafersinto an
increase in dtitude. [ Figure 8-2]

Notice how the static pressureisintroduced into therear of the
sealed altimeter case. Thedtimeter’ souter chamber issealed,
which allows the static pressure to surround the aneroid
wafers. If the static pressureishigher than the pressurein the
aneroid wafers (29.92 "Hg), then the wafers are compressed

100 ft. pointer
10,000 ft. pointer

Aneroid wafers 1,000 ft. pointer

Crosshatch flag

Static port A crosshatched area appears on

some altimeters when displaying
an altitude below 10,000 feet MSL.

Barometric scale adjustment knob

Altimeter setting window

Figure 8-2. Altimeter.

until thepressureinsidethewafersisequal to the surrounding
static pressure. Conversely, if the static pressure isless than
the pressureinside of thewafers, thewafersare ableto expand
which increases the volume. The expansion and contraction
of thewafers movesthe mechanical linkage which drivesthe
needles on the face of the atimeter.

Principle of Operation

The pressure atimeter is an aneroid barometer that measures
the pressure of theatmosphereet thelevel wheretheatimeter is
located and presentsan dtitudeindicationinfeet. Theatimeter
uses static pressure as its source of operation. Air is denser
at sea level than aoft—as altitude increases, atmospheric
pressuredecreases. Thisdifferencein pressureat variouslevels
causes the altimeter to indicate changesin dtitude.

The presentation of altitude varies considerably between
different types of altimeters. Some have one pointer while
others have two or more. Only the multipointer type is
discussed in this handbook. The dial of atypical altimeter
is graduated with numerals arranged clockwise from zero
to nine. Movement of the aneroid element is transmitted
through gears to the three hands that indicate altitude. In
Figure 8-2, the long, thin needle with the inverted triangle
at the end indicates tens of thousands of feet; the short, wide
needle indicates thousands of feet; and the long needle on
top indicates hundreds of feet.
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This indicated altitude is correct, however, only when the
sealevel barometric pressureisstandard (29.92 "Hg), the sea
level free air temperature is standard (+15 degrees Celsius
(°C) or 59 degrees Fahrenheit (°F)), and the pressure and
temperature decrease at a standard rate with an increase
in altitude. Adjustments for nonstandard pressures are
accomplished by setting the corrected pressure into a
barometric scale located on the face of the altimeter. The
barometric pressure window is sometimes referred to as
the Kollsman window; only after the altimeter is set does it
indicate the correct atitude. The word “correct” will need
to be better explained when referring to types of altitudes,
but iscommonly used in this case to denote the approximate
altitude above sea level. In other words, the indicated
altitude refersto the atitude read off of the altitudewhichis
uncorrected, after the barometric pressure setting is dialed
into the Kollsman window. The additional types of atitudes
are further explained later.

Effect of Nonstandard Pressure and Temperature

It is easy to maintain a consistent height above ground if
the barometric pressure and temperature remain constant,
but thisisrarely the case. The pressure and temperature can
change between takeoff and landing even on alocal flight.
If these changes are not taken into consideration, flight
becomes dangerous.

If altimeters could not be adjusted for nonstandard pressure, a
hazardous situation could occur. For example, if anaircraftis
flownfromahigh pressureareato alow pressure areawithout
adjusting the altimeter, a constant altitude will be displayed,
but the actual height of the aircraft above the ground would

be lower then the indicated altitude. Thereisan old aviation
axiom: “GOING FROM A HIGH TOA LOW, LOOK OUT
BELOW.” Conversdly, if an aircraft is flown from a low
pressure area to a high pressure area without an adjustment
of the altimeter, the actual atitude of the aircraft is higher
than the indicated altitude. Oncein flight, it isimportant to
frequently obtain current altimeter settings en routeto ensure
terrain and obstruction clearance.

Many atimeters do not have an accurate means of being
adjusted for barometric pressures in excess of 31.00
"Hg. When the altimeter cannot be set to the higher
pressure setting, the aircraft actual altitude is higher than
the altimeter indicates. When low barometric pressure
conditions occur (below 28.00), flight operations by
aircraft unable to set the actual altimeter setting are
not recommended.

Adjustments to compensate for nonstandard pressure do
not compensate for nonstandard temperature. Since cold
air is denser than warm air, when operating in temperatures
that are colder than standard, the altitude is lower than the
altimeter indication. [Figure 8-3] It isthe magnitude of this
“difference” that determinesthe magnitude of theerror. Itis
the difference due to colder temperatures that concerns the
pilot. When flying into acooler air masswhile maintaining a
constant indicated altitude, true dtitudeislower. If terrain or
obstacle clearance is afactor in selecting a cruising altitude,
particularly in mountainous terrain, remember to anticipate
that a colder-than-standard temperature places the aircraft
lower than the altimeter indicates. Therefore, a higher
indicated altitude may berequired to provide adequateterrain
clearance. A variation of the memory aid used for pressure
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Figure 8-3. Effects of nonstandard temperature on an altimeter.
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can be employed: “FROM HOT TO COLD, LOOK OUT
BELOW.” When theair iswarmer than standard, the aircraft
ishigher than the altimeter indicates. Altitude correctionsfor
temperature can be computed on the navigation computer.

Extremely cold temperaturesalso affect altimeter indications.
Figure 8-4, which was derived from ICAO formulas,
indicates how much error can exist when the temperature is
extremely cold.

Setting the Altimeter

Most altimeters are equipped with a barometric pressure
setting window (or Kollsman window) providing a means
to adjust the altimeter. A knob islocated at the bottom of the
instrument for this adjustment.

Toadjust the altimeter for variation in atmospheric pressure,
the pressure scalein the altimeter setting window, calibrated
ininchesof mercury ("Hg) and/or millibars (mb), isadjusted
to match the given altimeter setting. Altimeter setting is
defined as station pressure reduced to sea level, but an
altimeter setting is accurate only in the vicinity of the
reporting station. Therefore, thealtimeter must be adjusted as
the flight progresses from one station to the next. Air traffic
control (ATC) will advise when updated altimeter settings
are available. If a pilot is not utilizing ATC assistance,
local altimeter settings can be obtained by monitoring local
automated weather observing system/automated surface
observation system (AWOS/ASOS) or automatic terminal
information service (ATIS) broadcasts.

Many pilots confidently expect the current altimeter setting
will compensate for irregularitiesin atmospheric pressure at
all altitudes, but thisisnot alwaystrue. The altimeter setting
broadcast by ground stationsisthe station pressure corrected
to mean sea level. It does not account for the irregularities

-10 | 20 |30 |40 | 50| 60| 70| 80| 90| 100|150 | 200 290 | 390, 490

-20 | 30 {50 [ 60 | 70| 90 (100 (120|130 | 140|210| 280| 420| 570| 710
-30 | 40 | 60 | 80 (100|120 |140| 150|170 | 190|280 | 380 570| 760, 950
50 | 80 |100 |120|150|170| 190|220 | 240|360 | 480 720 | 970/1,210
60 | 90 |120 |150 |180 | 210| 240|270 | 300 450 | 590 890 11901500

Figure 8-4. Look at the chart using a temperature of —10 °C and
an aircraft altitude of 1,000 feet above the airport elevation. The
chart shows that the reported current altimeter setting may place
the aircraft as much as 100 feet below the altitude indicated by
the altimeter.

at higher levels, particularly the effect of nonstandard
temperature. If each pilot in a given areais using the same
atimeter setting, each altimeter should be equally affected
by temperature and pressure variation errors, making it
possible to maintain the desired vertical separation between
aircraft. This does not guarantee vertical separation though.
Itisstill imperative to maintain aregimented visual scan for
intruding air traffic.

When flying over high, mountainous terrain, certain
atmospheric conditions cause the atimeter to indicate an
atitude of 1,000 feet or more higher than the actual atitude.
For this reason, a generous margin of altitude should be
allowed—not only for possible atimeter error, but also for
possible downdrafts that might be associated with high winds.

Toillustrate the use of the altimeter setting system, follow a
flight from Dallas Love Field, Texas, to Abilene Municipal
Airport, Texas, via Mineral Wells. Before taking off from
Love Field, the pilot receives a current altimeter setting of
29.85 "Hg from the control tower or ATISand setsthisvalue
in the altimeter setting window. The altimeter indication
should then be compared with the known airport elevation of
487 feet. Since most altimeters are not perfectly calibrated,
an error may exist.

When over Minera Wells, assumethe pilot receivesacurrent
altimeter setting of 29.94 "Hg and sets this in the altimeter
window. Before entering the traffic pattern at Abilene
Municipal Airport, a new altimeter setting of 29.69 "Hg
is received from the Abilene Control Tower and set in
the altimeter setting window. If the pilot desires to fly the
traffic pattern at approximately 800 feet above the terrain,
and thefield elevation of Abileneis 1,791 feet, an indicated
altitude of 2,600 feet should be maintained (1,791 feet +
800 feet = 2,591 feet, rounded to 2,600 feet).

The importance of properly setting the altimeter cannot
be overemphasized. Assume the pilot did not adjust the
atimeter at Abileneto the current setting and continued using
the Mineral Wells setting of 29.94 "Hg. When entering the
Abilene traffic pattern at an indicated altitude of 2,600 feet,
theaircraft would be approximately 250 feet below the proper
traffic pattern altitude. Upon landing, the altimeter would
indicate approximately 250 feet higher than thefield elevation.

Mineral Wells altimeter setting 29.94
Abilene altimeter setting 29.69
Difference 0.25

(Since linch of pressureisequal to approximately 1,000 feet
of altitude, 0.25 x 1,000 feet = 250 feet.)
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When determining whether to add or subtract the amount of
altimeter error, remember that when the actual pressureislower
than what is set in the atimeter window, the actua dtitude
of theaircraft islower than what isindicated on the altimeter.

The following is another method of computing the altitude
deviation. Start by subtracting the current altimeter setting
from 29.94 "Hg. Alwaysremember to placetheoriginal setting
asthetop number. Then subtract the current altimeter setting.

Mineral Wells altimeter setting 29.94
Abilene altimeter setting 29.69
29.94 —29.69 = Difference 0.25

(Since Linch of pressureisequal to approximately 1,000 feet
of altitude, 0.25 x 1,000 feet = 250 feet.) Always subtract
the number from the indicated altitude.

2,600 — 250 = 2,350

Now, try a lower pressure setting. Adjust from altimeter
setting 29.94 to 30.56 "Hg.

Mineral Wells altimeter setting 29.94
Altimeter setting 30.56
29.94 — 30.56 = Difference -0.62

(Since Linch of pressureisequal to approximately 1,000 feet
of altitude, 0.62 x 1,000 feet = 620 feet.) Always subtract
the number from the indicated altitude.

2,600 — (-620) = 3,220
The pilot will be 620 feet high.

Noticethe differenceisanegative number. Starting with the
current indicated altitude of 2,600 feet, subtracting anegative
number is the same as adding the two numbers. By utilizing
thismethod, apilot will better understand the importance of
using the current altimeter setting (miscalculation of where
and inwhat direction an error liescan affect safety; if altitude
islower than indicated altitude, an aircraft could bein danger
of colliding with an obstacle).

Altimeter Operation

There are two means by which the atimeter pointers can
be moved. The first is a change in air pressure, while the
other is an adjustment to the barometric scale. When the
aircraft climbs or descends, changing pressure within the
altimeter case expands or contracts the aneroid barometer.
This movement is transmitted through mechanical linkage
to rotate the pointers.
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A decrease in pressure causes the atimeter to indicate an
increase in atitude, and an increase in pressure causes the
atimeter to indicate a decrease in altitude. Accordingly, if
the aircraft is sitting on the ground with a pressure level of
29.98 "Hg and the pressure level changes to 29.68 "Hg, the
atimeter would show an increase of approximately 300 feet
in atitude. This pressure change is most noticeable when the
aircraft is left parked over night. As the pressure fals, the
altimeter interprets this as a climb. The atimeter indicates
an altitude above the actual field elevation. If the barometric
pressure setting isreset to the current altimeter setting of 29.68
"Hg, thenthefield elevationisagainindicated onthe altimeter.

This pressure change is not as easily noticed in flight since
aircraft fly at specific atitudes. Theaircraft steadily decreases
truealtitude whilethe altimeter isheld constant through pilot
action as discussed in the previous section.

Knowing the aircraft’s altitude is vitally important to a
pilot. The pilot must be sure that the aircraft is flying high
enough to clear the highest terrain or obstruction along the
intended route. It is especially important to have accurate
altitude information when visibility is restricted. To clear
obstructions, the pilot must constantly be aware of the dtitude
of theaircraft and the el evation of the surrounding terrain. To
reduce the possibility of a midair collision, it is essential to
maintain altitude in accordance with air traffic rules.

Types of Altitude

Altitudeinitself isarelevant term only whenit isspecifically
stated to which type of atitude apilot isreferring. Normally
when the term “atitude” is used, it is referring to altitude
above sea level since this is the altitude which is used to
depict obstaclesand airspace, aswell asto separate air traffic.

Altitudeisvertical distance above some point or level used as
areference. There are as many kinds of altitude asthere are
reference levels from which altitude is measured, and each
maly be used for specific reasons. Pilotsare mainly concerned
with five types of altitudes:

1. Indicated altitude—read directly from the atimeter
(uncorrected) when it is set to the current altimeter
Setting.

2. True altitude—the vertical distance of the aircraft
above sea level—the actual altitude. It is often
expressed asfeet abovemean sealevel (MSL). Airport,
terrain, and obstacle el evations on aeronautical charts
are true altitudes.



3. Absolute altitude—the vertical distance of an aircraft
above the terrain, or above ground level (AGL).

4. Pressure altitude—the altitude indicated when
the altimeter setting window (barometric scale) is
adjusted to 29.92 "Hg. This is the altitude above
the standard datum plane, which is a theoretical
plane where air pressure (corrected to 15 °C) equals
29.92"Hg. Pressure dtitudeisused to compute density
atitude, true atitude, true airspeed (TAS), and other
performance data.

5. Density altitude—pressure altitude corrected
for variations from standard temperature. When
conditions are standard, pressure altitude and density
atitude are the same. If the temperature is above
standard, the density altitude is higher than pressure
atitude. If the temperature is below standard, the
density altitude is lower than pressure altitude. This
is an important atitude because it is directly related
to the aircraft’ s performance.

A pilot must understand how the performance of the aircraft
is directly related to the density of the air. The density of
the air affects how much power a naturally aspirated engine
produces, aswell ashow efficient theairfoilsare. If thereare
fewer air molecules (lower pressure) to accelerate through
the propeller, the acceleration to rotation speed is longer
and thus produces a longer takeoff roll, which trandlates to
adecrease in performance.

As an example, consider an airport with a field elevation
of 5,048 feet MSL where the standard temperature is 5 °C.
Under these conditions, pressure atitude and density atitude
are the same—>5,048 feet. If the temperature changes to
30 °C, the density altitude increases to 7,855 feet. This
means an aircraft would perform on takeoff as though the
field elevation were 7,855 feet at standard temperature.
Conversely, atemperature of —25 °C would result in adensity
altitude of 1,232 feet. An aircraft would perform much better
under these conditions.

I nstrument Check

Prior to each flight, a pilot should examine the altimeter for
proper indicationsin order to verify itsvalidity. To determine
the condition of an altimeter, set the barometric scale to the
current reported altimeter setting transmitted by the local
airport traffic control tower, flight service station (FSS), or
any other reliable source, such as ATIS, AWOS, or ASOS.
The altimeter pointers should indicate the surveyed field
elevation of the airport. If the indication is off more than
75 feet from the surveyed field elevation, the instrument
should be referred to a certificated instrument repair station
for recalibration.

Vertical Speed Indicator (VSI)

The VSI, which is sometimes called a vertical velocity
indicator (VVI), indicates whether the aircraft is climbing,
descending, or in level flight. Therate of climb or descent is
indicated in feet per minute (fpm). If properly calibrated, the
VSl indicates zero in level flight. [ Figure 8-5]

Principle of Operation

Although the VS| operates solely from static pressure, itisa
differential pressureinstrument. It containsadiaphragm with
connecting linkage and gearing to theindicator pointer inside
an artight case. The inside of the diaphragm is connected
directly to the static line of the pitot-static system. The area
outside the diaphragm, which isinside the instrument case,
is also connected to the static line but through a restricted
orifice (calibrated leak).

Both the diaphragm and the case receive air from the static
lineat existing atmospheric pressure. The diaphragm receives
unrestricted air, whilethe casereceivesthe static pressurevia
themetered leak. Whentheaircraftisontheground or inlevel
flight, the pressuresinside the diaphragm and the instrument
case are equal, and the pointer is at the zero indication.
When the aircraft climbs or descends, the pressure inside
the diaphragm changesimmediately, but due to the metering
action of the restricted passage, the case pressure remains
higher or lower for a short time, causing the diaphragm to
contract or expand. This causes a pressure differential that
isindicated on the instrument needle as a climb or descent.
When the pressure differential stabilizes at a definite ratio,
the needle indicates the rate of altitude change.

s M

Diaphragm

Direct static pressure

Calibrated leak

L J

Figure 8-5. Vertical speed indicator (V).
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The VSI displays two different types of information:

¢ Trend information shows an immediate indication of
an increase or decrease in the aircraft’ s rate of climb
or descent.

e Rateinformation shows a stabilized rate of changein
altitude.

