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FOREWORD

This repoxt contains the results of a study of advanced design requirements
for aerial application aircraft for agriculture. The study was conducted
by the Lockheed-Genrgia Company under contract to the Langley Research
Center of the National Aeronautics and Space Administration., Dr. B. J.
Holmes was the NASA technical manager.

At the ILockheed-Ceorgia Campany, the study was performed under the
cognizance of R. H. Lange, Manager of the Advanced Technology Systems
Department. J. T. Hinely, Jr., served as study manager with R. Q. Boyles,
Jr., as principal investigator for system design. Piper Aircraft
Corporation and Mississippi State Universicy participated in the program as
subcontractors.,

Measurement values used in this report are stated first in custamary units

with 58I units following in parentheses. The principal measurements and
calculations were performed in customary urits.
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CONVERSION TO INTERNATIONAL (S1) UNITS

Customary Unit

International Unit

Conversion

feet (ft)
acre (A)

pound mass (Ib)
(avoirdupois)

pound force (lbf)
(avoirdupois)

gallon (gal)

mile (mi)

horsepower (HP)

meter (m)
hectare (ha)
kilogram (kg)

newton (N)

titer (1)
kilometer (km)
nautical mile (nm)

kilowatt (kw)

1 ft=0,3048 m
1A =0,4047 ha
11b=0,4536 kg

1 1bf == 4,4482 N

1 gal = 3,7854 |

1 mi=1,6093 km
1 mi=0,8690 nm
1 HP = 0.7457 kw

$/A $/ha 1 3/A = 2,471 $/ha
Ib/A kg/ha 1 1b/A = 1,1208 kg/ha
gal/A |/ha 1 gal/A = 9,3536 | /ha
acres/hour (A/hr) ha/hr 1 A/hr = 0,4047 ha/hr
miles/hour (mph} knots (kt) 1 mph = 0.8690 kt

km/hr = 1,6093 km/hr
ft/sec(s) m/s 1 ft/s = 0,3048 m/a
Ib/sec(s) kg/s 1 ib/s = 0,4536 kg/s
psi (!bf/inz) new’rons/m2 (N/mz) 1 psi = 6.8948 |<N/m2
Ib/sq ft (ft2) kg/m? 1 b/ft% = 4,8827 kg/m2
/i g/m" 1 Ib/f° = 16.0282 kg/m°
lb/in3 kg/m:3 ] Ib/in3 = 27680 kg/m3
cu it (Fr) m> 1#15=0.0283 m°
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SUMMARY
OBJECTIVES AND APPROACH

The objectives of the study were to evaluate current state-of-the-art for
agricultural aircraft design, with cnphasis on design concepts that offer
potential for improved productivity, cconamics, and safety; identify areas
requiring additional rescarch; evaluate airworthiness vegulations; and
illustrate pramising design cencepts, 'The approach vas o develop conven-
tional baseline design configurations for one large aircraft and one small
aircraft and to evaluate aircraft and subsystom technology concepts in can-
parison with the baselines. An operations analysis model was used to
obtain quantitative measures of mission productivity and economics for the
design concepts under consideration.

SYSTEM CONFIGURATION DEVELOPMENT

Several candidate aircraft configurations were defined over the range of
1000 to 10,000 pounds payload (454 to 4536 kg) and evaluated over a broad
spectrum of agricultural missions. Fram these studies, baseline design
points were selected at 3200 pounds (1452 kg) payload for the small
aircraft and 7500 pounds (3402 kg) for the large aircraft. The small base-
line aircraft utilizes a single turboprop powerplant while the large air-
craft utilizes two turboprop powerplants.

These configurations were optimized for wing loading, aspect ratio, and
power loading to provide the best mission econcmics in representative
missions. Wing loading of 20 lb/sq £t (97.7 kg/sq m) was selected for the
small aircraft and 25 lb/sqg ft (122.1 kg/sg m) for the large aircraft.
Aspect ratio of 8 was selected for both aircraft. It was found that a 10%
reduction in engine power from the original configurations provided
improved mission economics for both aircraft by reducing the cost of the
turboprop engines. Refined configurations incorporate a 675 HP (503 kw)
engine in the small aircraft and two 688 HP (513 kw) engines in the large
aircraft.

XXV
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Parametric sensitivity studies were conduceed for major design characteris-
. tics to determine effects on misgion productivity and cost, It was found
that the cffects of design characteristics are greatly dependent on the
type of missions being performed. Increcased swath width provides good
productivity improvements with low application rates but is less important
for high-application missions, Reduced turn time has a similar effect,
with greater benefit in samall fields.  Reduced structural weight is
important ard becomes increasingly beneficial with higher application
rates., Ferry speed is quite significant in all cases, but increasingly so
with longer ferry distances and/or higher application rates. Best design

trade~offs for future aircraft will depend on the markets the aircraft are
intended to serve.

ST

The external drag of liquid dispersal systems has a strong detrimental
effect on mission productivity because it reduces ferry speed, Low-drag
digpersal system designs are recammended such as incorporation of the spray
boom in trailing edge flaps. Pumping efficiency of current liquid systems
is adequate for low-volume liquid applications but needs to be increased
for improved productivity in higher application missions.

From the limited test data available, it appears that the high drag of
conventional dry material spreaders seriously inhibits the productivity of
alrcraft in dry material missions such as fertilizer applications. Major
improvements are needed in dry dispersal systems if aerial methods are to
becane more competitive for this type work., Free release of dry materials
appears to offer advantages at higher application rates, and this approach
; deserves further investigation. The benefits of free release increase with
; multiple dispersal points along the wing, and investigations should be made
of concepts [or dry material transport through the wing to dispersal points

TR g TR T T

T TR
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along the wing span, Mechanical spreaders also appear to be promising from
the limited data available.

Several alternate aircraft concepts were examined during the course of the
study. A twin reciprocating engine aircraft with the same gross weight as
the small baseline aircraft was evaluated to sce if the lower cost of
engines would improve mission economics. The aircraft was found to be

o e pan ot
Ao
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non-campetitive, however, hecause of increasced cmpty weight, which caused a
reduction in payload, and because of redured engine performance. A turbo-
fan version of the small aircraft was also found to be non-competitive
because of high fuel consumption and the high cost of the engine,

An advanced biplane version of the large baseline aircraft was found to
offer possible advantages. This aircraft concept incorporates a lower wing
that is unloaded during swath runs but with flaps for added 1ift during
takeoff and wurns., The spray boom and plumbing are enclosed in tne lower
wing for low drag, and the dispersal system is separated fram the tip
vortex of the loaded upper wing. The aircraft has dual hoppers, one
mounted on each wing to the rear of the engines, Limited analysis of this
configuration concept indicates that mission costs are higher than the
conventional baseline aircraft in most missions, but the concept shows
promise and is considered to merit more detailed study.

STRUCTURES AND MATERIALS

Canposite materials for agricultural aircraft structure show promise both
for weight reduction and corrosion reduction, An all-composite aircraft of
the same size as the small baseline aircraft was defined conceptually and
evaluated for weight reduction potential. The aircraft uses a high degree
of fiberglas and Kevlar with graphite/epoxy reinforcement. Although the
analysis was limited in depth, the composite aircraft is indicated as being
econamically competitive with the baseline metal aircraft. A configuration
with a composite wing of aspect racio 10 and conventional metal structure
in other areas was found to be superior to the baseline aircraft in mission
economics. Composite materials configurations deserve further study.

Canposite materials are inherently corrosion resistant and may offer
near-term benefits for corrosion reduction in sclected applications with
current aircraft. More information is needed on the effects of agricul~
tural chemicals on composite materials. Lahoratory testing is recommended
for this purpose, and a field service test with one or more current air-
craft in normal operation is also recommended. The underside of the fuse-

2 :xny‘,;!
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lage is a high-corrosion arca, and belly skins fabricated of composites
would be a good application for the service test,

ATRCRAFT QONTROL SYSTEMS

There are no standard design criteria for stability and control characteris-
tics of agricultural aircraft, and flight tests and/or piloted simulations
are needed to deovelop handling qualities data as a basis for design quide-
lines. Mechanical control systens ere considered adeguate for these aiv-
craft, although powerced systems offer advantoges for tailoring stick and
pedal forces for optimum handling qualities.

Direct lift control in the form of a flap systom is strongly recammended in
future aircraft for reduced takeoff distance and impvovements in turn time.
Divect drag control beyond that available with flaps and turboprop pitch
control does not appear to be warranted, Direct side force control is con—
sidered to introduce excessive complexities for marginal mission benefits
and does not merit further consideration in the near future,

MISSION ANALYSIS

Mission productivity and cost analyses were performed with the operations
analysis model throughout the study for evaluation of design concepts.
Extensive data were generated for the refined baseline airvcraft in a
variety of missions, The small aircratt was shown to have good economics
over a wide range of missions for both liguid and dry material dispersal,
The large aircraft is attractive in high-volume liquid missions, but the
high drag of conventional dry material spreadiers inhibits the productivity
£ the aircraft in dry missions, Consequently, the large aircraft appears
to be of limited utility in crop work unless improved dry dispersal methods
are developed. Additional studies should be made of wide~area missions.

It was not possible in the present study to provide a valid economic
comparison between the study aircraft and currently existing agricultural
airceaft, A rough canparison was made by representing two present-day
aircraft in the operations analysis model for the same missions used for
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the study aireraft, The results indicate that the small baseline airveraft
defined in the study is far superior to very small current aireraft except
for low application rates in small ficlds., The small study alreraft is
indicated to have better mission cconomies than a current large radiale
ergine aircraft over the ontire mission gpectrum, with the odvantage
ranging from about 10% to 30% depending on field size and application rate,

SAFETY, OPERATIONAL, AND WEGULATORY

BEstablished design concepts for agrieultural aircraft safety were incor-
porated in all aiveraft configurations congsidered in the study. An
agsessment was made of clectronie swath guidance conecepts for improved
oporational utility, with the conclusion that [light testing of ecandidate
systems 1is necessary to detemmine suitability for the agricultural mission,
An evaluation was made of airworthiness vegulations to determine if
research is needed to support requlatory changes.

It was concluded that inadequacies exist in present airworthiness regula-
tions for agricultural aircraft. Present requlations are not definitive in
several aveas, do not recognize the mission-dedicated nature of
agricultural aircraft in other areas, and do not fully reflect current
design technology. Research is needed ir gpecific arecas, and regulatory
changes are needed to clarify specific requirements, It is recommended
that a task group be formed to draft a new FAR part for agricultural
aireraft,

CONCLUSIONS AND RECOMMENDATIONS

The following concepts offer pramise for improved productivity of agricul-
tural aiveraft and are considered to merit additional investigation:
Advanced biplane concept with unloaded lower wing.

Low-drag liquid dispersal systems,

Free-release method of dispersing dry materials.,

Multiple hopper designs,

Dry material dispersal along the wing.

Composite materials for aircralt structure.

O O © O ©
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In addition to the above concepts, research is recammended in the [ollewing

areas:
Q

C & w © O

Mditional aireraft studies to refine pramising systom concopts,
particle=in=wake behavior and swath prediction,

pxperimentation with dry material dispersal coneepts,

Flight tests and simulations for handling qualities,

Guidance systom evaluations,

Research ana development to support regulatory changes,
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1.0 INTRODUCTION

Alveraft play «an important role in application of agricultural chemicals
and other waterials both in the UL,8, and a number of {oreign countries,
Aerial methods presently account for o relatively smll portion of overall
agricultural moterials appliecation requiroments, however, and there is
potential for expansien into a much broader market avea with inproved
aerial systoms,  present agricultural aireratt were derived praarily from
other Girerelt Jdesigns and hasically rveflect qenoral  aviation design
technolexyy of an earlicy period.  Dispersal systems Lave changed vexy
littie in the past 20 years,

It is timely and apprepriate for NASA to conduct a bread=based rosearch
effort to support the development of improved acrial application systrws,
Tochnology aveas of interest to NASA in this effort ave closely velated to
a nuber ol I[ockheed's on-going rescarch and development programs, and the
Iockheed~Georgia Campany was pleased to conduct the present design study
for NASA's Langley Rescarch Center. Lockheed-Georgia hag cenducted indepen-
Jdent Jdevelopment studies of agricultural airveraft design regquiranents over
the past two years, and much of the data and methodelogy omployed in the
procont study are dirveet results of this independent program,

The prosent study is a combined analysis of large and small tixed-wing
agrivultural  aiveraft, in  caspliance with  NASA  Statoments of  Work
1-0%=3040.0136A and 1-95-3640.01368, large aiveraft were delined by NASA
to fall within the payload range of 3000 to 10,000 pounds (1360.8 to 4536,0
®1), and amall aiveraft to fall within the payload range of 1000 to 4000
pounds (453.6 to 1814.4 ki), Pavametric stulies were perfomed to sclect
one maseline design point in cach of these two categories, with more
dotatled  analysis conducted  for the two baseline aiveraft to exanine
applications of current and emerging design technology. ‘fechnology deemod
t> be available by 1985 was considered in the study.

an integrated gystems analysis approach was employed with consideration of
the combined effects of aircraft dispersal systems, material loading, and
varieus mission conditions on overall system effectiveness.  Major use was
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made of a computerized operations analysis model to evaluate design con-
cepts in terms of mission productivity and economic: in simulated aerial
application missions,
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2,0 STUDY APPROACH
2.1 STUDY OBRJECTIVES
The objectives of this study were specified by NASA as follows:

o} Evaluate the state-of-the-art, particularly in aircraft design,
as applicable to agricultural aircraft;

o Identify topics and areas requiring more rescarch. Biological or
agronanic topics were not to be considered except as potential
markets influence aircraft design and operations;

o} Evaluate regulatory and crrtification requirements as applicable
to design and operations and recommend changes if deemed desir-

able or necessary;
o Propose and illustrzte design configurations.
2.2 STUDY GUIDELINES

The gquidelines established with NASA for the cambined study of large and
small fixed-wing aircraft are given below.

o Minimum no-payload ferry range will be at least 300 n.m.

o) Endurance in terms of fuel capacity will not be constrained.
Effects of fuel capacity on the mission will be examined.

o) Swath speed will not be constrained.

o) Payloads for small aircraft configurations may range fram 1000 to

4000 pounds (453.6 to 1814.4 kg) and for large aircraft configura-
tions fram 3000 to 10,000 pounds (1360.8 to 4536.0 kg).
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o Ioad density of 33 to 100 pounds per cubic foot (528.9 to 1602.8
kg/cu m) will be considered.

o) Material application rates may vary from .89 to 1000 pounds per
acre (1.0 to 1120.8 kg/ha).

c For the purpose of the study, it may be assumed that size
distribution for liquid and dry particles is controllable to the
degree desired. This assumption does not obviate any system
design considerations pertaining to control of drift and of
distribution uniformity within the swath. The assumption is made
to allow study emphasis to be focused on matters other than the
detailed design of dispersal equipment, such as nozzles.

o] Aircraft performance computations will be referenced to both
Standard Day and Hot Day Conditions.

o) Rough unimproved airstrips are to be considered in the study.
Econanic effects of operating fran smooth or unimproved fields
will be identified. Airstrips will be considered to have 50 foot
(15.2 m) obstacles at approach and takeoff boundaries.

o The Federal Aviation Regulations (FAR's) and Civil Aviation
Manuals (CAM's) may serve as general guidelines for airworthiness
and operating requirements in tr2 design study. The contractor
is to specify any inadequacies in existing regulations and
suggest areas of research which would provide data to support
recammended regulation chamges.