The trend information is the direction of movement of the
VSl needle. For example, if an aircraft is maintaining level
flight and the pilot pulls back on the control yoke causing the
nose of theaircraft to pitch up, the VS| needle moves upward
to indicate a climb. If the pitch attitude is held constant,
the needle stabilizes after a short period (6-9 seconds) and
indicates the rate of climb in hundreds of fpm. The time
period from theinitial change in the rate of climb, until the
VSl displays an accurate indication of the new rate, iscalled
thelag. Rough control technique and turbulence can extend
thelag period and cause erratic and unstablerateindications.
Some aircraft are equipped with an instantaneous vertical
speed indicator (1VSl), which incorporates accel erometers
to compensate for the lag in the typical VSI. [Figure 8-6]

I nstrument Check

As part of a preflight check, proper operation of the VS
must be established. Make surethe VSl indicatesanear zero
reading prior to leaving the ramp area and again just before
takeoff. If the VSI indicates anything other than zero, that
indication can bereferenced asthe zero mark. Normally, if the
needle is not exactly zero, it isonly slightly above or below
the zero line. After takeoff, the VS| should trend upward to
indicate a positive rate of climb and then, once a stabilized
climb is established, arate of climb can be referenced.

s N

Accelerometer

Inlet from static port

Calibrated leak

L J

Figure 8-6. An IVS incorporates accelerometers to help the
instrument immediately indicate changesin vertical speed.
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Airspeed Indicator (ASI)

The ASI is a sensitive, differential pressure gauge that
measuresand promptly indicatesthe difference between pitot
(impact/dynamic pressure) and static pressure. These two
pressures are equal when theaircraft isparked on the ground
in calm air. When the aircraft moves through the air, the
pressure on the pitot line becomes greater than the pressure
inthestatic lines. Thisdifferencein pressureisregistered by
the airspeed pointer on the face of the instrument, which is
calibrated in miles per hour, knots (nautical miles per hour),
or both. [Figure 8-7]

The ASl is the one instrument that utilizes both the pitot,
as well as the static system. The AS| introduces the static
pressure into the airspeed case while the pitot pressure
(dynamic) is introduced into the diaphragm. The dynamic
pressure expands or contracts one side of the diaphragm,
whichisattached to an indicating system. The system drives
the mechanical linkage and the airspeed needle.

Just as in atitudes, there are multiple types of airspeeds.
Pilots need to be very familiar with each type.

e Indicated airspeed (IAS)—the direct instrument
reading obtained from the ASI, uncorrected for
variations in atmospheric density, installation error,
or instrument error. Manufacturers use this airspeed
as the basis for determining aircraft performance.
Takeoff, landing, and stall speeds listed in the AFM/
POH are IAS and do not normally vary with altitude
or temperature.

Diaphragm
Sector

Long lever

Pitot connection

Pitot tube

Ram air Static air line Handstaff pinion

L J

Figure 8-7. Airspeed indicator (AS).



e Calibrated airspeed (CAS)—IAS corrected for
installation error and instrument error. Although
manufacturers attempt to keep airspeed errors to a
minimum, it is not possible to eliminate all errors
throughout the airspeed operating range. At certain
airspeedsand with certain flap settings, theinstallation
and instrument errors may total several knots. This
error is generally greatest at low airspeeds. In the
cruising and higher airspeed ranges, IAS and CAS
are approximately the same. Refer to the airspeed
calibration chart to correct for possible airspeed errors.

e True airspeed (TAS)—CAS corrected for altitude
and nonstandard temperature. Because air density
decreases with an increase in altitude, an aircraft has
to beflown faster at higher altitudesto cause the same
pressure difference between pitot impact pressure
and static pressure. Therefore, for agiven CAS, TAS
increases as altitude increases; or for a given TAS,
CAS decreases as altitude increases. A pilot can find
TAS by two methods. The most accurate method is
to use aflight computer. With this method, the CAS
iscorrected for temperature and pressure variation by
using the airspeed correction scale on the computer.
Extremely accurate electronic flight computers are
also available. Just enter the CAS, pressure altitude,
and temperature, and the computer calculatesthe TAS.
A second method, which isarule of thumb, provides
the approximate TAS. Simply add 2 percent to the
CAS for each 1,000 feet of atitude. The TASisthe
speed that isused for flight planning and is used when
filing aflight plan.

e Groundspeed (GS)—the actua speed of the airplane
over the ground. It is TAS adjusted for wind. GS
decreases with a headwind and increases with a
tailwind.

Airspeed I ndicator Markings

Aircraft weighing 12,500 pounds or less, manufactured after
1945, and certificated by the FAA arerequired to have ASls
marked in accordance with a standard color-coded marking
system. This system of color-coded markings enables a pilot
to determine at a glance certain airspeed limitations that are
important to the safe operation of the aircraft. For example, if
during the execution of amaneuver, itisnoted that the airspeed
needle is in the yellow arc and rapidly approaching the red
line, the immediate reaction should be to reduce airspeed.

AsshowninFigure8-8, ASIson single-enginesmall aircraft
include the following standard color-coded markings:

e Whitearc—commonly referred to astheflap operating
rangesinceitslower limit representsthefull flap stall
speed and its upper limit provides the maximum flap

Ve (red line)

Yellow arc

White arc

\

Figure 8-8. Single engine airspeed indicator (AS).

speed. Approaches and landings are usually flown at
speeds within the white arc.

e Lower limit of white arc (Vg)—the stalling speed
or the minimum steady flight speed in the landing
configuration. In small aircraft, thisis the power-off
stall speed at the maximum landing weight in the
landing configuration (gear and flaps down).

e Upper limit of the white arc (Vgg)—the maximum
speed with the flaps extended.

e Greenarc—thenormal operating range of theaircraft.
Most flying occurs within this range.

e Lower limit of green arc (Vg)—the stalling speed
or the minimum steady flight speed obtained in a
specified configuration. For most aircraft, thisisthe
power-off stall speed at the maximum takeoff weight
in the clean configuration (gear up, if retractable, and
flaps up).

e Upper limit of green arc (Vyo)—the maximum
structural cruising speed. Do not exceed this speed
except in smooth air.

e Yélow arc—cautionrange. Fly within thisrangeonly
in smooth air and then only with caution.

e Redline(Vyg)—never exceed speed. Operating above
this speed is prohibited since it may result in damage
or structural failure.

Other Airspeed Limitations

Some important airspeed limitations are not marked on the
face of the ASI, but are found on placards and in the AFM/
POH. These airspeedsinclude:
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e Design maneuvering speed (V )—the maximum
speed at which the structural design’s limit load can
be imposed (either by gusts or full deflection of the
control surfaces) without causing structural damage.
It is important to consider weight when referencing
this speed. For example, V , may be 100 knots when
an airplaneisheavily loaded, but only 90 knots when
the load islight.

e Landing gear operating speed (V| o)—the maximum
speed for extending or retracting the landing gear if
flying an aircraft with retractable landing gear.

e Landing gear extended speed (V| g)—the maximum
speed at which an aircraft can be safely flown with
the landing gear extended.

e Best angle-of-climb speed (V)—the airspeed at
which an aircraft gainsthe greatest amount of altitude
in a given distance. It is used during a short-field
takeoff to clear an obstacle.

e Best rate-of-climb speed (Vy)—the airspeed that
providesthemost dtitudegaininagiven period of time.

e Single-engine best rate-of-climb (Vyge)—the best
rate-of-climb or minimum rate-of-sink in a light
twin-engine aircraft with one engineinoperative. It is
marked onthe AS| with ablueline. Vy g iscommonly
referred to as “Blue Line.”

e Minimum control speed (V yc)—the minimum flight
speed at which a light, twin-engine aircraft can be
satisfactorily controlled when an engine suddenly
becomes inoperative and the remaining engine is at
takeoff power.

I nstrument Check

Prior to takeoff, the ASI should read zero. However, if there
isastrong wind blowing directly into the pitot tube, the ASI
may read higher than zero. When beginning the takeoff,
make sure the airspeed isincreasing at an appropriate rate.

Blockage of the Pitot-Static System

Errorsalmost alwaysindicate blockage of the pitot tube, the
static port(s), or both. Blockage may be caused by moisture
(including ice), dirt, or even insects. During preflight, make
surethe pitot tube cover isremoved. Then, check the pitot and
static port openings. A blocked pitot tube affectsthe accuracy
of the ASI, but a blockage of the static port not only affects
the ASI, but also causes errorsin the altimeter and VS.

Blocked Pitot System

The pitot system can become blocked completely or only
partialy if the pitot tube drain hole remains open. If the pitot
tube becomes blocked and its associated drain hole remains
clear, ram air isno longer able to enter the pitot system. Air
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aready in the system vents through the drain hole, and the
remaining pressure drops to ambient (outside) air pressure.
Under these circumstances, the ASI reading decreases to
zero because the AS| senses no difference between ram and
static air pressure. The ASI no longer operates sincedynamic
pressure cannot enter the pitot tube opening. Static pressure
is able to equalize on both sides since the pitot drain hole
is still open. The apparent loss of airspeed is not usually
instantaneous but happens very quickly. [Figure 8-9]

If both the pitot tube opening and the drain hole should
become clogged simultaneously, then the pressurein the pitot
tubeistrapped. No changeisnoted onthe airspeed indication
should the airspeed increase or decrease. If the static port
is unblocked and the aircraft should change atitude, then a
change is noted on the ASI. The change is not related to a
change in airspeed but a change in static pressure. The total
pressurein the pitot tube does not change dueto the blockage;
however, the static pressure will change.

Because airspeed indications rely upon both static and
dynamic pressure together, the blockage of either of these
systems affectsthe ASI reading. Remember that the ASI has
adiaphragminwhich dynamicair pressureisentered. Behind
this diaphragm is areference pressure called static pressure
that comes from the static ports. The diaphragm pressurizes
against this static pressure and asaresult changesthe airspeed
indication vialevers and indicators. [ Figure 8-10]

For example, take an aircraft and slow it down to zero knots
at agivenaltitude. If the static port (providing static pressure)
and the pitot tube (providing dynamic pressure) are both
unobstructed, the following claims can be made:

1. TheASl would be zero.
2. Dynamic pressure and static pressure are equal .

3. Becausehoth dynamic and static air pressure areequal
at zero speed with increased speed, dynamic pressure
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Figure 8-9. A blocked pitot tube, but clear drain hole.
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must include two components: static pressure and
dynamic pressure.

It can beinferred that airspeed indication must be based upon
a relationship between these two pressures, and indeed it is.
An ASl uses the static pressure as a reference pressure and
as aresult, the ASI's case is kept at this pressure behind the
diaphragm. On the other hand, the dynamic pressure through
the pitot tube is connected to a highly sensitive diaphragm
within the AS| case. Because an aircraft in zero motion
(regardless of altitude) resultsin azero airspeed, the pitot tube
alwaysprovidesstatic pressurein addition to dynamic pressure.

Therefore, the airspeed indication is the result of two
pressures: the pitot tube static and dynamic pressure within
the diaphragm as measured against the static pressure in the
ASlI'scase.

If the aircraft were to descend while the pitot tube is
obstructed, the pressure in the pitot system, including the
diaphragm, would remain constant. But as the descent
is made, the static pressure would increase against the

diaphragm causing it to compress, thereby resulting in an
indication of decreased airspeed. Conversely, if the aircraft
were to climb, the static pressure would decrease allowing
the diaphragm to expand, thereby showing an indication of
greater airspeed. [Figure 8-10]

The pitot tube may become blocked during flight due to
visible moisture. Some aircraft may be equipped with pitot
heat for flight in visible moisture. Consult the AFM/POH for
specific procedures regarding the use of pitot heat.

Blocked Static System

If the static system becomes blocked but the pitot tube
remains clear, the ASI continues to operate; however, it
is inaccurate. The airspeed indicates lower than the actual
airspeed when the aircraft is operated above the altitude
where the static ports became blocked because the trapped
static pressure is higher than normal for that altitude. When
operating at alower altitude, afaster than actual airspeed is
displayed due to the relatively low static pressure trapped
in the system.

Revisiting theratiosthat were used to explain ablocked pitot
tube, the same principle applies for a blocked static port. If
theaircraft descends, the static pressureincreaseson the pitot
side showing an increase on the ASl. This assumes that the
aircraft does not actually increaseits speed. Theincreasein
static pressure on the pitot side is equivalent to an increase
in dynamic pressure since the pressure cannot change on
the static side.

If an aircraft begins to climb after a static port becomes
blocked, the airspeed begins to show a decrease as the
aircraft continues to climb. This is due to the decrease in
static pressure on the pitot side, while the pressure on the
static side is held constant.

A blockage of the static system also affectsthe altimeter and
VSl. Trapped static pressure causes the altimeter to freeze
at the altitude where the blockage occurred. In the case of
the V SI, ablocked static system produces a continuous zero
indication. [Figure 8-11]

Some aircraft are equipped with an aternate static sourcein
theflight deck. In the case of ablocked static source, opening
the aternate static source introduces static pressure from the
flight deck into the system. Flight deck static pressureislower
than outside static pressure. Check the aircraftt AOM/POH for
airspeed corrections when utilizing alternate static pressure.

8-11



Inaccurate airspeed indications

Constant zero indication on VSI

Frozen altimeter

Pitot tube

Blockage

Static port

L J

Figure 8-11. Blocked static system.

Electronic Flight Display (EFD)

Advances in technology have brought about changesin the
instrumentation found in all types of aircraft; for example,
Electronic Flight Displays (EFDs) commonly referred to
as “glass cockpits.” EFDs include flight displays such as
primary flight displays (PFD) and multi-function displays
(MFD). This has changed not only what information is

availableto apilot, but also how theinformationisdisplayed.
In addition to the improvement in system reliability, which
increasesoveral safety, EFDshave decreased the overall cost
of equipping aircraft with state-of-the-art instrumentation.
Primary electronic instrumentation packages are less prone
to failure than their analogue counterparts. No longer is it
necessary for aircraft designers to create cluttered panel
layouts in order to accommodate all necessary flight
instruments. Instead, multi-panel digital flight displays
combine all flight instruments onto a single screen that is
caled a primary flight display (PFD). The traditiona “six
pack” of instrumentsis now displayed on oneliquid crystal
display (LCD) screen.

Airspeed Tape

Configured similarly to traditional panel layouts, the ASI
is located on the left side of the screen and is displayed as
avertical speed tape. Asthe aircraft increases in speed, the
larger numbers descend from thetop of thetape. The TASis
displayed at the bottom of the tape through theinput to the air
datacomputer (ADC) from the outside air temperature probe.
Airspeed markings for Vy, Vv, and rotation speed (Vg) are
displayed for pilot reference. An additional pilot-controlled
airspeed bugisavailableto set at any desired reference speed.
Asontraditional analogue ASls, the el ectronic airspeed tape
displaysthe color-coded ranges for the flap operating range,
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Figure 8-12. Primary flight display (PFD). Note that the actual |ocation of indications vary depending on manufacturers.

8-12



normal range, and caution range. [ Figure 8-12] The number
value changes color to red when the airspeed exceeds V g to
warn the pilot of exceeding the maximum speed limitation.

Attitude Indicator

One improvement over analogue instrumentation is the
larger attitudeindicator on EFD. Theartificial horizon spans
the entire width of the PFD. [Figure 8-12] This expanded
instrumentation offers better reference through all phases of
flight and all flight maneuvers. Theattitudeindicator receives
its information from the Attitude Heading and Reference
System (AHRS).

Altimeter

The altimeter is located on the right side of the PFD.
[Figure 8-12] As the altitude increases, the larger numbers
descend from the top of the display tape, with the current
altitude being displayed in the black box in the center of the
display tape. Thedtitudeisdisplayedinincrementsof 20 feet.

Vertical Speed Indicator (VSI)

The VSl isdisplayed to theright of the altimeter tape and can
take the form of an arced indicator or a vertical speed tape.
[Figure 8-12] Both are equipped with a vertical speed bug.

Heading Indicator

The heading indicator islocated below the artificial horizon
and is normally modeled after a Horizontal Situation
Indicator (HSI). [Figure 8-12] Asin the case of the attitude
indicator, the heading indicator receivesitsinformation from
themagnetometer, which feedsinformation to the AHRS unit
and then out to the PFD.

Turn Indicator

The turn indicator takes a dlightly different form than the
traditional instrumentation. A sliding bar moves|eft and right
below the triangle to indicate deflection from coordinated
flight. [Figure 8-12] Referencefor coordinated flight comes
from accelerometers contained in the AHRS unit.

Tachometer

Thesixthinstrument normally associated with the* six pack”
packageisthetachometer. Thisisthe only instrument that is
not located on the PFD. The tachometer is normally located
onthemulti-function display (MFD). Inthe event of adisplay
screen failure, it is displayed on the remaining screen with
the PFD flight instrumentation. [ Figure 8-13]

Slip/Skid Indicator

The dlip/skid indicator is the horizontal line below the roll
pointer. [Figure8-12] Likeaball inaturn-and-slip indicator,
abar width off center isequal to one ball width displacement.

Turn Rate Indicator

Theturnrateindicator, illustrated in Figure 8-12, istypically
found directly above the rotating compass card. Tick marks
to the left and right of the lubber line denote the turn
(standardrate versus half standard-rate). Typically denoted
by a trend line, if the trend vector is extended to the
second tick mark the aircraft isin a standard-rate turn.

Individual panel displays can be configured for a variety
of aircraft by installing different software packages.
[Figure8-14] Manufacturersare also ableto upgrade existing
instrument displaysin asimilar manner, eliminating the need
to replace individual gaugesin order to upgrade.

Figure 8-13. Multi-function display (MFD).
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Figure 8-14. Chelton’s FlightLogic (top) and Avidyne's Entegra
(bottom) are examples of panel displays that are configurable.

Air Data Computer (ADC)

EFDsutilize the sametype of instrument inputs astraditional
anal ogue gauges; however, the processing systemisdifferent.
The pitot static inputs are received by an ADC. The ADC
computes the difference between the total pressure and the
static pressure and generates the information necessary to
display the airspeed on the PFD. Outside air temperatures
are also monitored and introduced into various components
within the system, as well as being displayed on the PFD
screen. [Figure 8-15]

The ADC is a separate solid state device that, in addition to
providing data to the PFD, is capable of providing datato the
autopilot control system. Intheevent of system malfunction, the
ADC can quickly beremoved and replaced in order to decrease
downtime and decrease maintenance turn-around times.