2.3 STUDY PLAN

The basic technical approach for the study program is shown in the diagram
of Figure 1. Based on the NASA guidelines, a number of candidate aircraft
configurations were defined for initial evaluation. These configurations
varied in payload and hopper size so as to span the entire range of capa-

bilities specified in the guidelines for large and small aircraft.
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STUDY GUIDELINES
DEFINE CANDIDATE CONFIGURATIONS
CONDUCT MISSION COST/PRODUCTIVITY COMPARISON?_J
SELECT BASELINE CONFIGURATIONS

CONDUCT PARAMETRIC DESIGN STUDIES

Determine Effects of Varying
Design and Cost Parameters

Y

CONDUCT TECHNOLOGY EVALUATIONS

Examine alternate design concepts and evaluate effects
on system performance, mission cost/productivity, safety,

and environmental considerations.

# Aircraft Concepts ® Aircraft Power

B Dispersal Systems & Flight Controls

m Structures & Materialsm Avionics & Displays

v

SELECT PROMISING CONCEPTS

v

REFINE SYSTEM CONFIGURATIONS

L :

ILLUSTRATE PROPOSED RECOMMEND RESEARCH
CONFIGURATIONS - AREAS

Figure 1. Study Approach
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The candidate configurations were developed conceptually as conventional
state-of~the-art monoplane designs similar to existing agricultural air-
craft. Using the Lockheed aerial application operations analysis model,
mission cost and productivity comparisons were performed for the candidate
configuratuions over the range of mission parameters stated in the guide-
lines, From these data, two design points were selected as the baseline
study configurations. One baseline design point was selected within the
payload range specified for small aircraft, and the second baseline point
was selected within the payload range for larye aircraft.

Parametric design studies were conducted to refine the baseline configura-
tions with respect to wing loading, aspect ratio, and power loading. This
was accomplished by varying the baseline design over a range of parametric
values and evaluating the resulting effects on mission cost and produc—

tivity. The baseline designs were modified as appropriate in each case to
provide the best mission economics.

A series of parametric sensitivity st ies were performed for the bhaseline
configurations to examine the effects of varying design and cost para-
meters, Two types of sensitivities were examined: (1) sensitivity of
mission cost and productivity to various design characteristics; and (2)
sensitivity of mission costs to the different system cost elaments. This
was accomplished by varying individual parameters one at a time in the
operations analysis model and simulating representative missions to deter-
mine resulting effects. These data indicate the design areas and cost

elements offering greatest potential payoffs for improved future
agricultural aircraft,

Using the sensitivity data for guidance, investigations were made of
current state-of-the-art and emerging technologies offering possible system
improvements over the conventional baseline designs. Technology investiga-
tions encompassed alternate aircraft concepts matched to different types
and number of power plants; dispersal systems; structural concepts; flight
controls; and avionics systems for guidance and control. An effort was

made in each of these areas to identify pramising concepts and associated
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performance characteristics achievable with expected technology through
1985.

So far as possible, concepts judged to offer econamnic or operational merit
were specifically evaluated against the baseline configurations in terms of
cost and productivity in agricultural missions. Qualitative evaluations
were rade of safety, environmental, and operatinnal effects that could not
be specifically related to mission cost and productivity. Through this
process, promising concepts were incorporated into refined configurations
for the baseline design points, and mission cost and performance data were
developed for the final baseline configurations over a wide range of
missions. The results of these evaluations were then used as a basis for
recomranding future research areas.,

Federal Aviation Regulations (FAR's) and Civil Aeronautics Manual (CAM) 8
were used as guidelines for the design studies, along with consideration of
current and future agricultural aviation operations. A review was made of
airworthiness regulations to determine if research is needed to support
regulatory changes.

2.4 ADVISORY COMMITTEE

An Advisory Committee was formed for the study program to provide guidance
and assistance to the contractor study team on matters relating to aerial
application missions and operational considerations, aircraft design
concepts, desirable capabilities for increased aircraft utility, and
regulatory considerations. The camnmittee played an important role in
evaluating design concepts in areas where quantitative assessment of
mission cost and productivity was not possible. The committee was also
instrumental in the development of recommendations for additional research,
particularly for research to support changes in airworthiness regulations.

Members of the Advisory Committee are listed on the next page.




B S L " S

TR

H. W. Barnhouse

Director of Engineering
Piper Alrcraft Corporation
Vero Beach, Florida

Dr, E. J. Cross
Director, Raspet Flight Research Lab.
Mississippi State University

Stewart Kimmel
President, Kimmel Aviation
Greenwood, Mississippi

R 7

Paul M. Nichols

Vice President, Engineering
Ayres Corporation

Albany, Georgia

Hugh Wheelless, Jr.
General Manager
Dothan Aviation
Dothan, Alabama

The following Piper Aircraft engineering personnel also participated in

advisory Committee meetings:

F., B, O'Donnell, Jr., Assistant Chief Engineer

J. D. Patrick, Chief Flight Test Engineer

C, Diefendorf, Engineering Program Manager.
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3.0 ANALYSIS METHODS

3.1 OPERATIONS ANALYSIS MODEL

The primary analysis tool employed in the study is a proprietary operations
analysis model that represents the operation of aircraft in aerial
application missions, The basic camputer program originally developed by
Kenneth Razak (reference 1) was greatly expanded under Lockheed's
independent development program to provide a more detailed treatment of
airvcraft and dispersal system performance. The model simulates the opera-
tion of any defined dispersal aircraft through any specified application
mission and compiles various measures of mission performance, mission
productivity, and mission cost. Figure 2 is a generalized diagram of the

model .

INPUT o OUTPUT
—~MISSION DEFINITION AERIAL — PERFORMANCE PARAMETERS
— AIRCRAFT CHARACTERISTICS ™™ appL|caTION [~>| = MISSION PRODUCTIVITY
~COST DATA MISSION ~ MISSION ECONOMICS
— OPERAT|ONAL DATA

Figure 2. Operations Analysis Model

Several types of input data are inserted into the model to define a
particular operation, Mission data include ferry distance to loading
voints and fields, number of fields to be treated fram each load point,
field size, material application rate, material density, and other
elements. Aircraft data include various parameters defining aircraft
characteristics such as zero payload weight, payload capability, 1lift and
drag characteristics, thrust and speed characteristics, and dispersal
system performance characteristics. The methods used to develop aircraft

data are discussed in later sections.
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Cost data inputs include aircraft operating costs, pilot pay factors,

ground personnel pay factors, and fixed business costs, The development of
these data is described in a later section. Operational data include a
number of factors defining the particular operation such as number of
ground personnel, time required for start-up and shut-down of operations
each day, runway length at loading points, runway surface friction
coefficient, takeoff obstacles, air density, and the rate at which material
cain be loaded into the aircrakt. Rinways at home base are assumd to he

paved surfaces of unlimited length.

Figure 3 is a schematic representation of the basic model. Based on the
input data for a particular case, the program calculates takeoff
performance at home base and each load point using specified runway length
and obstacle height. The takeoff subroutine will reduce payload when
necessary to obtain acceptable takeoff gross weight for the particular
conditions. The model then calculates minimum allowed swath speed, which
is that speed necessary to retain 1.2 times stall speed after achieving a
specified zoom height at the end of the swath. The zoom height used in the
present study is 100 feet (30 m).

The program then goes through a series of trade-off routines to establish
optimum swath speed and swath width values. These trade-offs involve the
use of available power for the cambined functions of material dispersal and
alrcraft £light.

The initial swath speed value is calculated to correspond to the maximum
possible swath width. The maximum swath width allowed in the present study
iz 1.5 times aircraft wing span, which 1s representative of
state-of~the-art capability in current liquid-dispersal operations. If the
aircraft cannot achieve the minimum required speed at the 1.5 swath factor,
swath width is reduced as necessary to allow additional power for aircraft
flight at the minimum required speed.

The progran then performs an optimization routine to detemine 1if
productivity would be increased by trading swath width for increased swath
speed. The program selects the width/speed cambination that produces the

10
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Figure 3. Operations Analysis Model Schematic
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maximum weight of material dispersed per unit of time. In no case in the
present study was reduced swath width at higher speed selected as being
more productive, indicating that swath width has greator cffect on
productivity than swath speced over the range of parameters studied.

The next trade-off is maximum swath width versus anptying the hopper at the
end of a completed swath., The basic mission mode is to fiy at maximum
swath width. However, the progran calculates a reduced swath width that
will allow the hopper to empty precisely at the end of a swath run for the
particular field length., If this method of operation gives greater produc-
tivity, the aircraft is flown in that alternate mission mode, If maximum
swath width is selected, the aircraft must deadhead back to the load point
with material remaining in the hopper at cthe end of the last complete
swath., The alternate mission mode is selected by the program in cases
where material deadheading is high because alrcraft payload does not match
well with the field length for the specified application rate.

When these optimizations are cempleted, the program flies the aircraft
through the mission. Ground crews and equipment are dispatched to :he
loading site. The aircraft ferries to the first field and begins swath
runs, with a standardized procedural turn at the end of each swath, The
turn subroutine calculates turn time and g load factor based on aircraft
weilght, drag polar, and speed/thrust values, The program tracks aircraft
gross weight as material is dispersed, and swath speed is increased accord-
ingly as the material load decreases. The aircraft returns to the load

point for relocading when empty.

This process continues fram sortie to sortie, field to field, and load
point to load point. Ground crews and equipment are moved to the next load
point when applicable. At the end of a 1l0-hour work day the aircraft and
ground crews return to home base and shut down the operation, Operation
begins the next day and continues through as many daily cycles as necessary
to complete all fields specified in the mission. During the simulation,
the program camputes flying time in each segment, takecff/land/taxi time,
aircraFt loading time, total elapsed time, amount of material dispersed,

12
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arca treated, and other mission performance elaments. ‘The program also
computes the cost of performing the mission,

A nunber of different outputs are provided, including performmance para-
meters such as takeoff distance, takecoff payload, ferry speed, swath speed,
turn time, and dispersal power. The primary mission effectiveness outputs
are: (1) area treateo per clapsed hour, which is the measure of mission
productivity used in the study; and (2) cwst per acre treated, which is the
measure of mission cconomics used in the study, Figure 4 shows a sample
output sheet from the operations analysis model.

Several different versions of the computer program have been developed to
provide various capabilitics for particular analyses, These versions vary
in certain respects from the basic program described above, Capabilities
of the complete set of programs are reflected in the data presented
subsequently in this repovt,

3.2 WEIGHT ANALYSIS

Aircraft weight estimates throughout the study were based upon weight equa~
tions developed statistically from weight data for a large number of
general aviation airvcraft ranging from 2000 to 30,000 pounds (907 to 13,608
kg) design gross weight, including a number of existing agricultural aip-
craft, The weight estimation equations were developed under Lockheed's
independent development program.

Weight estimation was accomplished in two phases. The initial candidate
aircraft parametric study was conducted using operating welght empty (OWE)
values derived from a statistically developed OWE equation. Weight esti-
mates made subsequent to selection of the baseline aircraft were performed
with more detailed weight prediction equations for each major airframe
group, including wing, empennage, fuselage, landing gear, propulsion
system, aircraft systems, and dispersal systems.

13




4!

R S R 2 o ¥
AERIAL APPLICATIOMN CPERATICNS ANALYSIC
PROGRAM ACGPR4, LIGUID DISP» FLAPS ON T.0. AND TURM
SABD DATA
MIS®.ION NCa i« LOAD POINTS 0. FIELDS AREA APi Ls RATE
1 1. 6. 160. 50.
AIRCHPAFT DATA
AIRPLANE GROSS WT. PAYLCAD WING AREER MATL,DENSITY WIKNSSPAN LIFT CCEF. FHD TRKEQFE & SWALFALT
1 AG AIRPLANE A 7600, 32083 380.0 63" S55.1 1.5% 02377 S0 «£0
TAKEOFF DISTANCE AT BASE= 1425.6 FEET FERHWY SPFED= 128.2 KIS
TAKEQFF DISTANCE AT LOADPOINT= 1522.5 FEET PAYLGAC= 3200.8 PCUNCS FIELD LENGTH= G20 2.0FEET
SwWyx Bl.2 SWL= 2640.0 ATSHE 24642 ACRSK= 4.9 MIN SKRVIKTSI=125.1 PUVMP HP= 25.8 MIN G TURNE 186
ITRK= 2 JTRK= 1 MAX G TURMN= 3.221 MIN TURN TIMES 12,0 MAX TURN TIVE= 23.9

MAX PUMF FLOW= 147,1CAL/MIN

APPLICATION PERFORMALNCE
=ATRPLANE * MAT,APHLIED * MAT.OEATHI: * ACRES COVe * FLYING TIMEs FERLY TIME = ELAP.TIME ®= AREASFLoHR. = ARENZELAPWHR®

1 487383, 25862, 975.8 4,48 2.35 8.28 217.8 117.7

COST DATA (DOLLARS)
= AIRPLANE x FIXED COSTS = PILOTS PAY * GND PERSCNNEL = A/C UPERATION *  TOTAL CUST = CCST/ELAP.HR » CCRI/ALRE =

1 110,29 2753.3% 91.13 u38.70 915.45 110.38 5%
GOVRS 03" FPOF 3 ©FRUF 3 EFMD O
TASK UNITS: O PGM SIZES 11776

Figure 4. Analysis Model Output Sheet
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3.2.,1 Adrframne Groups

The group weight prediction equations were derived using standard Lockheed
computerized regression analysis techniques empleying curve [itting rou-
tines (references 2 amd 3), These technigues incelude the selection of
applicable group component variables, arranging these variables as appro-
priate consistent with historically confinned relationsnips within cach
group, and detemmining the coefficients and exponeats which produce the
most accurate correlation with available data, FExamples of the correlation
achieved are presented for the major weight groups.

wing weight is based upon wing geametry, design gross weight, design load
factor, and wing relief weight. Coefficients were developed for number and
location of engines, type and location of landing gear, external wing brac-
ing, and agricultural dispersal system structural provisions. The equation
provides total wing weight for conventional aluminum construction consist-
ing of primary and secondary structure. The correlation with existing
wing weights achleved by the derived cquation is shown in Figure 5.

An alternate oguation for biplane wings was derived using wing loading as
the controlling variable, with separate cocfficients for fabric and alumi-
num cover sking,

mipennage weight prediction is based upon geametry, design dive speed and
design gross weight, Coefficients were determined for convenkional, "
tail and externally braced configqurations., — Correlation with existing
empennage weights is shown in Pigure 6.

Fuselage weight is based upon gecmetry, design landing weight, ultimate
load factor and limit dive speed. The major geometric factor in this
equation is the "wetted" or skin area. Coefficients were determined for
conventional monocogue aluminum construction, steel tube construction, and
alternate landing gear and power plant locations. Correlation with exist-
ing weight data is shown in Figure 7.
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Larding gear weight prediction is based upon design landing weight, with
derived coefficients for tail wheel type, tricycle, fuselage mounted, and
wing mounted gear, with and without rough field capability and high
flotation. Calculated versus actual gear weights are shown in Figure 8.

Propulsion Group weight is predicted by two separate equations, Propeller
weight is based upon diameter. number of blades and engine shaft horse-
power. The propulsion group is then detemined using the propeller weight
and the dry engine weight with installation coeffients for either piston or
turbo-prop engines. The engine weight used can be either specification
value or that derived from generalized curves. The propulsion group weight
includes systems, controls, fuel system and tanks, lubrication, exhaust,
tailpipes, engine mounts and nacelle/cowling.  Correlation with actual
weights is presented in Figure 9.

Aircraft systems weights are predicted for the simplified aircraft systems
required for normal agricultural operation, The estimates are based upon
aircraft gross weight and include surface controls, electrical system,
austere furnishings and equipment for one pilot, minimum heating and
ventilation, minimum hydraulics, avionics and instrumentation.

The weight equation developed for the agricultural dispersal systems is a
statistical curve £it based upon reported :ystem weights from availble
agricultural aircraft and equipment selection from various manufacturers
for typical installations, with extrapolation for higher gross weight
aircraft. The weights predicted by the equation are in close agreement
with system weights in available reports, Hopper weights are included in
the weight estimate and are a function of hopper load and aircraft design
gross weight. Hopper weight is then determined to be a percentage of total
dispersal system weight.

3.2.2 Alrcraft Emwpty Weight

The summarization of these group weight predictions provides the weight
empty for the selected aircraft with the following accuracy:

18
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5 = Standaxd Deviation = .041
80% confidence level for S is .034 to .054
90% confidence level for S is .032 to .058

Correlation of aircraft empty weights computed by the established methods
with actual aircraft empty weights is illustrated in Figure 10.

3.2.3 Alrcraft Gross Weight

The agricultural aircraft designs analyzed during this study were developed
under groundrules established to recognize two different gross weights: a
design gross weight, and a restricted gross weight.,

The design gross weight is the weight established for structural design,
and corresponds to the maximum gross weight at which the aircraft would be
certificated under the normal catagory of FAR Part 23. The structural
weight of the aircraft reflects a design limit maneuver load factor of:

24000

W+ 10,000
to a maximum of 3.8, where
W = design gross weight in pounds.

The restricted gross weight is the takeoff gross weight at which all
mission analysis is conducted. Restricted gross weight is established by
applying the maximum suggested overload weight factor presented in Section
7.1 of Appendix A of CAM 8 (reference 4) to the design gross weight, The
CAM 8 weight factor is determined as a function of the airplane design
limit load factor. Airplane design limit load factor and the CAM 8
overload weight factor are plotted as a function of FAR Part 23 design
gross weight in Figure 11.

The mission payload used in all operations analyses is established by

subtracting the airplane Zero Payload Weight from the restricted gross
weight. The aircraft Zero Payload Weight is the sum of the aircraft empty

20
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weight, a pilot weight of 170 pounds (77 kg) and fuel weight adequate for
approximately three hours endurance at economy cruise power.

3.3 AERODYNAMIC ANALYSIS

The detemmination of the complete drag for each configuration considered in
the study resulted in a drag polar build-up comprised of zero-lift and
induced drag. The zerc-lift drag for each camponent was established by
determining the skin friction drag coefficient at the appropriate flight
Reynolds number plus additional drag allowances for interference and slip-
stream, surface roughness and trim. Special attention was given to the
assessment of drag of the fixed landing gear and the large, high visibility
canopies associated with agricultural aircraft (reference 5),

The induced drag of monoplanes was determined fram empirical wing
efficiency factor (e) data (reference 6) for a variety of straight wing
aircraft, The induced drag characteristics of biplanes were detemmined by
methods accounting for the span, chord and gap between upper and lower
wings (reference 7). This resulted in an equivalent moncplane aspect ratio
for the biplane with both wings developing the same wing loading. For the
case where the lower wing is unloaded, the induced drag then became a
function of the upper wing aspect ratio alone.

The 1lift and drag contribution of simple, single slotted, 253 chord
trailing edge flaps was also assessed (reference 8). These devices provide
no chord extension with deflection. The maximum deflection studied was 20
degrees, primarily to improve take-off performance.

The maximum lift coefficient developed on the unflapped and flapped wings
was evaluated utilizing the methods of reference 9., The basic airfoil
sections were chosen with good high-lift characterstics, and the additional
contribution of trailing edge flaps and slipstream (on propeller powered
configurations) was also included. The slipstream effect assessnent was
based on reference 10 and standard Lockheed aerodynamics handbook data.

22
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3.4 PROPULSION SYSTEM PERFORMANCE

The performance of the propulsion systems used in the agricultural aircraft
study was derived from candidate engine data representing engines that are
anticipated to be certificated and in production in the mid-1980's, These
data were acjuired directly from the engine manufacturers at the outset of
the study, and they represent the most current information available on
small commercial engines that are apprepriate for consideration for
agricultural aircraft in the time period.

Each manufacturer states that the candidate engines will be manufactured to
satisfy the EPA emission standards in effect at the time. 1In an official
publication in April 1978, the Environmental Protection Agency proposed to
drop all engine emission standards for general aviation engines of 6000
pounds thrust (or equivalent horsepower) or less. This policy is expected
to alleviate any impact of emission controls on agricultural aircraft
design and operation in the mid-1980 period.

FAR Part 21, subsections 21.183(e)(2) and 21.185(d) specifically exclude
aircraft designed for "agricultural aircraft operations" from compliance
with operational noise requirements specified in FAR Part 36. Because of
this, noise constraints were not considered in the estimation of propulsion
system performance for the agricultural aircraft study.

3.4.1 Candidate Powerplants

Powerplants considered appropriate for investigation as agricultural air-
craft powerplants include horizontally opposed reciprocating air cooled
engines, turboprop and turboshaft engines, turbofan engines, and ducted fan
propulsors. A recent development of a converted water cooled V-8 automo-
bile engine may also be appropriate for future consideration, pending pro-
gress toward FAA certification as an aircraft engine. Radial reciprccating
aircraft engines were not considered in the study. No engines of this type
of adequate horsepower are currently in production in the western nations,
and the former manufacturers contacted indicated no intention to restart

manufacturing these engines.
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The candidate powerplants for which data were acguired are listed in Table
I. In addition to performance and weight data, original equipment manu-
facturer (OEM) prices were acguired for the candidate powerplants., Engine
performance data were used in conjunction with the propeller performance
estimation method (reference 11) to establish generalized installed thrust
data. Engine weight data were used to establish generalized weight versus
horsepower relationships. The OEM priccs were used to establish
generalized engine cost versus horsepower trelacionships foo determining
alrcraft operating costs, as discussed in Section 3.6.

3.4.2 Installed Thrust

Two methods of estimating aircraft perfommance were considered: use
specific engine data from the list of candidate engines; or establish
generalized powerplant performance data fram the candidate engine data to
represent typical engines anticipated to be available in the time pericd.
The latter approach was chosen.

Propeller performance was estimated using the method outlined in reference
11. Several propeller design parameters including diameter, activity
factor, integrated section lift coefficient, and RPM were investigated to
establish the influence of these parameters on thrust lapse rate with speed
in the horsepower range of interest, This investigation resulted in basing
the propulsion system performance on propellers having an activity factor
of 125, an integrated section lift coefficient of 0.5, and diameters based

on the relationship,

D = .3482 ~/HP
where D = diamneter in feet, and H.P., = takeoff horsepower.

These parameters appear to provide a good compromise between takeoff thrust
and thrust during swath runs at speeds between 100 and 200 knots,

Several candidate engines ranging from 290 to 1175 shaft horsepower (216 to

876 kw) were used to determine installed thrust as a function of airspeed
from 0 to 200 knots. These data were crossplotted to provide the gener-
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TABLE | - CANDIDATE ENGINES

TURBINE

Turboprop (1)
Avco Lycoming LTP101-500
Avco Lycoming LTP101-700
Garrett AiResearch TPE331-3U-303G
Detroit Diesel Allison 250-B178
Pratt & Whitney Canada PT6A-45
Pratt & Whitney Canada PT6A~34

Turboshaft
Avco Lycoming LTS101/650 C-2
Garreft AiResearch TSE33]
General Electric CT7
Detroit Diesel Allison 250-C20
Pratt & Whitney Canada PT6B~34

Turbofan
Pratt & Whitney Canada JT15D-4
Williams Research F107

RECIPROCATING (1)

Horizontally opposed
Avco Lycoming 1O 540 Family
Avco Lycoming 10~-720
Teledyne Continental 10 520 family

Performance
(SL,1SA, Static)
SHP or Thrust
600 (447 kw)
671 (500 kw)
840 (626 kw)
400 (298 kw)
1174 (875 kw)
750 (559 kw)
675 (503 kw)
800 (597 kw)
1536 (1145 kw)
650 (485 kw)
900 (671 kw)
2500 (11,120N)
600  (2669N)
300 (424 kw)
400 (298 kw)
300 (224 kw)

Weight

(Ib)

320
320
340
195
423
311

232
355
430
235
293

557
130

425
600
450

(145 kg)
(145 kg)
(154 kg)
( 88 kg)
(192 kg)
(141 kg)

(105 kg)
(161 kg)
(195 kg)
(107 kg)
(133 kg)

(253 kg)
{ 52 kg)

(198 kg)
(272 kg)
(204 kg)

(1) Propeller manufacturers: Hamilton=Standard, Hartzel, McCauley, Dowty-Rotol
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alized performmance data defining thrust and speed as a function of in-
stalled shaft horsepower shown in Figure 12.

3.4.3 Propulsion System Weight

Engine dry weight data supplied for the candidate engines were amployed to
establish the generalized turboprop engine weight to horscepower relation-
ship shown in Figure 13. Propeller weights established statistically vary
primarily with horsepower and diameter. Combining the propeller diameter
and statistical welght relationships provides the propeller weights estima-
tion equation:

R

W, = L2515 (sup) 104

where wp is propeller weight and SHP is installed shaft horsepower.,

3.5 DISPERSAL SYSTEM PERFORMANCE

o PRI T R T T RN 8 R T O

Mission performance is determined for two dispersal cases, liquid material
and dvy material. The material characteristics, dispersal techniques, and
effects on airplane performance of these cases are totally different; con-
sequently, two different versions of the operations analysis model were
developed. The methods used by these models to determine mission produc-
tivity and costs are identical, but the methods of accounting for the drag
and power extraction of the dispersal systems on takeoff, ferry, swath and
turn performance are unique to the material being dispersed. The methods
used were developed from both analytical and emperical approaches.

T PR T

R el B Lt N S

3.5.1 Liquid Dispersal Systems

The penalties imposed on airplane performance by liguid dispersal systems
include the aerodynamic drag of externally mounted components, the increase
j_." in drag or loss of thrust to the power extraction of the liquid pumping
‘ system, and the loss of payload to the weight of the liquid dispersal
system. Dispersal system weight is discussed in Section 3.2.
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3.5,1.1 EBExternal Drag - The number, type, and orrangement of external com=
ponents used on ag airplane liquid dispersal systems vary widely, depending
upon the manufaccurer and individual operator, For this study it was neces-
sary to es-ablish a standard method of estimating the drag of a typical
gystem configuration., This was done by accounting for the system drag from
three sources: (1) pump and pump-hboom=hopper interconnecting plumbing; (2)
boan, boem supports and interference; and (2) nozzles,

Dimensional data for system components similar to those used on aireraft
for which flight test data are available (references 10, 12, 13, and 14)
were obtained from equipment catalogs and specifications, Drag estimates
were made based on estimated drag coefficients, and the total drag was
compared to the measured drag reported in the references, This procedure
was iterated until it appeared that a reasonable correlation was achieved.