Altitude information is derived from the static pressure port
just as an analogue system does; however, the static pressure
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Figure 8-15. Teledyne’ s90004 TASPlus Air Data Computer (ADC)
computes air data information from the pitot-static pneumatic
system, aircraft temperature probe, and barometric correction
deviceto help create a clear picture of flight characteristics.

does not enter adiaphragm. The ADC computesthereceived
barometric pressure and sends adigital signal to the PFD to
display the proper atitude readout. EFDs aso show trend
vectors, which show the pilot how the altitude and airspeed
are progressing.

Trend Vectors

Trend vectors are magenta lines that move up and down both
the ASl and the altimeter. [ Figures 8-16 and 8-17] The ADC
computestherate of changeand displaysthe 6-second projection
of wheretheaircraft will be. Pilots can utilize thetrend vectors
to better control the aircraft’s attitude. By including the trend
vectorsintheinstrument scan, pilotsareableto precisdly control
airspeed and dtitude. Additional information can be obtained
by referencing the Instrument Flying Handbook or specific
avionics manufacturer’ s training material.

Airspeed trend vector

Figure 8-16. Airspeed trend vector.
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Figure 8-17. Altimeter trend vector.

Gyroscopic Flight Instruments

Severa flight instruments utilize the properties of agyroscope
for their operation. The most common instruments containing
gyroscopes are the turn coordinator, heading indicator, and
the attitude indicator. To understand how these instruments
operate requiresknowledge of theinstrument power systems,
gyroscopic principles, and the operating principles of each
instrument.

Gyroscopic Principles

Any spinning object exhibits gyroscopic properties. A wheel
or rotor designed and mounted to utilize these propertiesis
called a gyroscope. Two important design characteristics
of an instrument gyro are great weight for its size, or high
density, and rotation at high speed with low friction bearings.

There are two general types of mountings; the type used
depends upon which property of thegyroisutilized. A freely
or universally mounted gyroscope is free to rotate in any
direction about its center of gravity. Such awheel issaid to
have three planes of freedom. The wheel or rotor isfreeto
rotate in any plane in relation to the base and is balanced so
that, with the gyro wheel at rest, it remains in the position
in which it is placed. Restricted or semi-rigidly mounted
gyroscopes are those mounted so that one of the planes of
freedom is held fixed in relation to the base.

There are two fundamental properties of gyroscopic action:
rigidity in space and precession.

Rigidity in Space

Rigidity in space refers to the principle that a gyroscope
remainsin afixed positionintheplaneinwhichitisspinning.
Anexampleof rigidity in spaceisthat of abicyclewheel. As

thebicyclewheelsincrease speed, they become morestablein
their plane of rotation. Thisiswhy abicycleis unstable and
maneuverable at |low speedsand stable and lessmaneuverable
at higher speeds.

By mounting this wheel, or gyroscope, on a set of gimbal
rings, the gyroisableto rotate freely in any direction. Thus,
if the gimbal rings are tilted, twisted, or otherwise moved,
the gyro remains in the plane in which it was originally
spinning. [Figure 8-18]

Precession

Precession isthetilting or turning of agyro in responseto a
deflective force. The reaction to this force does not occur at
the point at which it was applied; rather, it occurs at a point
that is 90° later in the direction of rotation. This principle
allows the gyro to determine a rate of turn by sensing the
amount of pressure created by achangeindirection. Therate
at which the gyro precessesis inversely proportional to the
speed of the rotor and proportional to the deflective force.

Using the example of the bicycle, precession acts on the
wheels in order to alow the bicycle to turn. While riding
at normal speed, it is not necessary to turn the handle bars
in the direction of the desired turn. A rider simply leansin
the direction that he or she wishes to go. Since the wheels
are rotating in a clockwise direction when viewed from the
right side of the bicycle, if arider leansto the left, aforceis
applied to the top of the wheel to the left. The force actually
acts 90° in the direction of rotation, which has the effect of
applying aforce to the front of the tire, causing the bicycle
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Figure 8-18. Regardless of the position of its base, a gyro tendsto
remainrigidin space, with itsaxis of rotation pointed in a constant
direction.
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to moveto the left. Thereis aneed to turn the handlebars at
low speeds because of the instability of the slowly turning
gyros and also to increase the rate of turn.

Precession can also create some minor errors in some
instruments. [Figure 8-19] Precession can cause a freely
spinning gyro to become displaced from its intended plane
of rotation through bearing friction, etc. Certain instruments
may require corrective realignment during flight, such asthe
heading indicator.

Sources of Power

In some aircraft, all the gyros are vacuum, pressure, or
electrically operated. In other aircraft, vacuum or pressure
systems provide the power for the heading and attitude
indicators, whilethe electrical system providesthe power for
the turn coordinator. Most aircraft have at least two sources
of power to ensure at | east one source of bank informationis
availableif one power source fails. The vacuum or pressure
system spins the gyro by drawing a stream of air against the
rotor vanes to spin the rotor at high speed, much like the
operation of awaterwheel or turbine. The amount of vacuum
or pressure required for instrument operation varies, but is
usually between 4.5 "Hg and 5.5 "Hg.

One source of vacuum for the gyros is a vane-type engine-
driven pump that is mounted on the accessory case of the
engine. Pump capacity variesin different aircraft, depending
on the number of gyros.

A typical vacuum system consists of an engine-driven
vacuum pump, relief valve, air filter, gauge, and tubing
necessary to completethe connections. The gaugeis mounted
in the aircraft’s instrument panel and indicates the amount

Figure 8-19. Precession of a gyroscope resulting from an applied
deflective force.
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of pressure in the system (vacuum is measured in inches of
mercury |less than ambient pressure).

As shown in Figure 8-20, air is drawn into the vacuum
system by the engine-driven vacuum pump. It first goes
through afilter, which preventsforeign matter from entering
the vacuum or pressure system. The air then moves through
the attitude and heading indicators where it causes the gyros
to spin. A relief valve prevents the vacuum pressure, or
suction, from exceeding prescribed limits. After that, the air
is expelled overboard or used in other systems, such as for
inflating pneumatic deicing boots.

It is important to monitor vacuum pressure during flight,
because the attitude and heading indicators may not provide
reliable information when suction pressure is low. The
vacuum, or suction, gauge is generally marked to indicate
the normal range. Some aircraft are equipped with awarning
light that illuminates when the vacuum pressure drops bel ow
the acceptable level.

When the vacuum pressure drops bel ow the normal operating
range, the gyroscopic instruments may become unstable and
inaccurate. Cross-checking the instruments routinely is a
good habit to develop.

Turn Indicators

Aircraft use two types of turn indicators: turn-and-slip
indicatorsand turn coordinators. Because of theway the gyro
ismounted, the turn-and-slip indicator showsonly therate of
turn in degrees per second. The turn coordinator is mounted
at anangle, or canted, soit caninitialy show roll rate. When
theroll stabilizes, it indicates rate of turn. Both instruments
indicate turn direction and quality (coordination), and also
serve as a backup source of bank information in the event an
attitudeindicator fails. Coordination isachieved by referring
to the inclinometer, which consists of aliquid-filled curved
tube with aball inside. [ Figure 8-21]

Turn-and-Slip I ndicator

The gyro in the turn-and-dlip indicator rotatesin the vertical
plane corresponding to the aircraft’s longitudina axis. A
single gimbal limits the planes in which the gyro can tilt,
and aspring works to maintain a center position. Because of
precession, ayawing force causesthe gyrototilt left or right,
as viewed from the pilot seat. The turn-and-dlip indicator
uses a pointer, called the turn needle, to show the direction
and rate of turn. The turn-and-dlip indicator is incapable of
“tumbling” off its rotational axis because of the restraining
springs. When extreme forces are applied to agyro, thegyro
is displaced from its normal plane of rotation, rendering its
indications invalid. Certain instruments have specific pitch
and bank limits that induce atumble of the gyro.
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Figure 8-20. Typical vacuum system.

Turn Coordinator

The gimbal in the turn coordinator is canted; therefore, its
gyro can sense both rate of roll and rate of turn. Since turn
coordinators are more prevalent in training aircraft, this
discussion concentrates on that instrument. When rollinginto
or out of aturn, the miniature aircraft banksin the direction
the aircraft is rolled. A rapid roll rate causes the miniature
aircraft to bank more steeply than aslow roll rate.

The turn coordinator can be used to establish and maintain
a standard-rate turn by aligning the wing of the miniature

aircraft with theturn index. Figure 8-22 showsapicture of a
turn coordinator. There are two marks on each side (lIeft and
right) of the face of the instrument. The first mark is used to
reference awings level zero rate of turn. The second mark
on the left and right side of the instrument serve to indicate
a standard rate of turn. A standard-rate turn is defined as a
turnrate of 3° per second. Theturn coordinator indicatesonly
the rate and direction of turn; it does not display a specific
angle of bank.

y

Gimbal rotation

Gyro rotation

Canted gyro

Standard rate turn index
Inclinometer

Turn coordinator

Horizontal gyro

Gyro rotation

Standard rate turn index

Inclinometer

Turn-and-slip indicator

-

Figure 8-21. Turnindicatorsrely on controlled precession for their operation.
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Coordinated turn

- J

Figure 8-22. If inadequate right rudder is applied in a right turn,
a dip results. Too much right rudder causes the aircraft to skid
through the turn. Centering the ball resultsin a coordinated turn.

Inclinometer

The inclinometer is used to depict aircraft yaw, which is
the side-to-side movement of the aircraft’s nose. During
coordinated, straight-and-level flight, the force of gravity
causestheball to rest in the lowest part of the tube, centered
between thereferencelines. Coordinated flight is maintained
by keeping the ball centered. If theball isnot centered, it can
be centered by using the rudder.

To center the ball, apply rudder pressure on the side to
which the ball is deflected. Use the simplerule, “step on the
ball,” to remember which rudder pedal to press. If aileron
and rudder are coordinated during a turn, the ball remains
centered in the tube. If aerodynamic forces are unbalanced,
the ball moves away from the center of the tube. As shown
in Figure 8-22, in adip, the rate of turn istoo slow for the
angle of bank, and the ball movesto theinside of theturn. In
askid, therate of turn istoo great for the angle of bank, and
the ball movesto the outside of theturn. To correct for these
conditions, and improve the quality of theturn, remember to
“step on the ball.” Varying the angle of bank can also help
restore coordinated flight from aslip or skid. To correct for a
dlip, decrease bank and/or increasetherate of turn. To correct
for askid, increase the bank and/or decrease therate of turn.

Yaw String

One additional tool that can be added to the aircraft isayaw
string. A yaw string issimply astring or piece of yarn attached
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to the center of the wind screen. When in coordinated flight,
the string trails straight back over the top of thewind screen.
When the aircraft is either slipping or skidding, the yaw
string moves to the right or left depending on the direction
of dlip or skid.

I nstrument Check

During preflight, ensure that the inclinometer isfull of fluid
and has no air bubbles. The ball should also be resting at
its lowest point. When taxiing, the turn coordinator should
indicate aturn in the correct direction while the ball moves
opposite the direction of the turn.

Attitude Indicator

Theattitudeindicator, with itsminiature aircraft and horizon
bar, displays a picture of the attitude of the aircraft. The
relationship of the miniature aircraft to the horizon bar is
the same as the relationship of the real aircraft to the actual
horizon. Theinstrument gives an instantaneousindication of
even the smallest changesin attitude.

The gyro in the attitude indicator is mounted in a horizontal
plane and depends upon rigidity in space for its operation.
The horizon bar represents the true horizon. This bar is
fixed to the gyro and remains in a horizontal plane as the
aircraft is pitched or banked about its lateral or longitudinal
axis, indicating the attitude of the aircraft relative to thetrue
horizon. [Figure 8-23]

The gyro spinsin the horizontal plane and resists deflection
of the rotational path. Since the gyro relies on rigidity in
space, the aircraft actually rotates around the spinning gyro.

Bank index

Gimbal rotation

Roll gimbal ;
Horizon reference arm

Gyro Pitch gimbal

L J

Figure 8-23. Attitude indicator.



An adjustment knob is provided with which the pilot may
movethe miniature aircraft up or downto align the miniature
aircraft with the horizon bar to suit the pilot’ sline of vision.
Normally, the miniature aircraft is adjusted so that thewings
overlap the horizon bar when the aircraft isin straight-and-
level cruising flight.

The pitch and bank limits depend upon the make and model
of the instrument. Limits in the banking plane are usually
from 100° to 110°, and the pitch limits are usually from 60°
to 70°. If either limit isexceeded, theinstrument will tumble
or spill and will giveincorrect indications until realigned. A
number of modern attitude indicators do not tumble.

Every pilot should be able to interpret the banking scale
illustrated in Figure 8-24. Most banking scale indicators on

the top of the instrument move in the same direction from
that in which the aircraft is actually banked. Some other
models move in the opposite direction from that in which
the aircraft is actually banked. This may confuse the pilot if
theindicator is used to determine the direction of bank. This
scale should be used only to control the degree of desired
bank. Therelationship of the miniature aircraft to the horizon
bar should be used for an indication of the direction of bank.
The attitude indicator isreliable and the most redlistic flight
instrument on the instrument panel. Its indications are very
close approximations of the actual attitude of the aircraft.

Heading Indicator

The heading indicator is fundamentally a mechanical
instrument designed to facilitate the use of the magnetic
compass. Errors in the magnetic compass are numerous,

Climbing left bank J {

Climbing right bank

@

Level left bank

Level right bank

Descending left bank {

Straight descent

{ Descending right bank

Figure 8-24. Attitude representation by the attitude indicator corresponds to the relation of the aircraft to the real horizon.
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making straight flight and precision turnsto headings difficult
to accomplish, particularly in turbulent air. A heading
indicator, however, is not affected by the forces that make
the magnetic compass difficult to interpret. [ Figure 8-25]

The operation of the heading indicator depends upon the
principle of rigidity in space. The rotor turns in a vertical
plane and fixed to the rotor isacompass card. Sincetherotor
remainsrigid in space, the points on the card hold the same
positionin spacerelativeto thevertical plane of the gyro. The
aircraft actually rotatesaround therotating gyro, not the other
way around. Astheinstrument case and the aircraft revolve
around the vertical axis of the gyro, the card provides clear
and accurate heading information.

Because of precession caused by friction, the heading
indicator creeps or drifts from its set position. Among
other factors, the amount of drift depends largely upon the
condition of the instrument. If the bearings are worn, dirty,
or improperly lubricated, the drift may be excessive. Another
error in the heading indicator is caused by the fact that the
gyro is oriented in space, and the Earth rotatesin space at a
rate of 15° in 1 hour. Thus, discounting precession caused
by friction, the heading indicator may indicate as much as
15° error per every hour of operation.

Some heading indicators referred to as horizontal situation
indicators (HSI) receive a magnetic north reference from
a magnetic slaving transmitter and generally need no
adjustment. The magnetic slaving transmitter is called
amagnetometer.

Main drive gear Compass card gear

Gimbal rotation

Adjustment gears

Gimbal

Gyro Adjustment knob

Figure 8-25. A heading indicator displaysheadingsbased on a 360°
azimuth, with the final zero omitted. For example, “ 6" represents
060°, while “ 21" indicates 210°. The adjustment knob is used to
align the heading indicator with the magnetic compass.
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Attitude and Heading Reference System (AHRS)
Electronic flight displays have replaced free-spinning gyros
with solid-state laser systems that are capable of flight at
any attitude without tumbling. This capability is the result
of the development of the Attitude and Heading Reference
System (AHRS).

The AHRS sends attitude information to the PFD in order
to generate the pitch and bank information of the attitude
indicator. The heading information is derived from a
magnetometer that senses the earth’ slines of magnetic flux.
This information is then processed and sent out to the PFD
to generate the heading display. [ Figure 8-26]

The Flux Gate Compass System

Asmentioned earlier, thelinesof flux inthe Earth’ smagnetic
field have two basic characteristics: a magnet aligns with
them, and an electrical current is induced, or generated, in
any wire crossed by them.

The flux gate compass that drives slaved gyros uses the
characteristic of current induction. Theflux valveisasmall,
segmented ring, likethe onein Figure 8-27, made of soft iron
that readily acceptslines of magnetic flux. An electrical cail
iswound around each of the three legs to accept the current
induced in this ring by the Earth’s magnetic field. A coil
wound around the iron spacer in the center of the frame has
400 Hz dternating current (AC) flowing through it. During
the times when this current reaches its peak, twice during
each cycle, there is so much magnetism produced by this
coil that the frame cannot accept the lines of flux from the
Earth’sfield.

Figure 8-26. Attitude and heading reference system (AHRS).
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Figure 8-27. Thesoft iron frame of the flux valve acceptsthe flux from
the Earth’s magnetic field each time the current in the center cail
reverses. This flux causes current to flow in the three pickup coails.

As the current reverses between the peaks, it demagnetizes
the frame so it can accept the flux from the Earth’ sfield. As
thisflux cuts across the windingsin the three cails, it causes
current to flow in them. These three coils are connected in
such away that the current flowing in them changes as the
heading of the aircraft changes. [ Figure 8-28]

The three coils are connected to three similar but smaller
coils in a synchro inside the instrument case. The synchro
rotatesthedial of aradio magneticindicator (RMI) or aHSI.

Figure 8-28. The current in each of the three pickup coils changes
with the heading of the aircraft.

Remote Indicating Compass

Remoteindicating compasses were devel oped to compensate
for the errors and limitations of the older type of heading
indicators. The two panel-mounted components of atypical
system are the pictoria navigation indicator and the slaving
control and compensator unit. [Figure 8-29] The pictorial
navigation indicator is commonly referred to asan HSI.

The slaving control and compensator unit has a push button
that provides a means of selecting either the “slaved gyro”
or “free gyro” mode. This unit also has a slaving meter
and two manual heading-drive buttons. The slaving meter
indicates the difference between the displayed heading and
themagnetic heading. A right deflectionindicatesaclockwise
error of the compass card; a left deflection indicates a
counterclockwise error. Whenever the aircraft isin a turn
and the card rotates, the slaving meter showsafull deflection
to one side or the other. When the system isin “free gyro”
mode, the compass card may be adjusted by depressing the
appropriate heading-drive button.