The acrodynamic drag coefficient of the pump and external plunbing, includ-
ing interference, was established to be:

where Sw = referenced wing area in square feet.

The estimated boom, boom supports and interference drag coefficient is:

A5
I { bW

oy

-t

@
H

= wing span in feet
where bw 9 5B !

and the drag coefficient of the nrzzles is:
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The drag of the external components is camputed and added to the total air-
plane drag for all phases of the mission.

3.5.1.2 Pumping Power - The hydraulic horsepower represented by the energy
lost to ligquid material mass £low through the pressure drop of the nozzles
is power extracted from the energy potential of the system. Energy poten—
tial can be in the form of storage devices such as electrical bhatteries or
pressure tanks, but in all but very unusual cases the energy pokential is
vepresanted by the fuel consumed by the main propulsion engine.  Power
extraction can be direct fram the propulsion engine as shaft power or as
high pressure bleed air from the engine compressor, or it can be indirectly

extracted fram the freestream energy, wnich is generated by the engine-
driven propulsion system,

Regardless of the manner in which the power is extracted, some energy is
lost to inefficiencies in the power conversion mechanism. The best system
for transferring the required energy into the liguid material being dis-
pensed will be a system that achieves best mission performance, considering
not only conversion efficiency, but also the weiyht penalty, acguisition
and operating costs, reliability, maintainability and all other factors
effecting total mission productivity and cost.

The performance penalty imposed on the liquid dispersal mission by the
energy transfer into the liquid material is accounted for as a drag term

added directly to the basic airplane drag. This additive pumping drag is
derived to be:

p = »00331 x PST x RPA x B x SF
EP x ED x DM

where DP = drag due to pumping, in pounds;

PSI = liquid system operating pressure, in pounds per
square inch;
RPA = material application rate in pounds per acre;
B = airplane wing span in feet;
SF = swath width factor relative to wing span;
30
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P = effeciency of liquid pump;
BED = cfficiency of the mechanism driving the pump; and
M density of the liquid material being pumped.

Y

It should be noted that swath speed does not appear in this cequation,  'The
analysis shows that for a given swath width, cstablished by wingspan and
swath factor, the horsepower required to provide a material [low rate
adequate to maintain a constant application rate varies directly with swath
speed.  Thus, the drag cquivalent of this horsepower is a constant value,
independent. of speed.

3.5.2 Dry Material Dispersal Systoms

The penalty imposed on airplane performance by dry material dispersal
gystems is primarily aerodynamic drag created by airflow both around and
through the spreader located below the hopper exit. At the time of this
study no wind tunnel test data and very little flight test data existed
which would pemit the cstimation of spreader drag or provide a
relationship between swath width, material application rate, and system
Jdrag. Available data congisted of that presented in weferences 12 through
17. 1In order to provide a technigue for estimating mission perforrance on
dry dispersal missions, these data wown: used to establish one expression
defining swath width as a function of application rate and a second
expression defining the additive drag of the spreader as a function of the
aivplane lift cocfficient,

The data presented in the referenced reports pemitted estimation of the
swath width and application rate by inspection of the swath spread cross-
sections. An example of these data fram reference 17 1is presented in
Pigure 14. Measured deposition rate is plotted as a function of distance
to either side of the aircralt centerline track on the ground, Swath width
limits are established at the outermost points of the cross-section at
which the overlap of an identical, adjacent swath would produce the most
even coverage of material on the field. Between these limits the varia-
tions in deposition rate are averaged to establish the eifective applica-

tion rate for the effective swath width.
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This procedure was applied to all available swath cross-section data and
the results plotted as shown in Figure 15, For information, the numbered
data points in the figure represent cases in which measurements were made
of equivalent horsepower consumed by spreader drag. A curve was f£it
through the data points representing conventional dry material spreaders.
The equation of this curve is:

gy =315, .
(ReR) *
where SW = swath width in feet,
RPA = application rate in pounds per acre.

The developed expression provides a relationship batween swath width and
application rate, but does not establish the drag senalty imposed on the
aircraft. The flight test data of references 10, 12, and 13 provide incre-
mental power required to overcome the additive drag of the dry spreaders.
These data were reduced to power-on drag coefficients over the range of
aircraft lift coefficients provided by the airspeed ranges tested. Tests
were conducted on each aircraft at high and low gross weights., The rela-
tionship of the spreader drag coefficients and aircraft lift coefficients
of the test aircraft are presented in Figure 16. Considerable variation in
this relationship is shown between different aircraft and for a given air-
craft at different weights., In order to establish a lift-drag relationship
that can be used in the operations analysis model, a line was fit to the
data shown in the figure. The resulting expression for this relationship
is:

CD = O.OS96XCL + 0.012

As is apparent, the drag of the dry spreader is independent of material
application rate. Dry material mission perfommance is computed using
. spreader drag established as a function of the airplane lift coefficient.

e
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3.6 COST ESTIMATING METHODS
3.,6.1 Analysis Model Input Data

A number of different types of cost estimates are required to develop the
input data for the operations analysis model. The specific input values
are aircraft operating cost per flight hour, pilot pay factows, ground
personnel pay rates, and fixed business costs. MAlrcraft operating cogt,
which is the most camplex of these data elements, is discussed separately
in the next section.

Within the aerial application industry, pilots are cammonly paid a per-
centage of the income generated by the missions they fly. This income is
based on fees charged for the service, and pricing policies vary with
regions of the country and types of missions. 1In the present study,
mission economics are treated strictly in temms of estimated operator costs
without consideration for fees charged the customer. Pilot pay is computed
in the analysis model so as to constitute 30% of the total cost of perform—
ing the mission.

Ground personnel pay rates used in the model for the present study are
$2.50 per working hour for flagmen and laborers and $3.50 per working hour
for driver/loader operator. Two flagmen, one laborer, and one driver/

loader operator are assumed in all cases.

Fixed business cost represents overhead type costs such as office expenses
which vary with the size of the business rather than the type of mission or
type of aircraft used. These costs are represented in the present study by
an arbitrary lump-sum amount of $2000 per month, which is then prorated to
the mission based on the elapsed hours required to perform the mission. An
additional prorated cost was added to account for purchase of loading equip-
ment needed to satisfy the material loading rates used in the model. Loader
capacity was matched to the hopper capacity of each aircraft configuration,
with costs based on currently available state—-of-the-art loading equipment

purchased new.
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All cost values used in the study are stated in 1977 dollars,

3.6.2 Aircraft Operating Cost

The proprietary methods used to estimate aircraft operating costs were
developed in Lockheed's independent development program, Methods and data
were derived fram a number of sources, including a variety of published

sources as well as contacts with aerial application operators and
fixed-base support operators,

Primary source documnts for the operating cost model were two general
aviation cost studies sponsored by the Federal Aviation Administration
(references 18 and 19) and a previous general aviation technology study
performed by Lockheed for NASA Ames Research Center (reference 20). The
methods and data contained in these documents were updated and modified
extensively to apply specifically to agricultural aircraft.

Cost equations and estimating factors were developed for each operating
cost element based on the nature of the cost element and available data
defining cost relationships. 1In each case, a generalized cost equation was
formulated to relate the cost parameter to physical and/or performance
characteristics of conceptual aircraft designs of the type considered in
the present study. Aircraft empty weight and engine power, for example,
are primary design parameters used in several of the cost equations, In

several cases, the estimating equations are derived statistically by
fitting regression lines to actual data points.

Engine overhaul cost is used to illustrate the technique., Current average
cost per overhaul and time-between-overhaul (TBO) values were obtained for
a nunber of different engines over a range of rated power levels, Both
reciprocating and turboprop engines were included. These values were
converted to the form of average cost per flight hour and plotted against
engine power level. The data indicated that reciprocating and turbine
engines follow the same trend relationship. A single regression line was
fit to the total set of data points, and the equation of this line was used
for cost estimates in the study. The primary source cf data in this case
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was the Aircraft Price Digest (reference 21) which contains current TBO's
and overhaul costs for most engines in general aviation use., Figure 17
shows the engine overhaul data and the cost estimating equation derived
from the data.

The specific cost elements included in the operating coste are as follows:

Fuel and Oil Liability Insurance
Annual Inspection Taxes

Unscheduled Maintenance Annualized Investment
Engine Overhaul Miscellaneous

Hull Insurance

Most of these categories are standard within the industry. Fuel and oil
costs are based on average consumption per unit of engine power for
reciprocating and turboprop engines, using $.62 per gallon ($.164/liter)
for aviation gasoline and $.43 per gallon ($.114/liter) for diesel fuel.
Hull insurance for the aircraft is based on current premium rate trends
within the industry, with the insurance fee represented as a declining
percentage of aircraft cost as the purchase price increases. Liability
insurance including chemical damage coverage is treated as a flat fee of
$1000 per year for each aircraft, which is representative of current cost.
Taxes cover federal registration fees and weight tax based on Internal
Revenue Service tax instructions. Miscellaneous costs cover a variety of
minor expenses based on data in the FAA cost studies referenced earlier;
this cost element is an insignificant portion of the total operating cost.

Annualized investment is not a standardized cost element in determining the
operating cost of agricultural aircraft. The purpose of this element in
the present study is to provide a representation of the cost of purchasing
the aircraft. There are various procedures by which such costs can be
represented as operating costs, including different types of depreciation
procedures and/or statements of interest costs on loans. In the present
study this element has been treated simply as a straight-line proration of
the aircraft purchase price over a ten-year operating period. That is, 10%
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of alrcraft acguisition cost is counted each year as an operating cost. No
interest charges are included in the basic cost model,

Alrcuaft operating cost input to the operations analysis model is stated in
the form of cost per flight hour., A number of the cost elements actually
accrue on an annual bhasis, however, and are not a direct function of flight
hours. Costs of this nature were prorated to a flight-hour base hy use of
an assumed annual utilization rate of 600 f£light hours per year,
Sensitivity Jata are given in Section 7.3 to show the effect on operating
costs if other utilization rates are used,

3.6.3 Aircraft Acquisition Cost

The anguisition cost estimating model is shown in simplified form in Figure
18. The basic approach is to estimate airframe labor and materials costs
based on aircraft weight, engine cost based on engine rated power, and
dispersal system cost based on dispersal system weight. All of these costs
are estimated through statistical equaticnz derived fram actual data for
current aircraft and equipment. These cost elements are totaled to give
estimated aircraft manufacturing costs. Typical industry factors are then
applied for various overhead and amortization elements, manufacturer's
profit goal, and distributor and dealer mark-up. The resulting estimate
corresponds to "factory flyaway" (FAF) price or manufacturer's suggested
retail list price.

The proprietary estimating model was developed under Lockheed's independent
development program using data from a variety of sources, including
analysis of a wide ramge of general aviation aircraft as well as
agricultural aircraft. The basic cost estimating concept is described in
the previous Lockheed study report prepared for NASA Ames (reference 20),
and a similar approach is described in an article by James N. Lew of Beech
Aircraft Corporation (reference 22).

A production quantity of approximately 1000 units was assumed for the study
aircraft as a basis for cost estimates. This quantity is representative of
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manufacturing learnina ve benefits and amortization factors reflected in
the statistical data used in the estimating model,

Figure .9 illustrates the statistical technigue used to develop labor and
materials costs as a function of alrcraft empty weight., The figure shows
an estimating line fit to materials cost data points for a large number of
current general aviation alrcraft, including several agricultural aircrafe,
Figure 20 illustrates the same technigue for estimating owiginal 2quipment
manufacturer's (OEM) cost for turboprop engines as a function of rated
shaft horsepower,

Figure 21 shows cost estimates obtained fram the estimating model for
several current agricultural ailrcraft in comparison with published list
prices for these aircraft, Ideally, all of the estimates should fall
exactly on the line shown in the figure. In fact, a number of the
estimates are higher than the list prices, and the deviation appears to
increase as the price of the aircraft increases.

The coamparison suggests that acquisition cost estimates developed for
conceptual aircraft in the present study are excessively high, particularly
for larger aircraft. This may well be the case. However, there are a
number of qualifying factors, such as the degree to which amortization of
development costs is reflected in current prices for aircraft developed
many years ago. Several agricultural aircraft are produced by companies
with no other aircraft product line, which may affect overhead and pricing
procedures, The labor pay rates, overhead factors, and mark-up factors
used in the estimating model are representative of the general aviation
industry as a whole, and these factors may be more accurate for future
agricultural aircraft than indicated for some of today's aircraft.
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4.0 SYSTEM CONFIGURATIONS

The work conducted under the System Configurations task addressed the devel-
opment of a data base representing optimized fixed-wing aerial application
systems, including aircralt, airborne dispersal subsystems, and ground
operations support subsystoms., The work was accomplished through an itera-
tive process in which candidate aircraft configurations were evaluated by
parametric mission analyses, baseline configurations were selected for
sonsitivity studies, and alternative system designs were considered in come
parative evaluations. Systems appearing to offer the greatest potential
for effectively performing current and future acrial application missions
were selected to illustrate the system configurations,

4,1 CANDIDATE CONFIGURATIONS

The initial parametric system evaluations were conducted on nine candidate
configurations encompassing the range of system parameters defined by the
NASA study guidelines. The approach in establishing these candidate con-
figurations was to represent to the extent possible current agricultural
aiveraft designs, This permits potential design improvements to be derived
from and be evaluated relative to current state~of-the-art systems,

Certain configuration design philosophies were established at the outset
and maintained throughout the study. Foremost among these is the location
of the cockpit relative to the powerplant(s) and material hopper(s)., The
design established by Weick in the AG-l, in which the pilot is located aft
of the major mass camponents of the aircraft (engine, hopper, wing
structure) and protected by an outwardly collapsing cage structure has boeen
tested time and time again in crash situations and has proved through pilot

survival rates to be a sound and superior approach to the desiyn of
agricultural airvcraft,

Pilot visibility requiraments have been established to be no less than

thogse required for Air Porce fighter aircraft over-the-nose (llo downward
on the centerline), with an unobstructed upper hemisphere above a waterline

43




- -

AR S dhhie B

T T R TR T MR O

g TR R e R

T TS R TR T e L R

U Ty

P T A TTUAR

AT T TSI
-

7 oA e - . e AR At - T megw T T R T L

through the pilot's eye position. The latter assures full view of the
field being treated cthy-ughout the turn at the end of each swath run.