A separate unit, the magnetic slaving transmitter, ismounted
remotely, usually in awingtip to eliminate the possibility of
magnetic interference. It contains the flux valve, which is
the direction-sensing device of the system. A concentration
of lines of magnetic force, after being amplified, becomes

Figure 8-29. Pictorial navigationindicator (HS, top), Saving meter
(lower right), and slaving control compensator unit (lower left).
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asignal relayed to the heading indicator unit, which isalso
remotely mounted. This signal operates a torque motor in
the heading indicator unit that processes the gyro unit until
itisaligned with thetransmitter signal. The magnetic slaving
transmitter is connected electrically to the HSI.

There are a number of designs of the remote indicating
compass, therefore, only the basic features of the system are
covered here. Instrument pilots must become familiar with
the characteristics of the equipment in their aircraft.

Asinstrument panels become more crowded and the pilot’s
available scan time is reduced by a heavier flight deck
workload, instrument manufacturers have worked toward
combining instruments. One good example of this is the
RMI in Figure 8-30. The compass card is driven by signals
from the flux valve, and the two pointers are driven by an
automatic direction finder (ADF) and avery high frequency
(VHF) omni-directional radio range (VOR).

Heading indicators that do not have this automatic
northseeking capability are called “free” gyros and require
periodic adjustment. It isimportant to check the indications
frequently (approximately every 15 minutes) and reset the
heading indicator to align it with the magnetic compass
when required. Adjust the heading indicator to the magnetic
compass heading when the aircraft is straight and level at a
constant speed to avoid compass errors.

The bank and pitch limits of the heading indicator vary
with the particular design and make of instrument. On some
heading indicators found in light aircraft, the limits are
approximately 55° of pitch and 55° of bank. When either of
these attitude limits is exceeded, the instrument “tumbles’

Figure 8-30. Driven by signalsfrom a flux valve, the compass card
inthis RMI indicates the heading of the aircraft opposite the upper
center index mark. The green pointer is driven by the ADF.
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or “spills” and no longer gives the correct indication until
reset. After spilling, it may be reset with the caging knob.
Many of the modern instruments used are designed in such
amanner so that they do not tumble.

An additional precession error may occur due to a gyro not
spinning fast enough to maintain its alignment. When the
vacuum system stops producing adequate suction to maintain
the gyro speed, the heading indicator and the attitude indi cator
gyros begin to slow down. Asthey slow, they become more
susceptible to deflection from the plane of rotation. Some
aircraft have warning lights to indicate that a low vacuum
situation has occurred. Other aircraft may have only avacuum
gauge that indicates the suction.

[ nstrument Check

As the gyro spools up, make sure there are no abnormal
sounds. Whiletaxiing, theinstrument should indicateturnsin
the correct direction, and precession should benormal. Atidle
power settings, the gyroscopic instruments using the vacuum
system might not be up to operating speeds and precession
might occur more rapidly than during flight.

Angle of Attack Indicators

The purpose of an AOA indicator is to give the pilot better
situational awareness pertaining to the aerodynamic health
of the airfoil. This can also be referred to as stall margin
awareness. Moresimply explained, it isthe margin that exists
between the current AOA that the airfoil is operating at, and
the AOA at which the airfoil will stall (critical AOA).

Speed by itself is not a reliable parameter to avoid a stall.
Anairplane can stall at any speed. Angle of attack isabetter
parameter to use to avoid a stall. For a given configuration,
the airplane aways stalls at the same AOA, referred to as
the critical AOA. Thiscritical AOA does not change with:

*  Weight

* Bank Angle

e Temperature

* Density Altitude
e Center of Gravity

AnAOA indicator can have several benefitswheninstalledin
General Aviation aircraft, not the least of which isincreased
situational awareness. Without an AOA indicator, the AOA
is “invisible” to pilots. These devices measure several
parameters simultaneously and determine the current AOA
providing avisual imageto the pilot of the current AOA along
with representations of the proximity to the critical AOA.
[Figure8-31] Thesedevicescan giveavisua representation
of the energy management state of the airplane. The energy



Figure 8-31. Angle of attack indicators.

state of an airplaneisthe balance between airspeed, altitude,
drag, and thrust and represents how efficiently the airfail is
operating.

Compass Systems

The Earth is a huge magnet, spinning in space, surrounded
by amagnetic field made up of invisible lines of flux. These
lines|eavethe surface at the magnetic North Pole and reenter
at the magnetic South Pole.

Lines of magnetic flux have two important characteristics:
any magnet that is free to rotate will align with them, and
an electrical current isinduced into any conductor that cuts
across them. Most direction indicators installed in aircraft
make use of one of these two characteristics.

Magnetic Compass

One of the oldest and simplest instruments for indicating
direction isthe magnetic compass. It is also one of the basic
instruments required by Title 14 of the Code of Federal
Regulations (14 CFR) part 91 for both VFR and IFR flight.

A magnet is a piece of material, usually a metal containing
iron, that attractsand holdslines of magnetic flux. Regardless
of size, every magnet has two poles: north and south. When
one magnet is placed in thefield of another, the unlike poles
attract each other, and like poles repel.

Anaircraft magnetic compass, such astheonein Figure 8-32,
hastwo small magnetsattached to ametal float sealedinsidea
bow! of clear compassfluid similar to kerosene. A graduated
scale, called acard, iswrapped around the float and viewed
through aglasswindow with alubber line acrossit. Thecard
is marked with letters representing the cardinal directions,
north, east, south, and west, and a number for each 30°
between these letters. The final “0” is omitted from these
directions. For example, 3 = 30°, 6 = 60°, and 33 = 330°.

Therearelong and short graduation marks between theletters
and numbers, each long mark representing 10° and each short
mark representing 5°.

Thefloat and card assembly has a hardened steel pivot inits
center that rides inside a special, spring-loaded, hard glass
jewel cup. The buoyancy of thefloat takes most of the weight
off of the pivot, and the fluid damps the oscillation of the
float and card. Thisjewel-and-pivot type mounting allowsthe
float freedom to rotate and tilt up to approximately 18° angle
of bank. At steeper bank angles, the compassindicationsare
erratic and unpredictable.

The compass housing is entirely full of compass fluid. To
prevent damage or leakage when the fluid expands and
contracts with temperature changes, the rear of the compass
case is sealed with a flexible diaphragm, or with a metal
bellows in some compasses.

The magnets align with the Earth’s magnetic field and the
pilot reads the direction on the scale opposite the lubber
line. Note that in Figure 8-32, the pilot views the compass

1 3

|\|\\\
E 4

il
o

Figure 8-32. A magnetic compass. The vertical lineis called the
lubber line.
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card from its backside. When the pilot isflying north, asthe
compass indicates, east is to the pilot’s right. On the card,
“33,” which represents 330° (west of north), isto theright of
north. The reason for this apparent backward graduation is
that the card remains stationary, and the compass housing and
the pilot rotate around it. Because of this setup, the magnetic
compass can be confusing to read.

Magnetic Compass | nduced Errors

The magnetic compass is the simplest instrument in
the panel, but it is subject to a number of errors that must
be considered.

Variation

The Earth rotates about its geographic axis; maps and charts
aredrawn using meridians of longitudethat passthrough the
geographic poles. Directions measured from the geographic
poles are called true directions. The magnetic North Poleto
which the magnetic compass points is not collocated with
the geographic North Pole, but is some 1,300 miles away;
directions measured from the magnetic poles are called
magnetic directions. In aerial navigation, the difference
between true and magnetic directionsiscalled variation. This
same angular differencein surveying and land navigationis
called declination.

Figure 8-33 showstheisogonic linesthat identify the number
of degrees of variationintheir area. Thelinethat passes near
Chicago is called the agonic line. Anywhere along thisline

the two poles are aligned, and there is no variation. East
of this line, the magnetic North Pole is to the west of the
geographic North Pole and a correction must be applied to
acompass indication to get atrue direction.

Flying in the Washington, D.C., area, for example, the
variation is 10° west. If apilot wantsto fly atrue course of
south (180°), the variation must be added to this, resultingin
amagnetic course of 190° to fly. Flying in the Los Angeles,
Cdiforniaarea, thevariationis 14° east. To fly atrue course
of 180° there, the pilot would have to subtract the variation
and fly a magnetic course of 166°. The variation error does
not change with the heading of the aircraft; it is the same
anywhere aong the isogonic line.

Deviation

The magnets in a compass align with any magnetic field.
Some causes for magnetic fields in aircraft include flowing
electrical current, magnetized parts, and conflict with the
Earth’s magnetic field. These aircraft magnetic fields create
acompass error called deviation.

Deviation, unlike variation, depends on the aircraft heading.
Also unlike variation, the aircraft’s geographic location
does not affect deviation. While no one can reduce or
change variation error, an aviation maintenance technician
(AMT) can provide the means to minimize deviation error
by performing the maintenance task known as “swinging
the compass.”
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To swing the compass, an AMT positions the aircraft
on a series of known headings, usually at a compass
rose. [Figure 8-34] A compass rose consists of a series
of lines marked every 30° on an airport ramp, oriented to
magnetic north. There is minimal magnetic interference at
the compass rose. The pilot or the AMT, if authorized, can
taxi the aircraft to the compass rose and maneuver the aircraft
to the headings prescribed by the AMT.

Asthe aircraft is “swung” or aligned to each compass rose
heading, the AMT adjuststhe compensator assembly |ocated
on the top or bottom of the compass. The compensator
assembly has two shafts whose ends have screwdriver sots
accessible from the front of the compass. Each shaft rotates
oneor two small compensating magnets. The end of one shaft
ismarked E-W, and its magnets affect the compass when the
aircraft is pointed east or west. The other shaft is marked
N-S and its magnets affect the compass when the aircraft is
pointed north or south.

The adjustments position the compensating magnets to
minimizethe difference between the compassindication and
the actual aircraft magnetic heading. The AMT records any
remaining error on a compass correction card like the one
in Figure 8-35 and places it in a holder near the compass.
Only AMTscan adjust the compass or complete the compass
correction card. Pilots determine and fly compass headings
using the deviation errors noted on the card. Pilots must also
note the use of any equipment causing operational magnetic
interference such as radios, deicing equipment, pitot heat,
radar, or magnetic cargo.

The corrections for variation and deviation must be applied
in the correct sequence as shown below, starting from the
true course desired.

J

Figure 8-34. Utilization of a compass rose aids compensation for
deviation errors.

FOR 000 030 060 030 120 150 |
STEER
ROO.ON  o0pf o032 262 095 23 155
RDO.OFF co2 o031 o6 o3 25 /57
FOR 1&0 210 240 270 300 330
STEER
ROO.ON  f7g 2 243 27! 2% 31¢
ROOD.OFF  f7¢ 210 240 273 18 3z7

Figure 8-35. A compass correction card shows the deviation
correction for any heading.

Step 1. Determine the Magnetic Course
True Course (180°) £ Variation (+10°) = Magnetic Course
(190°)

Themagnetic course (190°) issteered if thereisno deviation
error to beapplied. The compass card must now be considered
for the compass course of 190°.

Step 2: Determine the Compass Course
Magnetic Course (190°, from step 1) + Deviation (—2°, from
correction card) = Compass Course (188°)

NOTE: Intermediate magnetic courses between those listed
on the compass card need to be interpreted. Therefore, to
steer atrue course of 180°, the pilot would follow acompass
course of 188°.

Tofind thetrue course that isbeing flown when the compass
course is known:

Compass Course + Deviation = Magnetic Course +
Variation= True Course

Dip Errors

The Earth's magnetic field runs parallel toits surface only at
the Magnetic Equator, which is the point halfway between
the Magnetic North and South Poles. As you move away
from the Magnetic Equator towards the magnetic poles, the
angle created by the vertical pull of the Earth'smagneticfield
in relation to the Earth’'s surface increases gradually. This
angle is known as the dip angle. The dip angle increasesin
a downward direction as you move towards the Magnetic
North Pole and increasesin an upward direction asyou move
towards the Magnetic South Pole.

If the compass needle were mounted so that it could pivot
freely in three dimensions, it would align itself with the
magnetic field, pointing up or down at the dip angle in the
direction of local Magnetic North. Because the dip angle is
of no navigational interest, the compassismade so that it can
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rotate only in the horizontal plane. Thisis done by lowering
the center of gravity below the pivot point and making the
assembly heavy enough that the vertical component of the
magnetic force is too weak to tilt it significantly out of the
horizontal plane. The compass can then work effectively at
all latitudes without specific compensation for dip. However,
close to the magnetic poles, the horizontal component of
the Earth’s field is too small to align the compass which
makes the compass unuseable for navigation. Because of
this constraint, the compass only indicates correctly if the
card is horizontal. Once tilted out of the horizontal plane,
it will be affected by the vertical component of the Earth’s
field which leads to the following discussions on northerly
and southerly turning errors.

Northerly Turning Errors

The center of gravity of the float assembly is located lower
than the pivotal point. As the aircraft turns, the force that
results from the magnetic dip causes the float assembly to
swing in the same direction that the float turns. Theresultis
afalse northerly turn indication. Because of thislead of the
compass card, or float assembly, a northerly turn should be
stopped prior to arrival at the desired heading. Thiscompass
error isamplified with the proximity to either magnetic pole.
One rule of thumb to correct for thisleading error isto stop
theturn 15 degreesplushalf of thelatitude (i.e., if theaircraft
is being operated in a position near 40 degrees latitude, the
turn should be stopped 15+20=35 degrees prior to the desired
heading). [Figure 8-36A]

Southerly Turning Errors

When turning in asoutherly direction, theforcesare such that
the compassfloat assembly lagsrather than leads. Theresult
isafalse southerly turnindication. The compasscard, or float
assembly, should be allowed to passthe desired heading prior
to stopping the turn. As with the northerly error, this error
is amplified with the proximity to either magnetic pole. To
correct this lagging error, the aircraft should be alowed to
passthedesired heading prior to stopping theturn. The same
rule of 15 degrees plus half of the latitude applies here (i.e.,
if the aircraft is being operated in a position near 30 degrees
|atitude, the turn should be stopped 15+15+30 degrees after
passing the desired heading). [ Figure 8-36B]

Acceleration Error

The magnetic dip and the forces of inertia cause magnetic
compass errors when accelerating and decelerating on
easterly and westerly headings. Because of the pendulous-
type mounting, the aft end of the compass card is tilted
upward when accel erating and downward when decel erating
during changes of airspeed. When accelerating on either
an easterly or westerly heading, the error appears as a
turn indication toward north. When decelerating on either
of these headings, the compass indicates a turn toward
south. A mnemonic, or memory jogger, for the effect of
acceleration error is the word “ANDS” (Acceleration-
North/Deceleration-South) may help you to remember the
acceleration error. [Figure 8-37] Acceleration causes an

Figure 8-36. Northerly and southerly turning errors.
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Figure 8-37. The effects of acceleration error.

indication toward north; deceleration causes an indication
toward south.

Oscillation Error

Oscillation is a combination of all of the errors previously
mentioned and results in fluctuation of the compass card in
relation to the actual heading direction of the aircraft. When
setting the gyroscopic heading indicator to agree with the
magnetic compass, use the average indication between the
swings.

The Vertical Card Magnetic Compass

The vertical card magnetic compass eliminates some of the
errorsand confusion encountered with the magnetic compass.
Thedial of thiscompassisgraduated with |ettersrepresenting
the cardinal directions, numbers every 30°, and tick marks
every 5°. Thedial isrotated by a set of gears from the shaft-
mounted magnet, and the nose of the symbolic aircraft on
theinstrument glass representsthe lubber linefor reading the
heading of the aircraft from the dial. [ Figure 8-38]

Lagsor Leads

When starting aturn from a northerly heading, the compass
lags behind the turn. When starting a turn from a southerly
heading, the compass |eads the turn.
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Figure 8-38. Vertical card magnetic compass.

Eddy Current Damping

In the case of a vertical card magnetic compass, flux from
the oscillating permanent magnet produces eddy currentsin
adamping disk or cup. The magnetic flux produced by the
eddy currents opposes the flux from the permanent magnet
and decreases the oscillations.
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Outside Air Temperature (OAT) Gauge

The outside air temperature (OAT) gauge is a simple and
effective device mounted so that the sensing element is
exposed to the outside air. The sensing element consists
of a bimetallic-type thermometer in which two dissimilar
materials are welded together in a single strip and twisted
into ahelix. Oneend isanchored into protective tube and the
other end is affixed to the pointer, which reads against the
calibration on acircular face. OAT gauges are calibrated in
degrees°C, °F, or both. An accurate air temperature provides
the pilot with useful information about temperature lapserate
with altitude change. [ Figure 8-39]

Chapter Summary

Flight instruments enable an aircraft to be operated with
maximum performance and enhanced safety, especially when
flying long distances. Manufacturers provide the necessary
flight instruments, but to use them effectively, pilots need
to understand how they operate. Asapilot, it isimportant to
becomevery familiar with the operational aspects of the pitot-
static system and associated instruments, the vacuum system
and associated instruments, the gyroscopic instruments, and
the magnetic compass.
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Chapter

Hight Manuals and
Uther Documents

Introduction

Each aircraft comeswith documentation and aset of manuals
withwhich apilot must befamiliar in order tofly that aircraft.
This chapter covers airplane flight manuals (AFM), the
pilot’s operating handbook (POH), and aircraft documents
pertaining to ownership, airworthiness, maintenance, and
operations with inoperative equipment. Knowledge of these
required documents and manuals is essential for a pilot to
conduct a safe flight.

Airplane Flight Manuals (AFM)

Flight manual sand operating handbooks are concisereference
books that provide specific information about a particular
aircraft or subject. They contain basic facts, information,
and/or instructions for the pilot about the operation of an
aircraft, flying techniques, etc., and are intended to be kept
on hand for ready reference.



The aircraft owner/information manual is a document
developed by the aircraft manufacturer and contains general
information about the make and model of the aircraft.
The manual is not approved by the Federal Aviation
Administration (FAA) and is not specific to an individual
aircraft. The manual provides general information about the
operation of an aircraft, is not kept current, and cannot be
substituted for the AFM/POH.

AnAFM isadocument devel oped by theaircraft manufacturer
and approved by the FAA. Thisbook containstheinformation
and instructions required to operate an aircraft safely. A
pilot must comply with this information which is specific
to a particular make and model of aircraft, usualy by serial
number. An AFM contains the operating procedures and
limitations of that aircraft. Title 14 of the Code of Federal
Regulations (14 CFR) part 91 requires that pilots comply
with the operating limitations specified in the approved flight
manuals, markings, and placards.

Originally, flight manuals followed whatever format and
content the manufacturer felt was appropriate, but this
changed with the acceptance of Specification No. 1 prepared
by the Generd Aviation Manufacturers Association (GAMA).
Specification No. 1 established a standardized format for all
genera aviation airplane and helicopter flight manuals.

The POH is a document developed by the aircraft
manufacturer and contains FAA-approved AFM information.
If “POH” is used in the main title, a statement must be
included on the title page indicating that sections of the
document are FAA approved asthe AFM.

The POH for most light aircraft built after 1975 is aso
designated as the FAA-approved flight manual. The typical
AFM/POH contains the following nine sections: General;
Limitations; Emergency Procedures;, Normal Procedures,
Performance; Weight and Balance/Equipment List; Systems
Description; Handling, Service, and Maintenance; and
Supplements. Manufacturers also have the option of including
additional sections, such as one on Safety and Operational
Tips or an alphabetical index at the end of the POH.

Preliminary Pages

Whilethe AFM/POH may appear similar for the same make
and model of aircraft, each manua is unique and contains
specific information about a particular aircraft, such as the
equipment installed and weight and balance information.
Manufacturers are required to include the serial number and
registration on the title page to identify the aircraft to which
the manual belongs. If amanual does not indicate a specific
aircraft registration and serial number, itislimited to general
study purposes only.
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Most manufacturersinclude atable of contentsthat identifies
the order of the entire manual by section number and title.
Usually, each section also contains atable of contentsfor that
section. Page numbersreflect the section and page within that
section (1-1, 1-2, 2-1, 3-1, etc.). If the manual is published
in loose-leaf form, each section is usually marked with a
divider tab indicating the section number, title, or both. The
Emergency Procedures section may have ared tab for quick
identification and reference.

General (Section 1)

The General section provides the basic descriptive
information on the airframe and powerplant(s). Some
manuals include athree-dimensional drawing of the aircraft
that provides dimensions of various components. Included
are such items aswingspan, maximum height, overall length,
wheelbase length, main landing gear track width, diameter
of the rotor system, maximum propeller diameter, propel ler
ground clearance, minimum turning radius, and wing area.
This section serves as a quick reference and helps a pilot
become familiar with the aircraft.

Thelast segment of the General section contains definitions,
abbreviations, explanations of symbology, and some of
the terminology used in the POH. At the discretion of the
manufacturer, metric and other conversion tables may also
be included.

Limitations (Section 2)

The Limitations section containsonly thoselimitationsrequired
by regulation or that are necessary for the safe operation of
the aircraft, powerplant, systems, and equipment. It includes
operating limitations, instrument markings, color-coding,
and basic placards. Some of the limitation areas are airspeed,
powerplant, weight and loading distribution, and flight.

Airspeed

Airspeed limitations are shown on the airspeed indicator
(ASI) by color coding and on placards or graphs in the
aircraft. [Figure9-1] A redlineonthe ASI showstheairspeed
limit beyond which structural damage could occur. Thisis
called the never-exceed speed (V\g). A yellow arc indicates
the speed range between maximum structural cruising speed
(Vno) and V e. Operation of anaircraft intheyellow airspeed
arcisfor smooth air only and then only with caution. A green
arc depictsthe normal operating speed range, with the upper
end at Vo and the lower end at stalling speed at maximum
weight with the landing gear and flaps retracted (V ;). For
airplanes, the flap operating range is depicted by the white
arc, with the upper end at the maximum flap extended speed
(Vep), andthelower end at the stalling speed with the landing
gear and flaps in the landing configuration (V g).



Figure 9-1. Sngle-engine airspeed indicator.

In addition to the markings listed above, small multi-engine
airplanes have a red radia line to indicate single-engine
minimum controllable airspeed (V). A blue radial line
is used to indicate single-engine best rate of climb speed at
maximum weight at sealevel (Vyg). [Figure 9-2]

Powerplant

The Powerplant Limitations portion describes operating
limitationson an aircraft’ sreciprocating or turbine engine(s).
These include limitations for takeoff power, maximum
continuous power, and maximum normal operating power,
which isthe maximum power the engine can produce without
any restrictions and is depicted by a green arc. Other items
that can be included in this area are the minimum and
maximum oil and fuel pressures, oil and fuel grades, and
propeller operating limits. [Figure 9-3]

All reciprocating-engine powered aircraft must have a
revolutions per minute (rpm) indicator for each engine.
Aircraft equipped with a constant-speed propeller or rotor
system use a manifold pressure gauge to monitor power
output and a tachometer to monitor propeller or rotor speed.
Both instruments depict the maximum operating limit with
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Figure 9-2. Multi-engine airspeed indicator.

Maximum

Normal operating range

Minimum

Figure 9-3. Minimum, maximum, and normal operating range
markings on oil gauge.

aredradial line and the normal operating range with agreen
arc. [Figure 9-4] Some instruments may have ayellow arc
to indicate a caution area.

Weight and Loading Distribution

Weight and Loading Distribution contains the maximum
certificated weights, as well as the center of gravity (CG)
range. The location of the reference datum used in balance
computationsisincluded in this section. Weight and balance
computations are not provided in this area, but rather in the
weight and balance section of the AFM/POH.
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Flight Limits

Flight Limits list authorized maneuvers with appropriate
entry speeds, flight load factor limits, and types of operation
limits. It also indicates those maneuvers that are prohibited,
such as spins or acrobatic flight, as well as operational
limitations such as flight into known icing conditions.

Placards

Most aircraft display one or more placards that contain
information having a direct bearing on the safe operation of
theaircraft. These placards arelocated in conspicuous places
and arereproduced in the Limitations section or asdirected by
an Airworthiness Directive (AD). [ Figure 9-5] Airworthiness
Directives are explained in detail later in this chapter.

Emergency Procedures (Section 3)

Checklists describing the recommended procedures and
airspeeds for coping with various types of emergencies or
critical situations are located in the Emergency Procedures
section. Some of the emergencies covered include:
engine failure, fire, and system failure. The procedures
for inflight engine restarting and ditching may also be
included. Manufacturers may first show an emergency
checklist in an abbreviated form with the order of items
reflecting the sequence of action. Amplified checklists that
provide additional information on the procedures follow
the abbreviated checklist. To be prepared for emergency
situations, memorize the immediate action items and, after
completion, refer to the appropriate checklist.

WARNING
ASSURE THAT SEAT IS LOCKED IN POSITION
PRIOR TO TAXI, TAKE-OFF, AND LANDING. FAILURE
TO PROPERLY LATCH SEAT AND HEED ALL
SAFETY INSTRUCTIONS CAN RESULT IN BODILY
INJURY OR DEATH.

CAUTIION

. TURN! OFF STROBE LTS
WHEN TAXIING NEAR
OTHER! ACFT OR WHEN
ELYING IN FOG OR IN
CLOUDS. STD POSITION
LTS MUST BE USED FOR
ALL NIGHT OPERATIONS.

2. IM CASE OF FIRE TURN
QFF CABIN HEAT

TO AVOID OPTICAL Il
VERTIGO TURN ANT

OFF UPON ENTERING C

WARNING

ASSURE THAT

CONTAMINAN'

INCLUDINM WATI
ARE REMOVED
AND FUEL SYS®
FLIGHT. FAILUR
CONTAMINANT FF

HEED ALL SAFETY |

INJURY OR DEATH

Figure 9-5. Placards are used to depict aircraft limitations.
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Manufacturers may include an optional subsection
entitled Abnormal Procedures. This subsection describes
recommended procedures for handling malfunctionsthat are
not considered emergencies.

Normal Procedures (Section 4)

This section begins with a list of the airspeeds for normal
operations. The next area consists of several checklists that
may include preflight inspection, before starting procedures,
starting engine, beforetaxiing, taxiing, before takeoff, climb,
cruise, descent, beforelanding, balked landing, after landing,
and post flight procedures. An Amplified Procedures area
follows the checklists to provide more detailed information
about the various previously mentioned procedures.

To avoid missing important steps, always usethe appropriate
checklistswhen available. Consistent adherence to approved
checklistsis asign of adisciplined and competent pilot.

Performance (Section 5)

The Performance section containsall theinformation required
by the aircraft certification regulations and any additional
performanceinformation the manufacturer deemsimportant
to pilot ability to safely operate the aircraft. Performance
charts, tables, and graphs vary in style, but al contain the
same basic information. Examples of the performance
information found in most flight manualsinclude agraph or
tablefor converting calibrated airspeed to true airspeed; stall
speeds in various configurations; and data for determining
takeoff and climb performance, cruise performance, and
landing performance. Figure 9-6 is an example of atypical
performance graph. For more information on use of the
charts, graphs, and tables, refer to Chapter 10, Aircraft
Performance.

Weight and Balance/Equipment List (Section 6)

The Weight and Balance/Equipment List section contains
al the information required by the FAA to calculate the
weight and balance of an aircraft. Manufacturers include
sample weight and bal ance problems. Weight and balanceis
discussed in greater detail in Chapter 10, Weight and Balance.

Systems Description (Section 7)

This section describes the aircraft systems in a manner
appropriate to the pilot most likely to operate the aircraft.
For example, a manufacturer might assume an experienced
pilot will bereading theinformation for an advanced aircraft.
For more information on aircraft systems, refer to Chapter
7, Aircraft Systems.
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Figure 9-6. Stall speed chart.

Handling, Service, and Maintenance (Section 8)
The Handling, Service, and Maintenance section describes
the maintenance and inspections recommended by the
manufacturer (and the regulations). Additional maintenance
or inspections may be required by the issuance of ADs
applicableto theairframe, engine, propeller, or components.
This section also describes preventive maintenance that
may be accomplished by certificated pilots, as well as the
manufacturer’ srecommended ground handling procedures. It
includes considerationsfor hangaring, tie-down, and general
storage procedures for the aircraft.

Supplements (Section 9)

The Supplements section contains information necessary
to safely and efficiently operate the aircraft when equipped
with optional systems and equipment (not provided with the
standard aircraft). Some of thisinformation may be supplied
by the aircraft manufacturer or by the manufacturer of the
optional equipment. The appropriate information isinserted
into the flight manual at the time the equipment isinstalled.
Autopilots, navigation systems, and air-conditioning
systemsare examples of equipment described in this section.
[Figure 9-7]

L J

Figure 9-7. Supplements provideinformation on optional equipment.
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Safety Tips (Section 10)

The Safety Tips section is an optional section containing a
review of information that enhancesthe saf e operation of the
aircraft. For example, physiological factors, general weather
information, fuel conservation procedures, high altitude
operations, or cold weather operations might be discussed.

Aircraft Documents

Certificate of Aircraft Registration

Before an aircraft can be flown legally, it must be registered
with the FAA Aircraft Registry. The Certificate of Aircraft
Registration, which is issued to the owner as evidence of
the registration, must be carried in the aircraft at all times.
[Figure 9-8]

The Certificate of Aircraft Registration cannot be used for
operations when:

The aircraft is registered under the laws of aforeign
country

The aircraft’s registration is canceled upon written
request of the certificate holder

The aircraft istotally destroyed or scrapped
The ownership of the aircraft is transferred
The certificate holder loses United States citizenship

For additional information, see 14 CFR part 47, section 47.41.
When one of the events listed in 14 CFR part 47, section
47.41 occurs, the previous owner must notify the FAA by
filling in the back of the Certificate of Aircraft Registration,
and mailing it to:

FAA Aircraft Registration Branch, AFS-750
P.O. Box 25504
Oklahoma City, OK 73125-0504

A dedler’s aircraft registration certificate is another form of
registration certificate, but is valid only for required flight
tests by the manufacturer or in flights that are necessary for
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the sale of the aircraft by the manufacturer or adealer. The
dealer must remove the certificate when the aircraft is sold.

Upon complying with 14 CFR part 47, section 47.31, the
pink copy of the application for an Aircraft Registration
Application, Aeronautical Center (AC) Form 8050-1,
provides authorization to operate an unregistered aircraft
for a period not to exceed 90 days. Since the aircraft is
unregistered, it cannot be operated outside of the United
States until a permanent Certificate of Aircraft Registration
isreceived and placed in the aircraft.

The FAA does not issue any certificate of ownership or
endorse any information with respect to ownership on a
Certificate of Aircraft Registration.

NOTE: For additional information concerning the Aircraft
Registration Application or the Aircraft Bill of Sale, contact
the nearest FAA Flight Standards District Office (FSDO).

Airworthiness Certificate

An Airworthiness Certificate isissued by arepresentative of
the FAA after theaircraft has been inspected, isfound to meet
therequirementsof 14 CFR part 21, andisin condition for safe
operation. The Airworthiness Certificate must bedisplayedin
theaircraft soitislegibleto the passengersand crew whenever
itisoperated. The Airworthiness Certificate must remain with
the aircraft unlessit is sold to aforeign purchaser.

A Standard Airworthiness Certificate is issued for aircraft
type certificated in the normal, utility, acrobatic, commuter,
transport categories, and manned free balloons. Figure 9-9
illustrates a Standard Airworthiness Certificate, and an
explanation of each item in the certificate follows.

1. Nationality and Registration Marks. The “N”
indicatestheaircraft isregisteredin the United States.
Registration marks consist of a series of up to five
numbers or numbersand letters. In thiscase, N2631A
is the registration number assigned to this aircraft.

2. Manufacturer and Model. Indicates the manufacturer,
make, and model of the aircraft.

3. Aircraft Serial Number. Indicates the manufacturer’s
serial number assigned to the aircraft, as noted on the
aircraft data plate.

4. Category. Indicatesthe category in which the aircraft
must be operated. In this case, it must be operated
in accordance with the limitations specified for the
“NORMAL" category.

5. Authority and Basisfor Issuance. Indicatesthe aircraft
conforms to its type certificate and is considered in
condition for safe operation at the time of inspection
and issuance of the certificate. Any exemptions from
the applicable airworthiness standards are briefly
noted here and the exemption number given. Theword
“NONE”" isentered if no exemption exists.

UNITED STATES OF AMERICA
DEPARTMENT OF TRANSPORTATION-FEDERAL AVIATION ADMINISTRATION

STANDARD AIRWORTHINESS CERTIFICATE

1 NATIONALITY AND 2 MANUFACTURER AND MODEL
REGISTRATION MARKS

N12345 Douglas DC-6A

3 AIRCRAFT SERIAL 4 CATEGORY
NUMBER
43219 Transport

5 AUTHORITY AND BASIS FOR ISSUANCE

to the Convention on International Civil Aviation, except as noted herein.
Exceptions:

None

This airworthiness certificate is issued pursuant to the Federal Aviation Act of 1958 and certifies that, as of the date of issuance, the
aircraft to which issued has been inspected and found to conform to the type certificate therefor, to be in condition for safe operation,
and has been shown to meet the requirements of the applicable comprehensive and detailed airworthiness code as provided by Annex 8

6 TERMS AND CONDITIONS

Unless sooner surrendered, suspended, revoked, or a termination date is otherwise established by the Administrator, this airworthiness
certificate is effective as long as the maintenance, preventative maintenance, and alterations are performed in accordance with
Parts 21, 43, and 91 of the Federal Aviation Regulations, as appropriate, and the aircraft is registered in the United States.

DATE OF ISSUANCE

01/20/00

FAA REPRESENTATIVE

E.R. White

E.R. White

DESIGNATION NUMBER

NE-XX

Any iteration, reproduction, or misuse of this certificate may be punishable by a fine not exceeding $1,000 or imprisonment not exceeding 3 years or both.
THIS CERTIFICATE MUST BE DISPLAYED IN THE AIRCRAFT IN ACCORDANCE WITH APPLICABLE FEDERAL AVIATION REGULATIONS.

FAA Form 8100-2 (04-11) Supersedes Previous Edition

Figure 9-9. FAA Form 8100-2, Sandard Airworthiness Certificate.
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6. Terms and Conditions. Indicates the Airworthiness
Certificate is in effect indefinitely if the aircraft is
maintained in accordancewith 14 CFR parts 21, 43, and
91, and the aircraft is registered in the United States.

Also included are the date the certificate was issued and the
signature and officeidentification of the FAA representative.

A Standard Airworthiness Certificate remains in effect
if the aircraft receives the required maintenance and is
properly registered in the United States. Flight safety relies
in part on the condition of the aircraft, which is determined
by inspections performed by mechanics, approved repair
stations, or manufacturers that meet specific requirements
of 14 CFR part 43.

A Specia Airworthiness Certificate isissued for al aircraft
certificated in other than the Standard classifications, such
as Experimental, Restricted, Limited, Provisional, and
Light-Sport Aircraft (LSA). LSA receive a pink special
airworthiness certificate; however, there are exceptions.
For example, the Piper Cub isin the LSA category, but it
was certificated as anormal aircraft during its manufacture.
When purchasing an aircraft classified asother than Standard,
it is recommended that the local FSDO be contacted for an
explanation of the pertinent airworthiness requirements and
the limitations of such a certificate.