BEight initial candidate aircraft designs were established based | upon
payload weights of 1000, 3000, 6500 and 10,000 pounds (454, 1361, 2848, and
4536 kg) and payload densities of both 33 and 100 pounds per cubic foot
(529 and 1603 kg/cu. m,). An additional design based on a payload weight
of 4500 pounds (2041 kg) and 33 lb/cu, ft, was added to more clearly estab-
lish the performance variation with aircraft size in the middle payload
weight range.

All major sizing parameters of the candidate configurations were held
constant in order that the aircraft represent scaled versions of a single
design. In recognition of the limited range of engine sizes presently
planned for commercial certification in the mid-1980's, an upper limit on
single engine aircraft was established at 1200 horsepower (895 kw), and
configurations requiring more horsepower were configured as twin engine
aircraft.

Two major aircraft sizing parameters, wing loading and power loading, were
established as representative of the current trend in ag-aircraft design.
These parameters are shown for 21 current operational aircraft types in
Figure 22. From this survey it was concluded that the trend is toward
higher wing loading and lower weight per installed horsepower; therefore,
for the candidate configurations a wing loading of 25 pounds per square
foot (122 kg/sg. m.) and a power loading of 10 pounds per horsepower (6.08
kg/kw) were selected.

The influence of the range of payload densities fram 33 pounds/cubic foot
(529 kg/cu. m.) to 100 pounds/cu. foot (1603 ky/cu. m.) on the aircraft
design is to produce a hopper volume variation of 3 to 1 for a given
payload weight. To determine the influence of the resulting aircraft size
variation on performance, two candidate configurations were established at
each payload weight bracketing the payload density range, one providing a
hopper sized to contain material of 33 pounds/cu. ft. and one sized to
contain material »f 100 pounds/cu. f£t. To retain the effect of scaling &
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single design, a standard hopper configuraion was established. This hopper
design, shown in Figure 23, permits the center-of-gravity of the payload to
be placed directly over the 0.25 mean aerodynamic chord (MAC) point of a
wing with a straight, unswept 0.25 chord line,

A sumary of weight and design data for the nine candidate configurations
is presented in Table II, along with estimated acquisjtion costs and
operating costs., The configuration designation nodes are as follows: "C"
designates candidate configuration; the first numweric entry designatuzs the
payload category in thousands of pounds; and the second numeric entry
designates the material density value for which the aircraft was sized.
For example, configuration C~1-33 is an aircraft with 1000 pounds payload
sized to a material density value of 33 pounds/cu. £t.

Design layouts for the candidate aircraft are presented in Figure 24. The
designs reflect powerplant selections consistent with availability pre-
dicted for the mid-1980's. Horizontally opposed reciprocating air cooled
engines are used up to 400 horsepower. In the 400 to 1200 horsepower
range, turboprop engines are used. All aircraft use conventional tailwheel
landing gear to minimize weight and drag.

A drag analysis was conducted on each of the candidate aircraft and clean
airplane drag polars established, as shown in Figure 25, Thrust versus
flight speed was established using the method described in Section 3.4.

4,2 EVALUATION OF CANDIDATE CONFIGURATIONS

The candidate configurations were evaluated with the operations analysis
model over a wide range of missionsg., Application rates were varied from 1
to 1000 pounds per acre (1 to 1121 kg/ha) in field sizes of 40, 160, and
360 acres (16.2, 64.8, and 145.7 ha). QResulting mission costs were then
canpared for the purpose of selecting two specific baseline design points
offering good mission economics over different r:gions of the mission
spectrum,
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TABLE Ii - CANDIDATE CONFIGURATIONS \i
c-1-33 | c-1-100 | c-3-33 | c-3-100 | C-4-33 | c-6-33 | C-6-170 | C-10-33 | C-10-100
PAYLOAD (LB) 1,000 | 1,000 | 3,000 i 3,000 { 4,500 | 6,500 | 4,500 | 10,000 ! 10,000 4
EMPTY WEIGHT 1,440 | 1,405 | 3,440 | 3,200 | 5,600 | 7,925 | 7,145 | 12,260 | 10,885 :
]
| ,4_
GROSS WEIGHT (LB) 2,700 | 2,700 | 7,200 | 7,200 | 11,500 | 16,250 | 16,250 | 25,000 : 25,000 |
4
LBS |
» WING LOADING (o=7%) 25 25 25 25 25 25 25 25 25 |
:
LBS |
POWER LOADING  (===-) 10 10 10 10 10 10 19 10 10 |
POWER PLANTS 1x290 | 1x290 |1x750 | 1x750 | 1x1120] 2x850 | 2x850 | 2x1120] 2 x 1120
H.P H.P. H.P. H.P. H.P. H.P. H.P. H.P. H.P.
ACQUISITION COST 35 34 181 177 292 414 396 708 670
(51,000)
OPERATING COST 33 32 97 95 144 218 210 328 312
($/FH)
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The first comparison was between aircraft sized to 33 pounds per cubic foot
(529 kg/m3) material density and those sized to 100 pounds per cubic foob
(1603 kg/m3). Plgure 26 shows such a comparison for the C-6-33 aircraft
versus the C-6~100 alrcraft over a range of material density values. 'Three
different application rates are shown, with C-6-100 values ploted as ratios
of the corresponding C-6-33 values. It is seen that the -33 aircraft with
the larger hopper is superior over most of the density range; up to and
in&luding the density, of water which is representative of ligquid applica-
tions, The -33 aircraft is significantly more cost effective in the lower
density regions representative of fertilizers,

3

This conparison was even more favorable to the =33 configurations for lower
payload aircraft and slightly less favorable for higher payload aircraft.
In general, the superiority of -100 configurations is limited to a narrow
range of high-densicy materials believed to be seldom encountered in aerial
application work. For this reason, configurations sized to 100 pounds per
cubic foot were dropped from further consideration.

e S T BT B T AT

The camparison of mission costs for the various size aircraft coafigured to
33 pounds per cubic foot density is shown in Figure 27. These results are
based on liquid-dipersal operations with maximum allowed swath width of 1.5
times wing span for each respective configuration. The plots cover the
entire range of application rates for a field size of 160 acres.

o T RN TR R

The most notable feature of the comparison is the performance of the
1000-pound (454 kg) payload aircraft, C-1-33, This small aircraft displays
a slight economic advantage for application rates up to about 20 pounds per
acre (22 kg/ha), but beyond that point the aircraft quickly becomes
non-competitive. The other size aircraft are quite close in mission costs

R

R P TR T T

s g

over the entire range of application rates. ILower payload aircraft have an
advantage over the lower end of the spectrum, with a gradual shift to the
%; higher payload aircraft at the high end. For gmaller fields, the
g relationships shift slightly in favor of the smaller aircraft; for larger
: fields, slightly in favor of the larger aircraft.
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Figure 28 provides a more meaningful comparison for purposes of seleckting
baseline payload points, Here the mission costs are plotted against
aircraft payload for several different application rates. The low points
in these curves would represent the payload design points hest suited for
particular missions., The curves are relatively flat, however, and there
are no distinct inflection points that clearly lead to the selection of
"best" baseline design points.

The comparison of candidate aircraft is summarized as follows:

o} A small aircraft in the 1000-pounc’! (454 kg) payload class is best
for very low application rates, particularly in small fields.

o] A very large aircraft in the 10,000-pound (4536 kg) class is best
for extremely high application rates, particularly in large
fields.

0 Aircraft in the 3000 to 8000 pounds (1361 to 3629 kg) payload
range are closely competitive over a broad range of missions,
with an advantage to the smaller aircraft on the lower end of the
mission spectrum and to the larger aircraft on the upper end.

After review of these results with the NASA program manager, the decision
was made to select the two baseline design points at approximately 3000
pounds (1361 kg) payload and 7500 pounds (3402 kg) payload. The lower
design point is representative in size of the larger agricultural aircraft
now entering the market and provides the opportunity to examine design
concepts for a single-engine turboprop configuration. Additionally, since
this aircraft has good econanic characteristics on the low end of the
mission spectrum, beneficial technology applications should also be of
value to smaller aircraft.

The large baseline design point, on the other hand, provides a good study

point for advanced-concept aircraft of the future. This aircraft is more
than twice as large as any existing agricultural aircraft and will require
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twin turboprop engines. A configuration of this type may benefit from dif-
ferent technology applications than smaller aircraft, and it allows evalua-
tion of the potential utility of an aircraft of this size in agricultural

missions.

4.3 INITIAL BASELINE AIRCRAFT

4,3.1 AGB-3-33 Baseline Aircraft

The small baseline aircraft is designated AGB-3-33, This aircraft retains
most of the characteristics established for the candidate configurations
but represents a somewhat more detailed preliminary design. A general
arrangement of the aircraft is provided in Figure 29, The principal
configuration parameters are listed in Table III.

The aircraft weight breakdown is presented in Table IV. On-board fuel
weight 1is estimated to be that required for approximately three hours
endurance at minimum fuel £low loiter speed of approximately 1.2 times
stall speed. Fuselage weight reflects the assumption of an open truss,
welded steel tubing structure with removable aluminum skin panels.

The design gross weight of the baseline aircraft is 5700 pounds. At this
weight the FAR Part 23 limit maneuver load factor is 3.63, At this limit
load factor the CAM-8 established restricted gross weight factor is 1.285,
permitting an operational gross weight of 7300 pounds (3311 kg). A gross
weight of 7300 pounds provides an operational payload of 3200 pounds (1452
kg) for the small baseline aircraft,

The AGB-3-33 clean airplane drag was estimated as described in Section 3.3.
In addition, lift and drag characteristics were estimated for two wing flap
arrangements: (Lj simple, 25% chord, 60% span flaps, deflected 10° and
20°, and (2) simple, 25% chord, 100% span flaps, deflected 10° and 20°,
These flap arrangements are considered most appropriate for use during

heavily loaded take-off and possibly to aid in improving turn performance

during dispersal cperations. Drag polars for these cases are presented in

Figure 30.
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TABLE III - AGB-3-33 CONFIGURATION PARAMETERS

s e T

RESTRICTED GROSS WEIGHT
DESIGN GROSS WEIGHT
RESTRICTED PAYLOAD WEIGHT
LIMIT MANEUVER LOAD FACTOR
CAM 8 OVERLOAD FACTOR
WING LOADING

WING AREA

WING SPAN

ASPECT RATIO

TAPER RATIO

AVERAGE THICKNESS RATIO
HORIZONTAL TAIL AREA
ASPECT RATIO

VERTICAL TAIL AREA
ASPECT RATIO

POWER LOADING

INSTALLED HORSEPOWER

7300 LB,
5700 I8,
3200 1.8,
3.63

1.285

25.0 LB/SQ. FT,
292 8Q. FT.
48,3 FT.

8.0

5

15%

77.9 8Q. FT,
4.0

44,9 80, FT.
1.0

10 LBS./H.P.
730 H.P.

55

(2586 kg.)
(1452 ka.)

(122 kg/sq. m,)
(27.1 sq, m,)
(14,7 m.)

(7.2 sq. m,)

(4.2 sq. m,)

(6.08 ka/kw)
(544 kw)
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TABLE IV - AGB-3-33 WEIGHT BPEAKDOWN

EMPTY WEIGHT

JERO PAYLOAD WL,

RESTRICTED GROSS Wr,

FAR PART 23 GROSS wr,

WING
EMPENNAGE
FUSELAGE
LANDING GEAR
PRCPULSION
A/C SYSTEMS
AG SYSTEMS

PILOT

FUEL

PARYLOAD

56

(306 kq)
(59 kq)
(431 kq)
(150 kq)
(351 kqg)
(80 kg)
(118 kq)
(1495 kqg)
(77 kq)
(1572 kq)
(288 kq)
(1860 kqg)
(1451 kq)
(3311 ka)
(2585 kq)
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To reduce the forward fuselage destabilizing moment and Lotal wetted area,
the baseline design employs a revised hopper design in which the vertical
reference dimension is reduced from the 1.5 W of the standard hopper con-
figuration to 1.0 W, The over-the-nose vision angle is 1l degrees., Cost
estimates for the AGB-3-33 configuration are given in Table V.

4.,3,2 AGB-7-33 Baseline Aircraft

The large baseline aircraft is designated AGE-7-33 and provides an opera-
tional payload of 7500 pounds. It represents the heaviest aircraft that
could be certificated currently under FAR Part 23, with a design gross
weight of 12,500 pounds.

The AGB-7-33 baseline general arrangement is presented in Figure 31, and
the principal configuration parameters are listed in Table VI, The
aircraft has a restricted operational gross weight of 15,300 pounds, as
defined by a CAM-8 overload weight factor of 1,22 applied to the FAR Part
23 design gross weight. The CAM-8 weight factor is detemmined by a limit
maneuver load factor of 3,16, as established by FAR Part 23,

The weight breakdown of aircraft AGB-7-33 is listed in Table VII. Fuel
weight is estimated to be that required for approximately three hours
endurance at minimum fuel flow loiter speed of approximately 1.2 times
stall speed.

Drag polars for the clean configuration, and for flap cases of 60% span,
10° angd 20° deflection, and 100% span 10° and 20° deflection were estimated

fram the data presenta} previously in Figure 30.

The 227 cubic foot (6.42 cu. m.) hopper is sized to previde 7500 pounds
(3400 kg) of material of a density of 33 pounds/cu. f£t. (530 kg/cu, m.).
The hopper configuration is the revised shape used for the 2AGBE-3-33
aircraft, providing an over—the-nose vision angle of 11 degrees.