Aircraft Maintenance

Maintenance is defined as the preservation, inspection,
overhaul, and repair of an aircraft, including the replacement
of parts. Regular and proper maintenance ensures that
an aircraft meets an acceptable standard of airworthiness
throughout its operational life.

Although maintenance requirements vary for different
types of aircraft, experience shows that aircraft need some
type of preventive maintenance every 25 hours of flying
time or less and minor maintenance at least every 100
hours. Thisis influenced by the kind of operation, climatic
conditions, storage facilities, age, and construction of the
aircraft. Manufacturers supply maintenance manuals, parts
catalogs, and other service information that should be used
in maintaining the aircraft.

Aircraft Inspections

Under 14 CFR part 91, the primary responsibility for
maintaining an aircraft in an airworthy condition fallson the
owner or operator of theaircraft. Certain inspections must be
performed on the aircraft, and the owner must maintain the
airworthiness of theaircraft during thetime between required
inspections by having any defects corrected.
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Under 14 CFR, part 91, subpart E, all civil aircraft are
required to be inspected at specific intervals to determine
the overall condition. The interval depends upon the type
of operations in which the aircraft is engaged. All aircraft
need to be inspected at least once every 12 calendar months,
whileinspectionisrequired for others after every 100 hours
of operation. Some aircraft areinspected in accordance with
an inspection system set up to provide for total inspection
of the aircraft on the basis of calendar time, timein service,
number of system operations, or any combination of these.

All inspections should follow the current manufacturer’s
maintenance manual, including the Instructions for
Continued Airworthiness concerning inspection intervals,
parts replacement, and life-limited items as applicable to
the aircraft.

Annual Inspection

Any reciprocating engine or single-engine turbojet/
turbopropeller-powered small aircraft (weighing 12,500
pounds or less) flown for business or pleasure and not
flown for compensation or hire is required to be inspected
at least annually. The inspection shall be performed by a
certificated airframe and powerplant (A& P) mechanic who
holds an inspection authorization (I1A) by the manufacturer
of the aircraft or by a certificated and appropriately rated
repair station. The aircraft may not be operated unless the
annual inspection has been performed within the preceding
12 calendar months. A period of 12 calendar months extends
fromany day of amonth to thelast day of the same month the
following year. An aircraft overdue for an annual inspection
may be operated under a Special Flight Permit issued by
the FAA for the purpose of flying the aircraft to a location
where the annual inspection can be performed. However, all
applicable ADs that are due must be complied with before
the flight.

100-Hour Inspection

All aircraft under 12,500 pounds (except turbojet/
turbopropeller-powered multi-engine airplanes and turbine
powered rotorcraft), used to carry passengers for hire, must
receive a 100-hour inspection within the preceding 100 hours
of timein service and must be approved for returnto service.
Additionally, an aircraft used for flight instruction for hire,
when provided by the person giving the flight instruction,
must al so havereceived a 100-hour inspection. Thisinspection
must be performed by an FAA-certificated A& P mechanic,
an appropriately rated FAA-certificated repair station, or
by the aircraft manufacturer. An annual inspection, or an
inspection for the issuance of an Airworthiness Certificate,
may be substituted for a required 100-hour inspection. The
100-hour limitation may be exceeded by no more than 10



hours for the purpose of traveling to alocation at which the
required inspection can be performed. Any excesstime used
for this purpose must be included in computing the next 100
hours of timein service.

Other Inspection Programs

The annual and 100-hour inspection requirements do not
apply to large (over 12,500 pounds) airplanes, turbojets, or
turbopropeller-powered multi-engine airplanes or to aircraft
for which the owner complies with a progressive inspection
program. Details of these requirements may be determined
by referencing 14 CFR, part 43, section 43.11 and 14 CFR
part 91, subpart E, or by inquiring at alocal FSDO.

Altimeter System I nspection

Under 14 CFR, part 91, section 91.411, requires that the
atimeter, encoding altimeter, and related system must be
tested and inspected within the 24 months prior to operatingin
controlled airspace under instrument flight rules (IFR). This
appliesto all aircraft being operated in controlled airspace.

Transponder | nspection

Title 14 CFR, part 91, section 91.413, requires that before
a transponder can be used under 14 CFR, part 91, section
91.215(a), it shall be tested and inspected within the 24
months prior to operation of the aircraft regardless of airspace
restrictions.

Emergency Locator Transmitter

An emergency locator transmitter (ELT) is required by 14
CFR, part 91, section 91.207, and must be inspected within
12 calendar months after thelast inspection for thefollowing:

e Proper instalation
e Battery corrosion
e Operation of the controls and crash sensor

e The presence of a sufficient signal radiated from its
antenna

The ELT must be attached to the airplane in such a manner
that the probability of damage to the transmitter in the event
of crashimpact isminimized. Fixed and deployable automatic
type transmitters must be attached to the airplane as far aft
as practicable. Batteries used in the ELTs must be replaced
(or recharged, if the batteries are rechargeable):

¢ When the transmitter has been in use for more than 1
cumul ative hour

*  When 50 percent of the battery useful life or, for
rechargeabl e batteries, 50 percent of useful life of the
charge has expired

An expiration date for replacing (or recharging) the battery
must be legibly marked on the outside of the transmitter
and entered in the aircraft maintenance record. This does
not apply to batteries that are essentially unaffected during
storage intervals, such as water-activated batteries.

Preflight I nspections

The preflight inspection isathorough and systematic means
by which a pilot determinesif an aircraft isairworthy and in
condition for safe operation. POHs and owner/information
manuals contain a section devoted to a systematic method
of performing a preflight inspection.

Minimum Equipment Lists (MEL) and
Operations With Inoperative Equipment

Under 14 CFR, al aircraft instrumentsandinstalled equi pment
arerequired to be operative prior to each departure. When the
FAA adopted the minimum equipment list (MEL) concept for
14 CFR part 91 operations, it allowed aircraft to be operated
with inoperative equipment determined to be nonessential for
safe flight. At the same time, it allowed part 91 operators,
without an MEL, to defer repairs on nonessential equipment
within the guidelines of part 91.

The FAA has two acceptable methods of deferring
maintenance on small rotorcraft, non-turbine powered
airplanes, gliders, or lighter-than-air aircraft operated under
part 91. They are the deferral provision of 14 CFR, part 91,
section 91.213(d) and an FAA-approved MEL.

Thedeferral provision of 14 CFR, part 91, section 91.213(d)
iswidely used by most pilot/operators. Its popularity is due
to simplicity and minimal paperwork. When inoperative
equipment is found during a preflight inspection or prior to
departure, the decision should be to cancel the flight, obtain
maintenance prior to flight, or to defer theitem or equipment.

Maintenance deferralsare not used for inflight discrepancies.
The manufacturer’s AFM/POH procedures areto be used in
those situations. The discussion that follows assumes that
the pilot wishes to defer maintenance that would ordinarily
be required prior to flight.

Using the deferral provision of 14 CFR, part 91, section
91.213(d), the pilot determines whether the inoperative
equipment is required by type design, 14 CFR, or ADs. If
the inoperative item is not required, and the aircraft can be
safely operated without it, the deferral may be made. The
inoperative item shall be deactivated or removed and an
INOPERATIVE placard placed near the appropriate switch,
control, or indicator. If deactivation or removal involves

9-9



maintenance (removal awayswill), it must be accomplished
by certificated maintenance personnel and recorded in
accordance with 14 CFR part 43.

For example, if the position lights (installed equipment)
were discovered to be inoperative prior to a daytime flight,
the pilot would follow the requirements of 14 CFR, part 91,
section 91.213(d).

The deactivation may be a process as simple as the pilot
positioning a circuit breaker to the OFF position or as
complex as rendering instruments or equipment totally
inoperable. Complex maintenancetasksrequire acertificated
and appropriately rated maintenance person to perform the
deactivation. In al cases, the item or equipment must be
placarded INOPERATIVE.

All small rotorcraft, non-turbine powered airplanes, gliders,
or lighter-than-air aircraft operated under 14 CFR part 91
are eligible to use the maintenance deferral provisions of 14
CFR, part 91, section 91.213(d). However, once an operator
requests an MEL, and a Letter of Authorization (LOA)
is issued by the FAA, then the use of the MEL becomes
mandatory for that aircraft. All maintenance deferrals must
be accomplished in accordance with theterms and conditions
of the MEL and the operator-generated procedures document.

The use of an MEL for an aircraft operated under 14
CFR part 91 also allows for the deferral of inoperative
items or equipment. The primary guidance becomes the
FAA-approved MEL issued to that specific operator and
N-numbered aircraft.

The FAA has developed master minimum equipment lists
(MMELS) for aircraft in current use. Upon written request by
an operator, thelocal FSDO may issue the appropriate make
and model MMEL, along with an LOA, and the preamble.
The operator then develops operations and maintenance
(O& M) proceduresfromthe MMEL. ThisMMEL with O&M
procedures now becomes the operator's MEL. The MEL,
LOA, preamble, and procedures document devel oped by the
operator must be on board the aircraft during each operation.
The FAA considers an approved MEL to be a supplemental
type certificate (STC) issued to an aircraft by serial number
and registration number. It, therefore, becomesthe authority
to operate that aircraft in a condition other than originally
type certificated.

With an approved MEL, if the position lightswere discovered
inoperative prior to a daytime flight, the pilot would make
an entry in the maintenance record or discrepancy record
provided for that purpose. The item would then either be
repaired or deferred in accordance with the MEL. Upon
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confirming that daytime flight with inoperative position
lightsis acceptable in accordance with the provisions of the
MEL, the pilot would leave the position lights switch OFF,
open the circuit breaker (or whatever action is called for in
the procedures document), and placard the position light
switch as INOPERATIVE.

There are exceptionsto the use of the MEL for deferral. For
example, should acomponent fail that isnot listedinthe MEL
as deferrable (the tachometer, flaps, or stall warning device,
for example), then repairs are required to be performed prior
to departure. If maintenance or partsare not readily available
at that location, a special flight permit can be obtained from
the nearest FSDO. This permit allows the aircraft to be
flown to another location for maintenance. This alows an
aircraft that may not currently meet applicable airworthiness
requirements, but is capable of safe flight, to be operated
under the restrictive special terms and conditions attached
to the special flight permit.

Deferral of maintenance is not to be taken lightly, and due
consideration should be given to the effect an inoperative
component may have on the operation of an aircraft,
particularly if other itemsareinoperative. Further information
regarding MEL s and operations with inoperative equipment
canbefoundin AC 91-67, Minimum Equi pment Requirements
for General Aviation Operations Under FAR Part 91.

Preventive Maintenance

Preventive maintenance is regarded as simple or minor
preservation operations and the replacement of small standard
parts, not involving complex assembly operations. Allowed
items of preventative maintenance are listed and limited to
the items of 14 CFR part 43, appendix A(c).

Maintenance Entries

All pilots who perform preventive maintenance must make
an entry in the maintenance record of the aircraft. The entry
must include the following information:

1. A description of thework, such as*changed oil (Shell
Aero-50) at 2,345 hours”

The date of completion of the work performed

The pilot’s name, signature, certificate number, and
type of certificate held

Examples of Preventive Maintenance

Thefollowing examplesof preventive maintenance aretaken
from 14 CFR, part 43, Maintenance, Preventive Maintenance,
Rebuilding, and Alternation, which should be consulted for a
morein-depth look at the preventive maintenance apilot can
perform on an aircraft. Remember, preventive maintenance



is limited to work that does not involve complex assembly
operations including the following:

Removal, installation, and repair of landing gear
tires and shock cords; servicing landing gear shock
struts by adding ail, air, or both; servicing gear wheel
bearings; replacing defective safety wiring or cotter
keys; lubrication not requiring disassembly other than
removal of nonstructural items, such as cover plates,
cowlings, and fairings, making simple fabric patches
not requiring rib stitching or theremoval of structural
parts or control surfaces. In the case of balloons,
the making of small fabric repairs to envelopes
(as defined in, and in accordance with, the balloon
manufacturer’s instructions) not requiring load tape
repair or replacement.

Replenishing hydraulic fluid in the hydraulic
reservoir; refinishing decorative coating of fuselage,
balloon baskets, wings, tail group surfaces (excluding
balanced control surfaces), fairings, cowlings,
landing gear, cabin, or flight deck interior when
removal or disassembly of any primary structure
or operating system is not required; applying
preservative or protective material to components
where no disassembly of any primary structure or
operating system isinvolved and where such coating
is not prohibited or is not contrary to good practices;
repairing uphol stery and decorative furnishings of the
cabin, flight deck, or balloon basket interior when the
repair does not require disassembly of any primary
structure or operating system or interfere with an
operating system or affect the primary structure of
the aircraft; making small, simple repairsto fairings,
nonstructural cover plates, cowlings, and small
patches and reinforcements not changing the contour
to interfere with proper air flow; replacing side
windows where that work does not interfere with the
structure or any operating system, such as controls,
electrical equipment, etc.

Replacing safety belts, seats or seat parts with
replacement parts approved for the aircraft, not
involving disassembly of any primary structure or
operating system, bulbs, reflectors, and lenses of
position and landing lights.

Replacing wheels and skis where no weight-and-
balance computation is involved; replacing any
cowling not requiring removal of the propeller or
disconnection of flight controls; replacing or cleaning
spark plugs and setting of spark plug gap clearance;
replacing any hose connection, except hydraulic
connections; however, prefabricated fuel lines may
be replaced.

Cleaning or replacing fuel and oil strainers or filter
elements; servicing batteries, cleaning balloon burner
pilot and main nozzlesin accordance with the balloon
manufacturer’ sinstructions.

The interchange of balloon baskets and burners on
envelopes when the basket or burner is designated as
interchangeable in the balloon type certificate data
and the baskets and burners are specifically designed
for quick removal and installation; adjustment
of nonstructural standard fasteners incidental to
operations.

Theinstalations of anti-misfueling devicesto reduce
the diameter of fuel tank filler openings only if the
specific device hasbeen madeapart of theaircraft type
certificate databy theaircraft manufacturer, theaircraft
manufacturer has provided FAA-approved instructions
for installation of the specific device, and installation
does not involve the disassembly of the existing tank
filler opening; troubleshooting and repairing broken
circuitsin landing light wiring circuits.

Removing and replacing self-contained, front
instrument panel-mounted navigation and
communication devices that employ tray-mounted
connectors which connect the unit when the unit
is installed into the instrument panel (excluding
automatic flight control systems, transponders, and
microwave frequency distance measuring equipment
(DME)). The approved unit must be designed to be
readily and repeatedly removed and replaced, and
pertinent instructions must be provided. Prior to the
unit’'s intended use, an operational check must be
performed in accordance with the applicable sections
of 14 CFR part 91 on checking, removing, and
replacing magnetic chip detectors.

Inspection and maintenance tasks prescribed and
specificaly identified as preventive maintenance in
a primary category aircraft type certificate or STC
holder’s approved special inspection and preventive
maintenance program when accomplished on a
primary category aircraft.

Updating self-contained, front instrument panel-
mounted air traffic control (ATC) navigational
software databases (excluding those of automatic
flight control systems, transponders, and microwave
frequency DME), only if no disassembly of theunitis
required and pertinent instructions are provided; prior
to the unit’ sintended use, an operational check must
be performed in accordance with applicable sections
of 14 CFR part 91.
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Certificated pilots, excluding student pilots, sport pilots, and
recreational pilots, may perform preventive maintenance on
any aircraft that is owned or operated by them provided that
the aircraft is not used in air carrier service and does not
qualify under 14 CFR parts 121, 129, or 135. A pilot holding
asport pilot certificate may perform preventive maintenance
on an aircraft owned or operated by that pilot if that aircraftis
issued aspecia airworthiness certificateinthe LSA category.
(Sport pilots operating LSA should refer to 14 CFR part 65
for maintenance privileges.) 14 CFR part 43, appendix A,
contains a list of the operations that are considered to be
preventive maintenance.

Repairs and Alterations

Repairsand aterationsare classified aseither magjor or minor.
14 CFR part 43, appendix A, describes the aterations and
repairs considered major. Major repairs or aterations shall
be approved for return to service on FAA Form 337, Major
Repair and Alteration, by an appropriately rated certificated
repair station, an FAA-certificated A& P mechanic holding an
IA, or arepresentative of the Administrator. Minor repairsand
minor alterations may be approved for return to servicewith a
proper entry in the maintenance recordsby an FAA-certificated
A& P mechanic or an appropriately certificated repair station.

For modifications of experimental aircraft, refer to the
operating limitations issued to that aircraft. Modifications
in accordance with FAA Order 8130.2, Airworthiness
Certification of Aircraft and Related Products, may require
the notification of the issuing authority.

Special Flight Permits

A specid flight permitisaSpecial Airworthiness Certificate
authorizing operation of an aircraft that does not currently
meet applicable airworthiness requirements but is safe
for a specific flight. Before the permit is issued, an FAA
inspector may personally inspect the aircraft or requireit to
be inspected by an FAA-certificated A& P mechanic or an
appropriately certificated repair station to determineits safety
for the intended flight. The inspection shall be recorded in
the aircraft records.

The specia flight permit isissued to allow the aircraft to be
flown to a base where repairs, alterations, or maintenance
can be performed; for delivering or exporting the aircraft; or
for evacuating an aircraft from an area of impending danger.
A specia flight permit may beissued to allow the operation
of an overweight aircraft for flight beyond its normal range
over water or land areas where adequate landing facilities
or fuel is not available.

If a special flight permit is needed, assistance and the
necessary forms may be obtained from the local FSDO
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or Designated Airworthiness Representative (DAR).
[Figure 9-10]

Airworthiness Directives (ADs)

A primary safety function of the FAA isto require correction
of unsafe conditions found in an aircraft, aircraft engine,
propeller, or appliance when such conditions exist and are
likely to exist or developin other products of the samedesign.
The unsafe condition may exist because of a design defect,
maintenance, or other causes. Airworthiness Directives
(ADs), under 14 CFR, part 39, define the authority and
responsihility of the Administrator for requiring the necessary
corrective action. ADs are used to notify aircraft ownersand
other interested persons of unsafe conditions and to specify
the conditions under which the product may continue to be
operated. ADs are divided into two categories:

1. Those of an emergency nature requiring immediate
compliance prior to further flight

2. Those of aless urgent nature requiring compliance
within a specified period of time

ADs are regulatory and shall be complied with unless a
specific exemption is granted. It is the responsibility of the
aircraft owner or operator to ensure compliance with al
pertinent ADs, including those ADs that require recurrent
or continuing action. For example, an AD may require a
repetitive inspection each 50 hours of operation, meaning
the particular inspection shall be accomplished and recorded
every 50 hours of time in service. Owners/operators are
reminded that thereis no provision to overfly the maximum
hour requirement of an AD unlessit is specifically written
into the AD. To help determine if an AD applies to an
amateur-built aircraft, contact the local FSDO.

14 CFR, part 91, section 91.417 requires a record to be
maintained that shows the current status of applicable
ADs, including the method of compliance; the AD number
and revision date, if recurring; next due date and time; the
signature; type of certificate; and certificate number of the
repair station or mechanic who performed thework. For ready
reference, many aircraft owners have achronological listing
of the pertinent ADsin the back of their aircraft, engine, and
propeller maintenance records.

All ADs and the AD Biweekly are free on the Internet
at http://rgl.faa.gov and are available through e-mail.
Individuals can enroll for the e-mail service at the website
above. Paper copies of the Summary of Airworthiness
Directives and the AD Biweekly may be purchased from
the Superintendent of Documents. The Summary contains
all the valid ADs previously published and is divided into
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UNITED STATES OF AMERICA
DEPARTMENT OF TRANSPORTATION - FEDERAL AVIATION ADMINISTRATION

SPECIAL AIRWORTHINESS CERTIFICATE

CATEGORY/DESIGNATION

Special Flight Permit

A PURPOSE Production Flight Testing or Customer Demonstration
MANU- NAME The Boeing Company
B | FACTURER [ApDRESS  P.0. Box 767, Renton WA 13567
C | FLIGHT FROM___N/A
TO N/A
N- N/A SERIAL NO. NZA
D BUILDER N/A MODEL N/A
DATE OF ISSUANCE 01/31/2001 EXPIRY 01/31/2001

OPERATING LIMITATIONS DATED 01/ 31/ 2001 ARE PART OF THIS CERTIFICATE

E SIGNATURE OF FAA REPRESENTATIVE

Sam T. Smith
Sam T. Smith

DESIGNATION OR OFFICE NO.
NM-XX

Any alteration, reproduction or misuse of this certificate may be punishable by a fine not exceeding $1,000 or imprisonment not exceeding 3 years, or
both. THIS CERTIFICATE MUST BE DISPLAYED IN THE AIRCRAFT IN ACCORDANCE WITH APPLICABLE TITLE 14, CODE OF FEDERAL

REGULATIONS (CFR).

FAA Form 8130-7 (07/04)

Figure 9-10. FAA Form 8130-7, Special Airworthiness Certificate.

two areas. The small aircraft and helicopter books contain
all ADs applicable to small aircraft (12,500 pounds or less
maximum certificated takeoff weight) and ADs applicable
to al helicopters. The large aircraft books contain all ADs
applicable to large aircraft.

For current information on how to order paper copiesof AD
booksandthe AD Biweekly, visit the FAA onlineregulatory
and guidance library at: http://rgl.faa.gov.

Aircraft Owner/Operator Responsibilities
Theregistered owner/operator of an aircraft isresponsiblefor:

e Having a current Airworthiness Certificate and a
Certificate of Aircraft Registration in the aircraft.

e Maintaining the aircraft in an airworthy condition,
including compliance with all applicable ADs and
assuring that maintenance is properly recorded.

»  Keeping abreast of current regulations concerning the
operation and maintenance of the aircraft.

e Notifying the FAA Aircraft Registry immediately of
any change of permanent mailing address, of the sale
or export of theaircraft, or of thelossof the eligibility
to register an aircraft. (Refer to 14 CFR, part 47,
section 47.41.)

SEE REVERSE SIDE

e Havingacurrent Federad CommunicationsCommission
(FCC) radio station license if equipped with radios,
including emergency locator transmitter (ELT), if
operated outside of the United States.

Chapter Summary

Knowledge of an aircraft’'s AFM/POH and documents,
such as ADs, provide pilots with ready access to pertinent
information needed to safely fly a particular aircraft. By
understanding the operations, limitations, and performance
characteristics of the aircraft, the pilot can make educated
flight decisions. By learning what preventive maintenance
is allowed on the aircraft, a pilot can maintain his or her
aircraft in an airworthy condition. The goal of every pilotis
asafe flight. Flight manuals and aircraft documentation are
essential tools used to reach that goal.
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Chapter 10

Weight and Balance

Introduction

Compliancewith theweight and balancelimitsof any aircraft
is critical to flight safety. Operating above the maximum
weight limitation compromises the structural integrity of
an aircraft and adversely affects its performance. Operation
with the center of gravity (CG) outside the approved limits
resultsin control difficulty.

Weight Control

As discussed in Chapter 5, Aerodynamics of Flight, weight
is the force with which gravity attracts a body toward the
center of the Earth. It isa product of the mass of a body and
the accel eration acting on the body. Weight isamajor factor
in aircraft construction and operation and demands respect
from all pilots.

Theforceof gravity continuously attemptsto pull an aircraft
down toward Earth. The force of lift is the only force that
counteracts weight and sustains an aircraft in flight. The
amount of lift produced by an airfail islimited by the airfoil
design, angle of attack (AOA), airspeed, and air density. To
assurethat thelift generated is sufficient to counteract weight,
loading an aircraft beyond the manufacturer’ srecommended
weight must be avoided. If the weight is greater than the lift
generated, the aircraft may be incapable of flight.
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Effects of Weight

Any item aboard an aircraft that increasesthe total weight is
undesirablefor performance. Manufacturers attempt to make
an aircraft as light as possible without sacrificing strength
or safety.

The pilot should always be aware of the consequences of
overloading. An overloaded aircraft may not beabletoleave
the ground, or if it does become airborne, it may exhibit
unexpected and unusually poor flight characteristics. If not
properly loaded, the initial indication of poor performance
usually takes place during takeoff.

Excessive weight reduces the flight performance in almost
every respect. For example, the most important performance
deficiencies of an overloaded aircraft are:

*  Higher takeoff speed

e Longer takeoff run

e Reduced rate and angle of climb

e Lower maximum altitude

e Shorter range

e Reduced cruising speed

*  Reduced maneuverability

e Higher stalling speed

e Higher approach and landing speed
e Longer landing roll

e Excessive weight on the nose wheel or tail wheel

The pilot must be knowledgeable about the effect of weight
on the performance of the particular aircraft being flown.
Preflight planning should include a check of performance
charts to determine if the aircraft’s weight may contribute
to hazardous flight operations. Excessive weight in itself
reducesthe safety marginsavailableto the pilot and becomes
even more hazardous when other performance-reducing
factors are combined with excess weight. The pilot must
also consider the consequences of an overweight aircraft if
an emergency condition arises. If an engine fails on takeoff
or airframeiceformsat low altitude, it isusually too lateto
reduce an aircraft’ sweight to keep it in the air.

Weight Changes

The operating weight of an aircraft can be changed by
simply altering the fuel load. Gasoline has considerable
weight—6 pounds per gallon. Thirty gallons of fuel may
weigh more than one passenger. If a pilot lowers airplane
weight by reducing fuel, the resulting decrease in the range
of the airplane must be taken into consideration during flight
planning. During flight, fuel burnisnormally the only weight
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change that takes place. Asfuel isused, an aircraft becomes
lighter and performance isimproved.

Changes of fixed equipment have a major effect upon the
weight of an aircraft. The installation of extra radios or
instruments, as well as repairs or modifications, may also
affect the weight of an aircraft.

Balance, Stability, and Center of Gravity

Balancerefersto thelocation of the CG of an aircraft, and is
important to stability and safety in flight. The CG is a point
at which the aircraft would balance if it were suspended at
that point.

The primary concern in balancing an aircraft is the fore
and &ft location of the CG aong the longitudinal axis. The
CG isnot necessarily a fixed point; its location depends on
the distribution of weight in the aircraft. As variable load
items are shifted or expended, there is a resultant shift in
CG location. The distance between the forward and back
limits for the position of the center for gravity or CG range
is certified for an aircraft by the manufacturer. The pilot
should redlize that if the CG is displaced too far forward
on the longitudinal axis, a nose-heavy condition will
result. Conversely, if the CG is displaced too far aft on the
longitudinal axis, atail heavy condition results. Itispossible
that the pilot could not control the aircraft if the CG location
produced an unstable condition. [ Figure 10-1]

Location of the CG with reference to the lateral axisis also
important. For each item of weight existing to the left of

Full
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[ Lateral unbalance will cause wing heaviness.}

Excess baggage

{ Longitudinal unbalance will cause J

either nose or tail heaviness.

Figure 10-1. Lateral and longitudinal unbalance.



the fuselage centerline, there is an equal weight existing at
a corresponding location on the right. This may be upset
by unbalanced lateral loading. The position of the lateral
CG is not computed in al aircraft, but the pilot must be
aware that adverse effects arise as a result of a laterally
unbalanced condition. Inan airplane, lateral unbalance occurs
if the fuel load is mismanaged by supplying the engine(s)
unevenly from tanks on one side of the airplane. The pilot
can compensate for the resulting wing-heavy condition by
adjusting the trim or by holding a constant control pressure.
Thisaction placestheaircraft controlsin an out-of-streamline
condition, increases drag, and resultsin decreased operating
efficiency. Sincelateral balanceisaddressed when needed in
theaircraft flight manual (AFM) and longitudinal balanceis
more critical, further reference to balance in this handbook
means longitudinal location of the CG.

Flying an aircraft that isout of balance can produceincreased
pilot fatigue with obvious effects on the safety and efficiency
of flight. The pilot’s natural correction for longitudinal
unbalanceisachange of trim to remove the excessive control
pressure. Excessivetrim, however, hasthe effect of reducing
not only aerodynamic efficiency but also primary control
travel distance in the direction the trim is applied.

Effects of Adverse Balance

Adverse balance conditions affect flight characteristics in
much the same manner as those mentioned for an excess
weight condition. It is vital to comply with weight and
balance limits established for all aircraft. Operating above
the maximum weight limitation compromises the structural
integrity of theaircraft and can adversely affect performance.
Stability and control are also affected by improper balance.

Stability

Loading in a nose-heavy condition causes problems in
controlling and raising the nose, especially during takeoff
and landing. Loading in atail heavy condition has a serious
effect upon longitudinal stability, and reduces the capability
to recover from stalls and spins. Tail heavy loading also
produces very light control forces, another undesirable
characteristic. Thismakesit easy for the pilot to inadvertently
overstress an aircraft.

Sability and Center of Gravity

Limits for the location of the CG are established by the
manufacturer. These are the fore and aft limits beyond
which the CG should not be located for flight. These limits
are published for each aircraft in the Type Certificate Data
Sheet (TCDS), or aircraft specification and the AFM or
pilot’ s operating handbook (POH). If the CG isnot within the
allowablelimitsafter loading, it will be necessary to relocate
some items before flight is attempted.

The forward CG limit is often established at alocation that
is determined by the landing characteristics of an aircraft.
During landing, one of the most critical phases of flight,
exceeding theforward CG limit may result in excessiveloads
on the nosewheel, atendency to nose over on tailwhedl type
airplanes, decreased performance, higher stalling speeds, and
higher control forces.

Control

In extreme cases, a CG location that is beyond the forward
limit may result in nose heaviness, making it difficult or
impossible to flare for landing. Manufacturers purposely
place the forward CG limit as far rearward as possible to
aid pilots in avoiding damage when landing. In addition to
decreased static and dynamic longitudinal stability, other
undesirable effects caused by a CG location aft of the
allowable range may include extreme control difficulty,
violent stall characteristics, and very light control forces
which make it easy to overstress an aircraft inadvertently.

A restricted forward CG limit is also specified to assure
that sufficient elevator/control deflection is available at
minimum airspeed. When structural limitations do not limit
the forward CG position, it is located at the position where
full-up elevator/control deflectionisrequired to obtain ahigh
AOA for landing.

The aft CG limit is the most rearward position at which the
CG can belocated for themost critical maneuver or operation.
Asthe CG moves aft, aless stable condition occurs, which
decreases the ability of the aircraft to right itself after
maneuvering or turbulence.

For some aircraft, both fore and aft CG limits may be
specified to vary as gross weight changes. They may also
be changed for certain operations, such as acrobatic flight,
retraction of the landing gear, or the installation of special
loads and devices that change the flight characteristics.

Theactual location of the CG can beatered by many variable
factors and is usually controlled by the pilot. Placement of
baggage and cargo items determines the CG location. The
assignment of seatsto passengerscan also be used asameans
of obtaining afavorable balance. If an aircraft istail heavy,
itisonly logical to place heavy passengersin forward seats.
Fuel burn can al so affect the CG based on the location of the
fuel tanks. For example, most small aircraft carry fuel inthe
wings very near the CG and burning off fuel haslittle effect
on the loaded CG.
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Management of Weight and Balance Control
Title 14 of the Code of Federal Regulations (14 CFR) part 23,
section 23.23 requires establishment of the ranges of weights
and CGswithinwhich an aircraft may be operated safely. The
manufacturer providesthisinformation, whichisincludedin
the approved AFM, TCDS, or aircraft specifications.

Whilethere are no specified requirementsfor apilot operating
under 14 CFR part 91 to conduct weight and balance
calculations prior to each flight, 14 CFR part 91, section
91.9 requiresthe pilot in command (PIC) to comply with the
operating limitsin the approved AFM. These limitsinclude
the weight and balance of the aircraft. To enable pilots to
make weight and balance computations, charts and graphs
are provided in the approved AFM.

Weight and balance control should be amatter of concern to
all pilots. The pilot controls loading and fuel management
(the two variable factors that can change both total weight
and CG location) of a particular aircraft. The aircraft owner
or operator should make certain that up-to-date information
isavailablefor pilot use, and should ensure that appropriate
entriesare madein the recordswhen repairs or modifications
have been accomplished. The removal or addition of
equipment results in changes to the CG.

Weight changes must be accounted for and the proper
notations made in weight and balance records. The
equipment list must be updated, if appropriate. Without such
information, the pilot has no foundation upon which to base
the necessary calculations and decisions.

Standard partswith negligible weight or the addition of minor
items of equipment such as nuts, bolts, washers, rivets, and
similar standard parts of negligible weight on fixed-wing
aircraft do not require a weight and balance check. The
following criteria for negligible weight change is outlined
in Advisory Circular (AC) 43.13-1 (as revised), Methods
Techniques and Practices—Aircraft Inspection and Repair:

e Onepound or lessfor an aircraft whose weight empty
isless than 5,000 pounds

e Two poundsor lessfor aircraft with an empty weight
of more than 5,000 pounds to 50,000 pounds

e Fivepoundsor lessfor aircraft with an empty weight
of more than 50,000 pounds

Negligible CG changeisany change of lessthan 0.05 percent
Mean Aerodynamic Chord (MAC) for fixed-wing aircraft
or 0.2 percent for rotary wing aircraft. MAC is the average
distance from the leading edge to the trailing edge of the
wing. Exceeding these limits would require a weight and
balance check.
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Before any flight, the pilot should determine the weight
and balance condition of the aircraft. Simple and orderly
procedures based on sound principles have been devised
by the manufacturer for the determination of loading
conditions. The pilot uses these procedures and exercises
good judgment when determining weight and balance. In
many modern aircraft, it is not possible to fill all seats,
baggage compartments, and fuel tanks, and still remainwithin
the approved weight and balance limits. If the maximum
passenger load is carried, the pilot must often reduce the fuel
load or reduce the amount of baggage.

14 CFR part 125 requires aircraft with 20 or more seats
or maximum payload capacity of 6,000 pounds or more
to be weighed every 36 calendar months. Multi-engine
aircraft operated under 14 CFR part 135 are also required
to be weighed every 36 months. Aircraft operated under 14
CFR part 135 are exempt from the 36 month requirement
if operated under a weight and balance system approved in
the operations specifications of the certificate holder. For
additional information on approved weight and balance
control programs for operations under parts 121 and 135,
reference the current edition of AC 120-27, Aircraft Weight
and Balance Control. AC 43.13-1, Acceptable Methods,
Techniques and Practices—Aircraft Inspection and Repair
a so requiresthat the aircraft mechanic ensure that the weight
and balance dataintheaircraft recordsis current and accurate
after a 100-hour or annual inspection.

Terms and Definitions

The pilot should be familiar with the appropriate terms
regarding weight and balance. The following list of terms
and their definitionsis standardized, and knowledge of these
terms aids the pilot to better understand weight and balance
calculations of any aircraft. Terms defined by the General
Aviation Manufacturers Association (GAMA) as industry
standard are marked in the titles with GAMA.

*  Arm(moment arm)—the horizontal distanceininches
from the reference datum line to the CG of an item.
The algebraic sign is plus (+) if measured aft of the
datum and minus (-) if measured forward of thedatum.

e Basic empty weight (GAMA)—the standard empty
weight plus the weight of optional and special
equipment that have been installed.

e Center of gravity (CG)—the point about which an
aircraft would balance if it were possible to suspend it
at that point. It isthe mass center of the aircraft or the
theoretica point at whichtheentireweight of theaircraft
is assumed to be concentrated. It may be expressed in
inchesfrom the reference datum or in percent of MAC.
The CG isathree-dimensional point with longitudinal,
lateral, and vertical positioning in the aircraft.



CG limits—the specified forward and aft pointswithin
which the CG must be located during flight. These
limitsareindicated on pertinent aircraft specifications.

CG range—the distance between the forward and aft
CG limitsindicated on pertinent aircraft specifications.