The twin engine nacelles are wing mounted as close to the aircraft center-

line as considered practical to avoid excessive Iinterference drag and
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TABLE V ~ AGB-3-33 BASELINE AIRCRAFT COST ESTIMATES
(1977 DOLIARS)
AGB-3
ACQUISITION COST 193,000 L
OPERATING COST
z (PER FLIGHT HOUR)
FUEL & OIL 22,30
‘A ENGINE OVERHAUL 10.23
ANNUAL INSPECTION 3.64
T UNSCHEDULED MATNTENANCE 7.48
HULL INSURANCE 16.79
LIABILITY INSURANCE 1.67
TAXES 0.37
MISCELLANEQUS 0.37
ANNUALIZED INVESTMENT 3_2_1;7_
TOTAL 95,02
e
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TABLE VI - AGB-7-33 CONFIGURATION PARAMETERS

T TR T T g T R T T halieles 0. £ »""
Ko

RESTRICTED GROSS WEIGHT
DESIGN GROSS WEIGHT
RESTRICTED PAYLOAD WEIGHT
LIMIT MANEUVER LOAD FACTOR
CAM 8 OVERLOAD FACTOR
WING LOADING

WING AREA

WING SPAN

ASPECT RATIO

TAPER RATIO

AVERAGE THICKNESS RATIO
HORTZONTAL TAIL AREA
ASPECT RATIO

VERTICAL TAIL AREA
ASPECT RATIO

POWER LOADING

INSTALLED HORSEPOWER

15,300 LB,

12,500 LB.

7,500 LB,
3,16
1.224

25,0 IB./SOQ. FT. (122 kg/sq. m.)

612 SQ. FT.
70.C FT.

163 SQ. FT.

94 SQ. FT.

10 LB./H.P.

1500 H.P,

61

(6,940 kg.)
(5,670 kqg.)
(3,402 kg.)

(56.9 sa. m.)

(21.3 m.)

(15.1 sq. m.)

(8.7 sq. m.)

(6.08 kg/kw)
(1119 kw)
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TABLE VII - AGB-7~33 WEIGHT BREAKDOWN

EMPTY WEIGHT

ZERO PAYLOAD WEIGHT

RESTRICTED GROSS WEIGHT

FAR PART 23 GROSS WEIGHT

WING
EMPENNAGE
FUSELAGE
LANDING GEAR
PROPULSION
A/C SYSTEMS

AG SYSTEMS

PILOT

FUEL

PAYLOAD

62

1603 LB,
257

T T T T T T TR

(727
(116
(698
(299
(708
(118
(189

(2855

(77

(2932

(606

(3538

(3402

(6940

(5670

kq)
kq)
kq)

kq)
kqg)
kq)

kg)

ka)

ka)

ka)

kq)
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kg)
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mutual propeller tip interference. These locations will minimize the one
engine out yaw moment, and thereby maximize single engine controlability.
Because cf the light weight of the turbofan engines, long nacelles are
required to balance the aircraft at the wing 25% MAC. To avoid excessive
nacelle flexibility a small weight penalty will be imposed to stiffen the
nacelle structure,

The fixed main landing gear struts are covered by fairings to minimize the
drag.

Cost estimates for the AGB-7-33 configuration are given in Table VIII.
4.4 BASELINE OPTIMIZATION

The aircraft selected as baseline oconfigurations were non-optimized
versions of the candidate aircraft. Some optimization of these
configurations was considered necessary prior to establishing baseline
performance for reference in the design sensitivity studies. Studies were
conducted to investigate the effect of wing loading, wing aspect ratio, and
power loading on mission performance.

4,4.1 Wing Loading

The approach to this study was to hold payload weight constant and resize
the aircraft for each wing loading, holding other parameters constant,
Wing loadings of 15, 20, 25, 30 and 35 lbs/sq. ft. (73.2, 97.7, 122.1,
146.5, and 170.9 kg/sg. m.) were investigated. Aircraft sizing iterations
were conducted at each wing loading, and corresponding aircraft characteris-
tics were determined for each aircraft. Thrust, drag and cost estimates
were made for each aircraft, and the data were analyzed for both liquid and
dry material application missions using the operations analysis model.
Configuration characteristics are listed for each small aircraft in Table

X,

Wing loading variations have two primary effects in the mission analysis:
(1) effects on swath width resulting from changes in wing span as wing area
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TABLE VIII - AGB-7-33 LRASELINE AIRCRAFT COST ESTIMATES

(1977 DUNLIARS)

AGB-7
ACQUISITION COST 450,000
OPERATING COST
(PER FLIGHT HOUR)
FUEL & OIL 48,55
ENGINE OVERHAUL 22.46
ANNUAL INSPECTION 6.44
UNSCHEDULED MATNTENANCE 25.43
HULL INSURANCE 25.25
LIABILITY INSURANCE 1.67
TAXES 0.77
MISCELLANEOUS 0.52
ANNUALIZED INVESTMENT 76.67
TOTAL 207.76

e A
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" IABLE IX ~ SMALL AIRCPAFT CONFIGURATION CHARACTERISTICS
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WING LOADING OPTIMIZATION

WING LOADING, (LB./SQ. FT.) 15
WING AREA, {(%Q, iT.) 537
WING SPAN (FT.) 65.5

RESTRICTED GROSS WEIGHT (LB.) 8050

INSTALLED HORSEPCWER 805

OPERATING COST ($/HR.) 106,52

20

380

55.1

7600

760

99.96

292

48

7300

730

95,02

30

237

43 l5

7100

710

91.03

35

200

40

6950

695

88.18
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garies; and (2) effects on operating cost of resizing the aircraft,
including changes in engine horsepower to maintain constunt power icading.

~In the fivst case, with' constant aspect ratio, a decrease in wing loading

produces an increase in wing span with a corresponding improvement in swath-
width capability. 1In the second case, a decrease in wing loading causes
the aircraft to increase in size, including larger wing and empennage and a
corresponding increase in horsepower, all of which result in higher
operating cost. An increase in wing loading produces oppesite effects in
both cases.

The effect of wing loading on mission productivity is shown in Figure 32
for an application rate of 100 lbs/acre (112,1 kg/ha) on a field size of
160 acres (64.8 ha). Productivity decreases essentially lineally with
increasing wing loading. This reflects directly the decrease in swath
width with decreasing wing size.

Mission cost is presented in Figure 33. The impact of the increase in
operating cost with increasing airplane size that accompanies a decrease in
wing loading can be seen. The slight productivity increase of the dry
mission with decreasing wing loading does not compensate for increasing
cost, and minimum cost is achieved in the range of 25 to 30 lbs/sg. ft.
(122 to 146 ky/sq. m.). The more rapid increase in productivity with
decreasing wing loading of the ligquid mission overrides the increase in
cost, resulting in a continuing reduction in mission cost to 15 lbs/sq. ft,
(73 kg/sq. m.). Because of the improved mission cost for liguid missions
and the fact that lower wing loading 1is favorable to improved £field
performance, a decision was made to decrease tha wing loading of the small
baseline aircraft to 20 lbs/sq. ft. (98 kg/sq. m.). This change has
virtually no effect on dry material mission costs.

A similar investigation was conducted on the large baseline aircraft over
the same range of wing loadings. The characteristics of these aircraft are
listed in Table X. The effects of wing loading on mission productivity for
an application rate of 400 lbs/acre (448.3 kg/ha) on a field size of 360
acres (145.7 ha) are shown in Figure 34. Productivity of the dry material
mission is 10% to 15% lower than that of the liguid mission and increases
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TABLE X - LARGE AIRCRAFT CONFIGURATION CHARACTERISTICS

WING LOADING OPTIMIZATION

WING LOADING [B./SQ, FT.

WING AREA, SQ. FT.

WING SPAN, FT.

RESTRICTED GROSS WEIGHT, LBS.

INSTALLED HORSEPCIWER

OPERATING CQOST $/HR.

A

F- -

15

1133

95.2

17,000

1700

244,12

68

20

800

90

16,000

1600

223.34

25

612

70

15,300

1530

207.76

62.9

14,850

1485

196,13

35

414

57.5

14,500

1450

187.19
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continuously as the wing loading decreases. The productivity of the liquid
migsion peaks in the region of 1% to 20 lbs/sq. f£t. (73 to 98 ky/sq. m.).
This effect appears to refleet the large pumping power requircments that
occur at the combination of high application rate ard large wingspan, 'The
large pumping power extraction reduces thrust available for  flight,
limiting the swath width and swath speed of the aireraft at the low wing
loadings.

Mission costs are indicated for the large aircraft in Figure 35. The
higher productivity of the liquid mission results in lower mission costs at
all wing loadings. The decrease in airecraft cost with aircraft size as the
wing loading increases results in lowest cost at a wing loading somewhat
higher than the baseline value. The decrease in cost is relatively mmall,
however, and because the takeoff field length increases rapidly with wing
loading the decision was made to retain the 25 lbs/sq. ft. (122 kg/sq. m.)
wing loading on the large baseline aircraft,

4,4,2 Aspect Ratio

The approach for this study was to hold the gross weight and wing loading
constant and vary the payload weight as the wing and fuselage weight change
with aspect ratio. Aspect ratio was investigated over a ramge fram 6 to
12. wWing weight was computed for each aspect ratio.  The change in
fuselage weight resulting fram change in tail length with change in wing
MAC was also determined. ‘Ihe total change in structural weight was then
canpensated for by an equal and opposite change in payload weight, The
changes in drag and operational cost created by the changes in aspect ratio
and empty weight were detemmined, and cach case was analyzed with the
operations analysis model. The configuration characteristics for each

aspect ratio case are listed in Table XI.

Pecause of effect on wing span, aspect ratio in agricultural aircraft
design has an effect on swath width as well as induced drag and wing
weight.  Productivity of the small aircraft for both liguid and dry
application missions at 100 lbs/acre (112.1 kg/ha) on 160 acre (64.8 ha)
fields is shown in Figure 36 as a function of aspect ratio. Liquid mission
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TABLE XI = AIRCRAIT CONFIGURNTION CHARNCIFRISTI S
ASPECT RATIO OPTIMIZATION

ASPECT' RATIO 6 8 10 12
; SMALL, AIRCRAFT
WING SPAN (FT.) 41.6 48 53,7 58,8
| CAM 8 PAYLOAD WEIGHT (IB.) 3200 3700 3080 2960

IARGE AIRCRAFT

WiNG SPAN (FT.) 60.6 70 78,2 85,7

CAM 8 PAYLOAD WEIGHT, (LB) 7800 7500 7200 6920
]
;, 71
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performance continues to increase across the range of aspect ratio con-
sidered. This reflects the influence of increasing swath width with wing
span, The rate of increase becanes less as aspect ratio increases,
however, duz to the increasing loss of payload to wing weight and loss of
swath speed to pumping power reguirements.

Dry material application performance decreases with aspect ratio due to the
loss of payload weight overriding the effect of decreasing drag as aspect
ratio increases., The dry miscion performance varies from 7% less than that
of the liquid at aspect ratio 6 to 13% less at aspect ratio 12,

The mission costs of the small airplane are presented in Figure 37 for both
liquid and dry missions. The decrease in productivity and increase in
operating cost with aspect ratio result in the cost of the dry application
increasing slightly with aspect ratio. ‘fhe increase in productivity of the
liquid mission with aspect ratio overrides the increase in operational cost
resulting in an improvement in mission cost with increasing aspect
ratio., The rate of improvement above aspect ratio 8 is relatively small,
however, and becaus:. of this the decision was made to retain the aspect
ratio of 8 selected initially for the baseline,

Productivity of the large aircraft in liquid and dry applications of 400
lbs/acre (448.3 kg/ha) on 360 acre (145,7 ha) fields is shown in Figure 38.
The aircraft achieves maximum productivity in the range of aspect ratio 7
to 8. For the liquid system, the dominant effects are a reduction in pay-
load due to wing weight increase with aspect ratio plus an increase in
pumping power extraction with increasing wingspan. These detrimental
effects are greater than the effect of increasing swath width above aspect
ratio 8, For dry material dispersal the effect of loss of payload is

greater than the effect of decreasing drag.

The mission costs with varying aspect ratio for the large aircraft are

shown in Figure 39. The relationship of productivity and operational costs
produce a minimum cost/acre for both liguid and dry applications at an
aspect ratio of approximately 7. Because the mission cost variations are
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so slight in the region of minimum cost, the decision was made to retain
the large aircraft aspect ratio 8 previously selected,

4.4.3 Power Loading

An analysis was made of the effect of variations in power loading fram the

10 lbs/H.P. (6 ku/kw) selected for the candidate configurations. 'The ‘
approach to this study was to hold the gross weight and wing loading con~
stant and vary payload weight as the propulsion system weight changed as a
result of variations in power loading. Power level was varied over a range
from 20% less to 20% greater than that of the baseline. Changes in
installed thrust and airplane operating cost were detemmined for each
installed horcepower, and the aircraft were then analyzed with the
operations analysis model., The configuration characteristics are listed in
Table XII.

In Figure 40 the change in mission productivity is shown as a function of
change in power level from that of the small baseline aircraft applying
both liquid and dry material at 100 lbs/acre (112.1 kg/ha) on 160 acre
(64.8 ha) fields. Productivity varies directly with power level for both
liquid and dry missions, although the rate of chamge is lower for the
liquid mission. The variation of mission cost with power level is shown in
Figure 41, For both liguid and dry missions the reduction in operating ‘
cost overcomes the reduction in productivity as the power level is reduced
to approximately ~15%, being essentially linear to -10%. The major cost

-

factor is the high cost per unit of power of the turboprop engines, which
is reflected in operating cost through the annualized investment cost term.
Although a decrease in power level reduces takeoff field performance
somewhat, the improvement in mission cost achieved by a 10% reduction in
installed power is considered worthwhile; consequently, a decision was made
to reduce the installed power of the small baseline aircraft by 10%.

Change in productivity for the large baseline aircraft is shown in Figure

42 as a function of change in power level for an application rate of 400
lbs/acre (448.3 kg/ha) on 360 acre (145.7 ha) fields. The changes in
productivity of the missions are essentially direct with change in power
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TABLE XIT ~ ATRCRAFT CONFIGURATION CHARACTERISTICS

POVER LOADING OPTIMIZATICN

POWER LOADING CHANGE

SMALL AIRCRAFT
INSTALLED HORSEPOWER
PAYL.OAD WEIGHT, LBS

OPERATING COST, $/HR

IARGE AIRCRAFT
INSTALLED HORSEPOWER
PAYLOAD WEIGHT, LBS

OPERATING COST $/HR

~-20%

600
3380
88.44

1200
7820
185,98

76

~-10%

675
3290
94.00

1350
7660
196,88

0

750
3200
99.26

1500
7500
207.76

+10%

825
3110
104.72

1650
7340
218.48

+20%

900
3020
109.68

1800
7180
229.36
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level, with a lower rate of change for the liquid mission. Mission cost
change as a function of change in power lewel is shown in Figure 43. The
characteristics are similar to those of the small baseline aircraft,
providing a cost improvement with decreasing power to approximately ~10%;
however, the cost savings for the higher rate dry material applications are
very smll. Because the cost savings appear significant for the liquid
mission, it wes decided to reduce the installed power loading of the large
baseline aircraft by 10%.

4,5 SELECTED BASELINE AIRCRAIT

The optimization studies resulted in several changes to the initial base-
line aircraft, and the modified aircraft designs are redesignated the
AGB-3-B4 for the small aircraft and the AGB~7~Bl for the large aircraft.
These configurations form the final baseline aircraft for the study pro-
gram. Mission productivity data for these aircraft over a wide range of
missions are given in Section 7.1.

4.5.1 AGB-3~B4 Baseline Alrcraft

The baseline small aircraft configuration general arrangement is shown in
Figure 44, and a list of principal design parameters is provided in Table
XIII.

i

The aircraft weight breakdown is presented in Table XIV, Restricted
category gross weight is 7600 pounds (3447 kg), and restricted payload
weight is 3200 pounds (1452 kg). The design gross weight for FAR Part 23
certification is 5925 pounds (2688 kg) at a design limit maneuver load
factor of 3.61. At this load factor the CaM-8 restricted gross weight

factor is 1.283.

The wing loading of the AGE-3-B4 aircraft is 20 lbs/sqg. ft. (98 kg/sq. m.)

with a wing area of 380 sqg. f£t. (35.3 sq. m,). Pull span, 25% chord simple
hinged flaps deflected 20° are incorporated for use during takeoff., Roll
control will be provided by a combination of outboard spoilers and flap-
erons utilizing an outboard segment of the flaps.
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Figure 44, AGB-3-B4 Baseline Configuration
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TABLE XIII - AGB-3-B4 CUNFIGURATION PARAMETERS

§

é RESTRICTED GROSS WEIGHT 7600 LB, (3447 kg.)

i DESIGN GROSS WEIGHT 5925 LB, (2688 kg.)

RESTRICTED PAYLOAD WEIGHT 3200 LB, (1452 kg.)

LIMITED MANEUVER LOAD FACIOR 3.61

? CAM 8 OVERLOAD FACIOR 1.283

’? WING LOADING 10,0 LB./SQ, FT. (97.7 ka/sq. m.)

WING AREA 380, Q. FT. (35.3 sq. m.)

f WING SPAN 55,1 FT, (16.8 m)

ASPECT RATIO 8.0

TAPER RATIO 0.5

AVERAGE THICKNESS RATIO 158

| HORIZONTAL TAIL AREA 101 Q. FT, (9.4 sq. m.)
ASPECT RATIO 4.0 ] -
VERTICAL TATL AREA 58 5Q. FT. (5.4 sq. m.)
ASPECT RATIO 1.0 3
POWER LOADING 11.3 LB./H.P, (6.87 kq/kw) ‘
INSTALLED HORSEPOWER 675 H.P. (503 kw)

A

ORIE
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TABLE XIV = AGB~3-B4 WEIGHT BREAKDOIM

WING 855 LB, (388 kq)

EMPENNAGE 158 (72 kq)

FUSELAGE 934 (424 kq)

LANDING GEAR 344 (156 kq)

PROPULSION 832 (377 kq)

A/C SYSTEMS 180 (81 kqg)

MG SYSTEMS 265 (120 kq)

EMPTY WEIGHT 3568 (1618 kq)

PILOY 170 (77 kq)

OWE 3738 (1696 kqg)

FUEL 662 (300 kq)

ZERO PAYLOAD WI, 4400 (1996 kq)

PAYIL.OAD 3200 (1451 kq)

RESTRICTED GROSS WT'. 7600 (3447 kq)

FAR PART 23 GROSS WP, 5925 (2688 kq)

A
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A turboprop engine of 675 instolled shaft horspower (503 kw) provides a
power loading of 11.3 pounds/HP (6.9 ku/KW),

Cost estimiies for the refined small bageline aircraft ave given in Table
X/,

4.5,2 M3B-~7-Bl Baseline Alrcraft

The baseline large aircraft configuratien general arrange ant 1o essen
tially the same as that of the AGB=7-33 presented previously., A list of
the principal design peramcters for the AGB-7-Bl are listed in Table XVI,

The weight breal*down of the aircraft is presented in Table XVII. The
restricted gross weight of the aircraft is 15,300 pounds (6940 kg),
providing a restricted paylod of 7600 pounds (3447 kg). The design gross
weight is 12,500 pounds (5670 kg), resulting in a limit maneuver load
factor of 3,16, and a CAM-8 weight factor of 1.224.

The wing leading is 25 lbs., 4. ft. (122 kg/sq. m.), with a wing area of
612 sq. £t (57 sq., m.). Full span, 25% chord simple hinged flaps with a
20° deflection are employed for takeoff., Roll control will be provided by
a combination of spoilers and flaperons.

Two turboprop engines of 688 installed horsepower (513 kw) each are incor-
porated in the wing mounted nacelles, resulting in an installed power load-

ing at restricted gross weight of 11.1 lbs./H.P. (6.8 kg/kw).

Cost estimates fo- the refined large baseline aircraft are given in Table
XVIII,

4.6 DESIGN SENSITIVITY STUDIES

4.6,1 Approach

Parametric sensitivity studies were performed with the baseline configura-
tions for all of the major design characteristics that can be varied in the
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TABLE XV = AGB~3-B4 BASELINE AIRCRAFT COST ESTIMATES

(1977 DOLLARS)

ACQUISITION COST 202,000

OPERATING COST
(PER FLIGHT HOUR)

FUEL & OIL 22,42
ENGINE OVERHAUL 10.29
ANNUAL, INSPECTTON 3,75
UNSCHEDULED MAINTENANCE 8.24
HULL INSURANCE 17.41
LIABILITY INSURANCE 1.67
TAXES 0,37
MISCELLANEOUS 0.38
ANNUALIZED INVESTMENT 33.67
TOTAL 98,20
84




TABLE XVI = AGB-7-Bl CONFIGURATION PARAMETERS

RESTRICTED GROSS WEIGHT
DESIGN GROSS WEIGHT
RESTRICTED PAYLOAD WE1HY
LIMIT MANEUVEK LOAD FACTOR
CAM 8 OVERLOAD FACTOR
WING LOADING

WING AREA

WING SPAN

ASPECT RATTO

TAPER RATIO

AVERAGE THICKNESS RATIO
HORIZONTAL TAIL AREA
ASPECT RATIO

VERTICAL TAIL AREA
ASPECT RATIO

POWER LOADING

INSTALLED HORSEPOWER

15,300
12,500
7,600
3.16
1.224
25,0
612
70.0
8.0
0.5

15%

4,0
94
1.0

11.1

1377

LB,
LB.

LB,

IB./SQ. FT.
S0Q. Ft.

FT.

IB./H.P.

H.P.

(6940 kq.)
(5670 kq.)

(3447 kq.)

(122 kg/sq. m,)
(56.9 sq. m.)

(21.3 m,)

(15:1 849, ™)

(807 S(l. m.)

(6.76 kg/kw)

(1027 kw)
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TABLE XVII - AGB~7-Bl WEIGHT BREAKDOWN

EMPTY WEIGHT

ZERO PAYLOAD WEIGHT

RESTRICTED GROSS WEIGHT

FAR PART 23 GROSS WEIGHT

WING
FMPENNAGE
FUSELAGE
LANDING GEAR
PROPULSION
A/C SYSTEMS
AG SYSTEMS

PILOT

FUEL

PAYLOAD

1594 LB,
257
1310
663
1680
262
417
6183
170
6353
1347
7700
7600

15,300
12,500

(723
(117
(594
(301
(762
(119
(189
(2805
(77
(2882
(611
(3493
(3447
(6940
(5670

kqg)
kq)
kg)
kq)
kg)
kg)
kg)

kg)

kqg)
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TABLE XVIII - AGB-7-Bl BASELINE AIRCRAFT COST ESTIMATES

(1977 DOLLARS)
ACQUISITION COST 429,000
OPERATING COST
(PER FLIGHT HOUR)
FUEL & OI. 44.63
ENGINE OVERHAUL 20.63
ANNUAL INSPECTION 6.21
UNSCHEDULED MAINTENANCE 24.99
HULL INSURANCE 24,31
LIABILITY INSURANCE 1.67
TAXES 0.77
MISCELLANEQUS 0.51
ANNUALIZED INVESTMENT 71.50
TOTAL 195,22
87
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operations analysis model. The technigue 1s to change the value of a given
parameter in the model input data while holdir, all other parameters con-
stant. The aircraft is then flown through a selected mission in the model,
and the effects of the parameter change are examined in terms of changes in
mission productivity and/or mission cost relative to the baseline configu-
ration, 'The sensitivity data thus provide measures of the relative effects
of the major design characteristics on aircraft ni::ion performance.

These studies are purely parametric in that no attempt is made to define
physical methods by which the changes in design characteristic would be
obtained. The studies do not reflect any increase or decrease in aircraft
acquisition cost or operating cost that might occur as a result of a partic-
ular design change. Consequently, the mission results reflect changes in
aircraft productivity only, and changes shown in mission costs are due to
increased or decreased productivity for fixed aircraft operating costs per
flight hour. Also, the studies do not reflect any aircraft penalties such
as increased weight or drag that might be incurred with a given design
change.,

The original approach in the sensitivity studies was to use one
representative mission case for each baseline aircraft for all of the
design parameters. The reference mission selected for the small aircraft
was a l60-acre (64.8 ha) field with an application rate of 100 lb/acre
(112.1 kg/ha), and the large aircraft mission was a 360-acre (145.7 ha)
field with application rate of 400 lb/acre (448.3 kg/ha). These missions
are representative of the regions of the overall mission spectrum for which
each respective aircraft is best suited, based on the mission cost
canparisons for the original candidate configurations, Most of the
sensitivity data were developed for these missions.

As the studies progressed, it becamne apparent that the relative effects of
a given design parameter might change significantly depending upon the
mission being evaluated. As time permitted, an effort was made to examine
a range of missions so as to determine the mission-dependent variations in
parameter effects. Scme of the parameters were thus examined in greater
depth than others. Also, the sensitivity analyses were conducted for the
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pbaseline configurations existing at the time of each individual study and
hence do not all reflect the same aircraft configuration. The specific
configuration and mission cases are identified for each set of data.

4.6.2 TFerry Speed

The relative improvement in mission productivity with increased ferry speed
is shown in Figure 45 for the small aircraft and in Figure 46 for the large
aircraft. A ferry speed of 100 MPH (86.9 kt) was used as the reference
point., Three different ferry distance cases were evaluated: field ferry
distances of 5 miles (8 km) and 25 miles (40 km) fram hame base, and load
point distance of 25 miles (40 km) from home base with 8 miles (13 km) from

load point to the field.

It is seen that increasing ferry speed has a major effect on productivity,
even in the case of the short ferry distance., Ferry speed was found to be
significant for all missions, hkut it becomes increasingly important as
application rates increase because of the need to reload the aircraft more

often for a given area to be treated.

4.6.3 Swath Width

The maximum effective swath width used in the operations analysis model is
1.5 times the aircraft wing span. This is believed to be representative of
current aircraft, based on industry contacts and review of the limited
literature on the subject. This is a rather arbitrary approach, but there
presently are no accepted analytic methods for predicting swath width based

on aircraft design characteristics.

In the version of the model used for the present sensitivity study, the
mission is flown at maximum swath widtn 1f the aircraft has sufficient
powar to eject the amount of material required and still maintain adequate
speed. If the application rate is increased, the aircraft will reduce
swath speed commensurate with the added power extraction necessary to eject
the grater amount of material. Swath width remains at the maximum allowed
value, however, unless the aircraft does not have adequate flight power to
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achieve the minimum specified swath speed. In that case, swath width is
reduced to that value which allows adequate flight power for minimun
acceptable speed.

The maximum swath width for the small baseline aircraft is 82.6 feet (25.2
m) and for the large baseline aircraft is 105.0 feet (32.0 m)., The sensi-
tivity study was run by changing the maximum allowed swath width by £10%
and +20% from the baseline cases. Runs were made over a range of appli-
cation rates, but all missions were performed at the maximum allowed swath
width.

These results are shown in Figure 47 for the small aircraft and Fiqure 48
for the large aircraft. The data show that the relative effects of swath
width vary significantly as the application rate changes. Swath width has
a major effect on mission cost for low-application missions but has smaller
effect on high-application missions. This is believed to be partly due to
the increasing dispersal power required with increased swath width, which
at higher application rates causes significant vreduction in aircraft
working speed. Also, since high-application missions require a greater
number of ferry/reload cycles, improvements in swath perfommance have a
smaller relative effect on total mission time,

4.,6.4 Structural Weight

Parametric changes in structural weight were made in the model simply by
changing the zero payload weight for each of the baseline aircraft. Pay-
load was then changed by the same amount so that aircraft gross weight was
held constant. Figure 49 shows the effects on mission cost for a partic-
ular mission for each aircraft. The effect of weight reduction is rather

significant for these missions.