Datum (reference datum)—an imaginary vertical
plane or linefrom which al measurements of arm are
taken. The datum is established by the manufacturer.
Once the datum has been selected, all moment arms
and the location of CG range are measured from this
point.

Delta—a Greek letter expressed by the symbol A to
indicate a change of values. As an example, ACG
indicates a change (or movement) of the CG.

Floor load limit—the maximum weight the floor
can sustain per square inch/foot as provided by the
manufacturer.

Fuel load—the expendable part of the load of the
aircraft. Itincludes only usablefuel, not fuel required
to fill the lines or that which remains trapped in the
tank sumps.

Licensed empty weight—the empty weight that
consists of the airframe, engine(s), unusablefuel, and
undrainable oil plus standard and optional equipment
as specified in the equipment list. Some manufacturers
used this term prior to GAMA standardization.

Maximum landing weight—the greatest weight that
an aircraft is normally allowed to have at landing.

Maximum ramp wei ght—the total weight of aloaded
aircraftincluding all fuel. It isgreater than the takeoff
weight due to the fuel that will be burned during the
taxi and run-up operations. Ramp weight may also be
referred to as taxi weight.

Maximum takeoff weight—the maximum allowable
weight for takeoff.

Maximum wei ght—the maximum authorized weight
of the aircraft and all of its equipment as specified in
the TCDS for the aircraft.

Maximum zero fuel weight (GAMA)—the maximum
weight, exclusive of usable fuel.

Mean aerodynamic chord (MAC)—the average
distance from the leading edge to the trailing edge of
the wing.

Moment—the product of the weight of an item
multiplied by its arm. Moments are expressed in
pound-inches (in-1b). Total moment is the weight of
the airplane multiplied by the distance between the
datum and the CG.

Moment index (or index)—a moment divided by a
constant such as 100, 1,000, or 10,000. The purpose
of using a moment index is to simplify weight and
balance computations of aircraft where heavy items
and long armsresult inlarge, unmanageabl e numbers.

e Payload (GAMA)—the weight of occupants, cargo,
and baggage.

e Standard empty weight (GAMA)—aircraft weight
that consists of the airframe, engines, and all items of
operating equipment that have fixed locationsand are
permanently installed in the aircraft, including fixed
ballast, hydraulic fluid, unusablefuel, and full engine
oil.

e Standard weights—established weightsfor numerous
items involved in weight and balance computations.
These weights should not be used if actual weights
are available. Some of the standard weights are:

GaSOlINE.....ccovevieeieeiese e 61b/USgd
Jet A, JBEA-Lueiieeeeeee e 6.81b/US ga
N = B T 6.51b/US ga
L@ 1 RS SRRS 75Ib/USgd
WELET ..o 8.35Ib/US gd

o  Station—alocationintheaircraft that isidentified by
anumber designating its distance in inches from the
datum. The datum is, therefore, identified as station
zero. An item located at station +50 would have an
arm of 50 inches.

* Useful load—the weight of the pilot, copilot,
passengers, baggage, usable fuel, and drainable ail.
It is the basic empty weight subtracted from the
maximum allowable gross weight. Thisterm applies
to general aviation (GA) aircraft only.

Principles of Weight and Balance Computations
Itisimperativethat all pilots understand the basic principles
of weight and bal ance determination. Thefollowing methods
of computation can be applied to any object or vehicle for
which weight and balance information is essential.

By determining the weight of the empty aircraft and adding
theweight of everything loaded on the aircraft, atotal weight
can be determined—a simple concept. A greater problem,
particularly if the basic principles of weight and balance are
not understood, is distributing this weight in such a manner
that the entire mass of the loaded aircraft is balanced around
apoint (CG) that must be located within specified limits.

Thepoint at which an aircraft bal ances can be determined by
locating the CG, whichis, asstated in the definitions of terms,
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theimaginary point at which al the weight is concentrated.
To provide the necessary balance between longitudinal
stability and elevator control, the CG is usually located
dightly forward of the center of lift. Thisloading condition
causes a nose-down tendency in flight, which is desirable
during flight at a high AOA and slow speeds.

As mentioned earlier, a safe zone within which the balance
point (CG) must fall iscalled the CG range. The extremities
of the range are called the forward CG limits and aft CG
limits. Theselimitsare usually specified ininches, along the
longitudinal axis of the airplane, measured from areference
point called a datum reference. The datum is an arbitrary
point, established by aircraft designers that may vary in
location between different aircraft. [ Figure 10-2]

The distance from the datum to any component part or any
object loaded on the aircraft is caled the arm. When the
object or component islocated aft of the datum, it ismeasured
in positive inches; if located forward of the datum, it is
measured as negative inches or minus inches. The location
of the object or part is often referred to as the station. If
the weight of any object or component is multiplied by the
distance from the datum (arm), the product is the moment.
The moment is the measurement of the gravitational force
that causes atendency of the weight to rotate about a point
or axis and is expressed in inch-pounds (in-1b).

To illustrate, assume a weight of 50 pounds is placed on
the board at a station or point 100 inches from the datum.
The downward force of the weight can be determined by
multiplying 50 pounds by 100 inches, which produces a
moment of 5,000 in-Ib. [Figure 10-3]

To establish abalance, atotal of 5,000 in-1b must be applied
to the other end of the board. Any combination of weight
and distance which, when multiplied, produces a 5,000 in-
Ib moment will balance the board. For example (illustrated

Fwd limit
Datum

‘L Armr — i
L1 JEY ‘
___‘_71:' ﬁ Moment = 700 in-Ib
(+)Arm 70"
b
Sta 0 Sta 70

Figure 10-2. Weight and balance.
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Datum
100"

_— 4

Moment = 5,000 in-lb

Wt x Arm = Moment
(Ib) x (in) = (in-Ib)

Note: The datum is assumed to be 50 x 100 = 5,000

located at the fulcrum.

Figure 10-3. Determining moment.

in Figure 10-4), if a 100-pound weight is placed at a point
(station) 25 inches from the datum, and another 50-pound
weight isplaced at apoint (station) 50 inchesfrom the datum,
the sum of the product of the two weights and their distances
total amoment of 5,000 in-1b, which will balance the board.

Weight and Balance Restrictions

An aircraft’s weight and balance restrictions should be
closely followed. The loading conditions and empty weight
of a particular aircraft may differ from that found in the
AFM/POH because modifications or equipment changes
may have been made. Sample loading problems in the
AFM/POH are intended for guidance only; therefore, each
aircraft must be treated separately. Although an aircraft is
certified for a specified maximum gross takeoff weight, it
may not safely take off at this weight under all conditions.
Conditionsthat affect takeoff and climb performance, such as
high elevations, high temperatures, and high humidity (high
density altitudes), may require areduction in weight before
flight isattempted. Other factorsto consider when computing

Datum
100"

Y
2500 2,500 5,000
inbin-lb in-lb

(Ib) x (in) = (in-Ib) 50 x 50 =2,500
Total =5,000

Wtx Arm = Moment 100 x 25 =2,500 1

Figure 10-4. Establishing a balance.



weight and balance distribution prior to takeoff are runway
length, runway surface, runway slope, surface wind, and the
presence of obstacles. Thesefactors may require areduction
in or redistribution of weight prior to flight.

Some aircraft are designed so that it isdifficult to load them
in a manner that places the CG out of limits. These are
usually small aircraft with the seats, fuel, and baggage areas
located near the CG limit. Pilots must be aware that while
within CG limitsthese aircraft can be overloaded in weight.
Other aircraft can be loaded in such a manner that they will
be out of CG limits even though the useful load has not been
exceeded. Because of the effects of an out-of-balance or
overweight condition, a pilot should always be sure that an
aircraft is properly loaded.

Determining Loaded Weight and CG

There are various methodsfor determining theloaded weight
and CG of an aircraft. Thereisthe computational method as
well as methods that utilize graphs and tables provided by
the aircraft manufacturer.

Computational Method
The following is an example of the computational method
involving the application of basic math functions.

Aircraft Allowances:

Maximum gross weight.............cc.e.... 3,400 pounds

CG range.....ccoueeveeeinieeie e 78-86 inches
Given

Weight of front seat occupants............. 340 pounds

Weight of rear seat occupants.............. 350 pounds

FUEL. ..o 75 galons

Weight of baggage in area 1.................... 80 pounds

1. List the weight of the aircraft, occupants, fuel, and
baggage. Remember that aviation gas (AVGAS)
weighs 6 pounds per gallon and is used in this
example.

2. Enter the moment for each item listed. Remember
“weight X arm = moment.”
Find the total weight and total moment.

To determine the CG, divide the total moment by the
total weight.

NOTE: The weight and balance records for a particular
aircraft providethe empty weight and moment, aswell asthe
information on the arm distance. [ Figure 10-5]

The total loaded weight of 3,320 pounds does not exceed
the maximum gross weight of 3,400 pounds, and the CG of

Iltem Weight Arm Moment

Aircraft Empty Weight 2,100 78.3 164,430
Front Seat Occupants 340 85.0 28,900
Rear Seat Occupants 350 121.0 42,350
Fuel 450 75.0 33,750
Baggage Area 1 80 150.0 12,000
Total 3,320 281,430

281,430 + 3,320 = 84.8

Figure 10-5. Example of weight and balance computations.

84.8 iswithin the 78-86 inch range; therefore, the aircraft is
loaded within limits.

Graph Method

Another method for determining theloaded weight and CG is
the use of graphs provided by the manufacturers. To simplify
calculations, the moment may sometimes be divided by 100,
1,000, or 10,000. [Figures 10-6, 10-7, and 10-8]

Front seat OCCUPANES.........cccovvereerieiierinenne 340 pounds
Rear seat 0CCUPANLS.........coveeeerererenienienans 300 pounds
FUEL .o 40 gallons
Baggage areal......ccocoeivieeenenie e 20 pounds

The same steps should be followed in the graph method as
were used in the computational method except the graphs
provided will calculate the moments and allow the pilot to
determineif theaircraft isloaded within limits. To determine
themoment using the loading graph, find theweight and draw
aline straight across until it interceptstheitem for which the
moment is to be calculated. Then draw aline straight down
to determine the moment. (Thered line on theloading graph
in Figure 10-7 represents the moment for the pilot and front
passenger. All other moments were determined the same

Sample Loading Problem Weight (Ib) (Mﬁ;}}%’(‘lg)
1. Basic empty weight (Use data pertaining
to aircraft as it is presently equipped)
includes unusable fuel and full oil 1,467 B8
2. Usable fuel (At 6 Ib/gal)
= Standard tanks (40 gal maximum) 240 11.5
= | ong range tanks (50 gal maximum)
= |ntegral tanks (62 gal maximum)
=" Integral reduced fuel (42 gal)
3. Pilot and front passenger (Station 34
to 46) 340 12.7
4. Rear passengers 300 21.8
5. Baggage area 1 or passenger on child’s
seat (Station 82 to 108, 120 Ib maximum) 20 1.9
6. Baggage area 2
(Station 108 to 142, 50 Ib maximum)
7. Weight and moment 2,367 105.2

Figure 10-6. Weight and balance data.
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Load Moment/1,000 (kilogram-millimeters)

0 50 100 150 200 250 300 350 400
| Y b [ R [ '] [ B T T T I T T | . o b |
-200
400 :
// ) :- 175
350 / /4;62 gal***(234.7 liter: B
340 60 gal (227.1 liters; -.150
300 50 gal**(189.3 lite rs}/ 4 E w
— -125 &
'g 250 // - o>
< /' 42 gal reduced459 liters) - o
- =2
8 -100 T
£ 200 . =)
2 §
()
= 75
150 IS
3 S
S
= &0
100 Maximum Usable Fuel |1
* Standard tanks )
** Long range tanks - 25
= /4 *** |nternal tanks 3
10 127 15 20 25 30 -0
Load Moment/1,000 (inch-pounds)
Figure 10-7. Loading graph.
Loaded Aircraft Moment/1,000 (kilogram-millimeters)
600 700 800 900 1,000 1,100 1,200 1,300
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2,367 y // . oo
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/ : ~
» 2,200 // -1,000 £
° 3
S / : 5
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Loaded Aircraft Moment/1,000 (inch-pounds)

Figure 10-8. CG moment envelope.
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way.) Oncethis hasbeen donefor each item, total theweight
and moments and draw a line for both weight and moment
on the CG envelope graph. If the lines intersect within the
envelope, the aircraft isloaded within limits. In this sample
loading problem, the aircraft isloaded within limits.

Table Method

The table method applies the same principles as the
computational and graph methods. The information
and limitations are contained in tables provided by the
manufacturer. Figure 10-9 is an example of atable and a

—
Occupants Minimum | Maximum
Usable Fuel Weight | Moment | Moment
Front Seat Rear Seats 100 100
Main Wing Tanks Arm 75 Arm 85 Arm 121
Moment Moment 2,400 1,848 2,057
. Moment Weight oo Weight T 2,410 1,856 2,065
Gallons | Weight | —5o— 2,420 | 1863 | 2074
120 102 120 145 2,430 1,871 2,083
5 30 22 130 110 130 157 2,440 | 1,879 2,091
10 60 45 140 119 140 169 2,450 | 1,887 2,100
15 90 68 150 128 150 182 2,460 1,894 2,108
20 120 90 160 136 160 194 2,470 1,092 2,117
25 150 112 170 144 170 206 2,480 1,911 2,125
30 180 135 180 153 180 218 2,490 1,921 2,134
35 210 158 190 162 190 230
40 240 180 200 170 200 242 2,500 1,932 2,143
44 264 198 2,510 1,942 2,151
2,520 1,953 2,160
— 2,530 | 1,963 | 2,168
< 974 2,176
i}
= ——
<
o
z H
=
) BAGGAGE
%] : 2,037 2,224
2,610 2,048 2,232
2,620 2,058 2,239
| Minimum|Maximum| | 2,630 | 2,069 2,247
*Oil Baggage or 5th || Weight | Moment | Moment || 2,640 | 2,080 2,255
Moment Seat Occupant 100 100 || 2650 | 2,090 | 2,263
Quarts | Weight | =255 am140 l ) 00| 1617 | 1800 || 230 | 2ivs | 25ve
, , , ,67 2,112 ,
0 19 5 | Moment [{ 2,110 | 1,625 | 1,808 || 2,680 | 2,123 | 2,287
Weight 100 || 2,120 | 1,632 1,817 2,690 2,133 2,295
*Included in basic empty weight 0 12 | %&28 %.gig i,ggi 5303
o 2, s , 2,700 2,144 s
— 328 ig | 2150 | 1,656 | 1,843 || 2710 | 2155 | 2,311
AR =D 1 2,160 | 1,663 1,851 2,720 2,166 2,319
MOM/ 100 - 1,554 40 56 U 2170 | 1,671 | 1,860 || 2,730 | 2177 2,326
gg ;2 - 2,180 | 1,679 | 1,868 || 2,740 | 2,188 | 2,334
Moment Limits vs Weight 70 98 || 2190 | 1,686 1877 g;gg g%?g %ggg
Moment limits are based on the following weight and 80 112 2200 | 1.694 1,885 2770 | 2221 2.358
center of gravity limit data (landing gear down). 90 126 : 2’210 1702 1.894 2’780 2’232 2'366
Weight Forward AFT 100 140 H 2220 | 1,709 | 1,903 || 2,790 | 2,243 2,374
Condition CG Limit CG Limit 110 154 11 2230 | 1,717 | 1,911
2,950 Ib (takeoff 82.1 84.7 168 J| 2240 | 1,725 | 1,920 || 2,800 | 2,254 2,381
or landing) - 657 2,250 | 1,733 1,928 2,810 | 2,265 2,389
) : : 2,260 | 1,740 1,937 2,820 2,276 2,397
2,475 Ib or less 77.0 85.7 - 2,270 | 1,748 | 1,945 || 2.830 | 2287 | 2.405
‘ E 2,280 | 1,756 1,954 2,840 2,298 2,413
Sample Loading Problem Weight Moment 2,290 | 1,763 1,963 2,850 | 2,309 2,421
- - 2,300 | 1,771 1,971 2,860 2,320 2,426
Basic empty weight 2,015 1,554 2,310 | 1,779 | 1,980 || 2,870 | 2,332 2,436
Fuel main tanks (44 gal) 264 198 2,320 | 1,786 1,988 2,880 | 2,343 2,444
*Front sea passengers 300 254 5500 | 1805 | 2006 || 5900 | 2308 | 3400
“Rear seat passengers 190 230 2,350 | 1.810 | 2,014 || 2910 | 2377 | 2468
Baggage 30 42 2,360 | 1,817 2,023 2,920 2,388 2,475
2,370 | 1,825 2,031 2,930 2,399 2,483
2,380 | 1, 2,040 , , 2,491
Total 2,799 | 2,278/100 2,390 1,328 2,048 g,ggg gi%_% 2,499
* Interpolate or, as in this case, add appropriate numbers.

Figure 10-9. Loading schedule placard.




weight and balance calculation based on that table. In this
problem, the total weight of 2,799 pounds and moment of
2,278/100 are within the limits of the table.

Computations With a Negative Arm

Figure 10-10isasample of weight and balance computation
using an aircraft with a negative arm. It is important to
remember that a positive times a negative equal s anegative,
and a negative would be subtracted from the total moments.

Computations With Zero Fuel Weight

Figure 10-11 isasample of weight and balance computation
using an aircraft with a zero fuel weight. In this example,
the total weight of the aircraft less fuel is 4,240 pounds,
which is under the zero fuel weight of 4,400 pounds. If the
total weight of the aircraft without fuel had exceeded 4,400
pounds, passengersor cargo would have needed to be reduced
to bring the weight at or below the max zero fuel weight.

Shifting, Adding, and Removing Weight

A pilot must be able to solve any problems accurately that
involvethe shift, addition, or removal of weight. For example,
the pilot may load the aircraft within the allowable takeoff
weight limit, then find that the 