Figure 50 shows the effects of a 20% reduction in structural weight for a
range of application rates in liquid missions. These data show that weight
reduction has increasingly significant effects as application rate in-
creases. The reason for this is the fact that a greater number of ferry
trips are necessary to reload the aircraft with higher application rates.
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The increase in payload with reduced structural weight has a proportionally
greater benefit in reducing these trips for the high-application missions,

4.6.5 Alrcraft Drog

The effects of reducing airvcraft drag exclusive of the dispersal system are
shown in Fiqure 51 for one particular mission for ecach aiveraft. These
effects result fran a combination of increased ferry speed, incrcased swath
speed, and same reduction in turn time,

4.6,6 Maximum Lift Coefficient

The effects of increasing maximum lift cocfficient are shown in Figure 52
for one particular mission for each aireraft., These effects are due
totally to a reduction in average turn time as maximum lift cocfficient is
increased, as shown in Figure 53, Figure 54 shows the effects of increased
magimum lift coefficient over a range of application rates, and it is scen
that the velative benefits decline as application rate increases. Figure
55 shows that relative benefits also decline with increasing field size.
These relationships are consistent with the effects of turn time in various
missions as discussed in the next paragraph.

4.,6.,7 Turn Time

It is not possible to vary turn time directly in the operations analysis
model since this mission parameter is not an input element. Rather, turn
time is camputed in the model based on aircraft 1lift, drag, and thrust
characteristics and the gross weight of the aircraft at the end of each
swath, The model provides as output the maximum and minimum turn times
experienced in a given mission,

In order to examine turn-time effects, a number of runs were made with
widely varying values of maximum 1lift coefficient for several different
mission cases. Varying lift coefficient caused changes in turn time but
had no effect on any other mission performance parameter, Average turn
time was then calculated from the output data in each mission case as the
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aversje of the maxinum and minimum turn times obtained for that mission,
Mission costs were plotted against the average turn time,

Figure 56 shows the turn-time effects for the small aircraft for three
different application rates with field size held constant, The darkened
data point in each plot is the averaje turn time for the baseline aircraft
in that mission, and the other data points are results obtained by S
increasing and decreasing the maximum lift coefficient.

The slopes of the three plots are the same, This means that the absolute
charve ‘n mission cost due to change in turn time is the same in each case.
In tnis set of data, it was found that the cost per acre was reduced by
approximately 1¢ for each second reduced fram the average turn time,
However, relative changes in cost per acre are different in each of the
three cases because the costs of perfomming the three missions are
different. ‘That is, the proportion of mission cost due to turns varies
with the mission being performed, and turus account for a snaller share of
the total cost as application rate increases, The relative importance of
turn time thus is pronounced with gmnall application rates but decreases
with higher application rates,

Figure 57 shows another set of turn-time data in which application rate is
held constant and field size is varied. 1In this case the three plots have
different slopes, meaning that the absolute change in mission cost due to
changes in turn time is different in the three cases. For 40-acre (16.2
ha) fields, one second reduction in turn time produced a reduction of
approximately 1.8¢ per acre in mission cost; for l60-acre (64.8 ha) fields,
the corresponding reduction was ,95¢ per acre; and for 360-acre (145.7 ha)
fields, .72¢ per acre. Thus, the effects of turn time are most pronounced

|, for small fields, which is consistent with the fact that in small fields a
higher proportion of flight time is spent in turns,

! In summary, the relative value of reduced turn time is heavily dependent on
the mission being performed. Turn time is highly significant with small
fields and low application rates but has uuch less effect with large fields
and high application rates.
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4.6.8 Camparison of Parameter Effects

Figures 58 and 59 show the camparative effects of all of the parameters
examined in the sensitivity studies for one particular mission case for
each baseline aircraft. It must he noted that these relationships will
change as missions change, as indicated in t'.e previous paragraphs, so the
canparisons must be accepted with caution. These particular cases show
structural weight and ferry speed to have the greatest relative effects on
mission productivity., Those two parameters decline in relative importance
as application rates are reduced from the cases shown.

In conclusion, the effects of various design parameters on mission perfor-
mance are greatly dependent on the mission, Benefits possible from tech-
nology improvements will thus depend on the missions to be perfonmed by the
aircraft, and the best design trade-offs for future aircraft will depend
strongly on the market the aircraft is iutended to serve,

4,7 DISPERSAL SYSTEM CONCEPTS

The performance of the baselire aircraft was determined using dispersal
system characteristics that represent current operational systems, One
objective of the study was to identify dispersal system concepts that
provide capabilities which improve the cost-effectiveness of aerial
application operations. The approach to this investigation was to utilize
the flexibility of the operations analysis model to determine the potential
mission performance improvement that would result fram decreases in the
drag penalties associated with the operation of the dispersal systems,
establish the causes of these dray penalties, and where payoffs were
revealed explore alternate designs that could minimize or eliminate the

drag penalties.

4,7.1 Liquid Dispersal Systems
4,7.1.1 External Drag - The external drag of the liquid dispersal system

was incrementally reduced from its computed value to zero drag. This
analysis was conducted under two alternat” mission ground-rule conditions:
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(1) use a fixed input value of ferry speed in order to isolate the direct
influence of drag reduction on performance during the swath runs, and (2)
catpute ferry speed and account for the influence of reduced drag on ferry
speed and time. The results of this analysis on the AGB-3-B4 aircraft are
presented in Figure 60, in terms of percentage improvement in productivity
over that of the baseline as a function of drag reduction.

These data show that the effect of a reduction of drag during the swath
runs will produce a modest improvement in productivity, up to 2.5% if the
external drag could be totally eliminated. However, a major improvement is
indicated when the effects on ferry speed are included., The data show a
productivity improvement of up to 14% fram the cambined effects on ferry
and swath runs if external drag were completely eliminated.

Figure 61 shows the influence on mission cost of reducing external drag of
the liquid dispersal system up to 20% for both the small and large
aircraft., The cost improvement for the large aircraft is shown to be
considerably greater than that for the siell aircraft. This appears to
reflect the influence of the much higher application rate used witn the
large aircraft, which results in more ferry trips hetween the fields and
load points, The effect of drag reduction on ferry speed would produce
greater benefits in high-application missions.

It is apparent framn these results that external drag of the liquid
dispersal system has a signif.icant effect on mission productivity and cost,
due primarily to effects on ferry speed., Camparing the cost improvements
in Figure 61 with those given previously in Figure 51, it is seen that a
20% reduction in dispersal system drag produces almost the same benefit as
a 20% reduction in total aircraft drag (excluding dispersal system). A
drag reduction of 20% for existing liquid dispersal systems is considered
feasible with close attention to fairing design, component location, and

interference effects.,

The parasite drag of the external camponents of conventional liquid dis-
persal systems is attributed to three main sources: form and interference
drag of the externally mounted liquid purp and associated plumbing; the
spanwise boom and support brackets; and the spray nozzles.
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The current state-of-the-art ir nozzle design results in a partial depen-
dence on the orientation of the nozzle relative to the freestream around
the aircraft to detemmine the droplet size of the material being applied.
Since nozzle design was excluded from consideration by the NASA quidelines
for this study, no concepts for reducing nozzle drag have been considered.
However, it is recognized that nozzle designs which would permit the longi-
tudinal axis to always be oriented parallel to the freestream would permit
the nozzle drag to be reduced below the levels currently encountered.

Punp and plumbing drag can be markedly reduced or eliminated by carefully
designed fairings or by mounting these components internal to the aircraft.
Maintenance accessibility has been frequently stated by operators as a
primary reason for lack of support for these approaches, but there is
clearly a tradeoff between maintenance costs and operational costs that can
be made to establish the value of low-drag purmp and plumbing installations.
Such a tradeoff is appropriate for additional study efforts.

Spray boom drag can potentially be eliminated by enclosing the boom within
the wing contours. This approach has been abandoned in the past because of
corrosion problems created from the inevitable leaks that develop in the
liquid system, One concept which appears to merit further development,
however, is to utilize the component of the wing that is inherently exter-
nal to the primary wing structure, the trailing edge flap. The flap could
house the spray boom, or the spray boom could be formed as an integral part
of the flap structure., Figure 62 illustrates a flap design in which a
circular tube located at the hinge line of a simple flap supports the flap
hinge bearings. 1In this approach the flap would be fabricated of a corro-
sion resistant material and be installed ‘n a manner that would permit
rapid removal fram the aircraft and easy disassembly for inspection.

Another configuration that could eliminate boom drag is illustrated in
Figure 63. In this arrangement the boam forms the trailing edge of the
flap. The boom is attached to the flap skins by continuous hinge pin
sections extending along the full span of the flap. This configuration
would be particularly appropriate for aircraft with full span flaps.
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The parasite drag coefficient camputed for the liquid dispersal system of
the ACP-3-B4 confiquration, referenced to wing area, is .027, of which ‘
approximately 68 is due to punp and plumbing drag and 80% is due to boom, i
brackets and interference. If these items were enclosed, a liquid |
dispersal system parasite drag reduction of the order of 86% would appear ]
possible. A reduction of this amount would provide a mission productivity )
increase of 10% to 118,

4.7.1.2 Puwping Drag - As described in Section 3.5.1, a second penalty ; :
associated with the liquid dispersal systems is the additive drag created

by the extraction of power fram the system to pump the liquid fram the

hopper through the nozzles. The level of power extracted reflects three

major liquid system parameters: the hydraulic power contained in the fluid

flow, the efficiency of the pump transferring the energy into the fluid,

and the efficiency of the drive mechaniam converting the power fram the

energy source to the fluid pump.

An analysis was conducted to establish the influence of the cambined
efficiency of the pump and pump drive, termed Pumping Efficiency, on the
productivity of the total application system, The pumping efficiency was
varied over a range from 3% to 50% for the small and large aircraft, and
the resulting variation in productivity is presented in Figure 64, These
results show a sharp knee in the productivity curve in the range of pumping

efficiency fram 5% to 15%, with improvements in pumping efficiency above
158 producing an insignificant improvement in mission productivity.,
Corresponding effects on mission cost are shown in Figure 65. v

The steep portion of the productivity curve below the knee occurs in a
region where a small incremental increase in efficiency produces a large
absolute decrease in power extracted by the pumwping system. The large
amount of additional power available allows a sharp increase in swath speed
; and/or swath width, depending upon the particular mission conditions, and
‘. there is a corresponding jump in mission productivity., As efficiency
! continues to increase, however, the absolute change in power extraction
declines rapidly, and the effect on productivity becames increasingly
small, The pattern of change in power excraction is illustrated in Figure
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66 for the mmall aircraft in the same mission used in the productivity and
cost analysis,

Additional cases were investigated over a range of application rates, and
it was found that the knee in the productivity curve moves to lower values
of pumping efficiency as the application rate decreases. This behavior
reflects the reduction in hydraulic power required by the liquid material
fluid flow. At low fluid-flow rates, the hydraulic power is asmall, and
even low punping efficiencies do not impose a seriocus additive drag on the
aircraft., As the flow rate increases with higher application rates, the
hydraulic power requirement becomes increasingly severe, Small changes in
efficiency then represent large absolute changes in power extracted fram
the system,

Fram data presented in available literature, such as reference 23, overall
punping efficiencies of typical agricultural aircraft installations fall in
the range fram 5% to 8%, This range is indicated by a band in Figure 62.
In the range of application rates typical of current liquid systems, less
than 50 lb/acre (56 kg/ha), the knee of the curve is at or below the effi-
ciency level of typical current systems, This is consistent with current
operator opinion, where the diffecence in aircraft performance with the
liquid punp system operating or not operating is considered to be of small
significance, As liquid application rates increase, however, it becames
increasingly more important to provide pumping efficiencies of at least 10%
to 15%.

Figure 67 shows pumping system power extraction for the refined baseline
aircraft over the entire range of application rates specified for the
present study. These data are based on constant 10% pumping efficiency.
The point identified on each curve as "maximum swath width" represents the
highest application rate that can be achieved at full swath width of 1.5
times aircraft wing span, Beyond that point the swath width must be
progressively reduced to maintain adequate power for flight. This is due
to the increasing pumping power required as the application rave increases.
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4.7.2 Dxy Material Dispersal Systama

The dry material dispersal performance of the baseline aircraft is based 1
upon empirically determined capabilities of conventional dry material ‘
spreaders, as described in Section 3.,5.,2, ‘These systems contribute a
significant drag penalty to the aircraft, which results in reducing ,
productivity and increasing mission costs. In order to bstter understand —

the sources of this drag an analysis of one typical spreader design was

conducted, : '

4.7.2,1 Conventional Spreaders - The analysis of drag characteristics of
conventional spreaders is based on a typical ram-air spreader tested by the
Ohio Agricultural Experiment Station, The overall teat program, reported
in reference 15, included wind tunnel tests with a variable - geometry
distributor section and flight tests with a camplete spreader. The wind
tunnel tests included measurements of air inlet velocity and material exit
velocity for wheat over a range of material flow rates, These data,
caupled with dimensional detaile provided for the flight test spreader,
permit an engineering analysis of both external and internal drag of the
complete spreader,

The spreader 1is illustrated in Figure 68, It was tested on an
85-horsepower (63 kw) Piper J=-3 aircraft, The spreader was mounted on a
chute below the hopper gate four inches (.10 m) below the bottan of the
fuselage, which is typical of dry-spreader installations in current use,

An analysis was first made of spreader drag for the condition in which no
material is being released into the spreader. Estimated drag luild-up from
“ the analysis is shown in Figure 69 as a function of flight speed. The
results indicate two primary contributors to spreader drag: (1) flat plate
g and base drag, and (2) internal flow drag.

] Flat plate and oase drag are estimated to account for approximately half of
; the total spreader drag. The flat plate drag is created by the four-inch
; (.10 m) exposed chute connecting the spreader to the hopper. The base drag

is created by the unvented regions between the channel discharge areas and

. 110




*

Y
'
e
15
’
’
"'
o’ "a . l\\ \\ \\.
-’
s /:' , 1 \-.
i) \ N
” / \
Pl " ' ' \
| '9'\, O ¥, IR WA
o | MU Sy _RJ-,'L 1'-.,.4..‘-“.]‘(

T:’ﬁ T T T LD

Figure 68, Ohio Agricultural Experimental Station Dry
Material Distributor

INY
400 ¢ .
v 2
| WD G nEAT
A EAT FLOW,
Y [l LOV SPREADER
nor 345%
o /
orRAS
m»
by
TXTER'A,
-
FRICTICN
LU x
fiw o i i " .
x g 60 80 100 x* o vie
SPEED
- S S S Y

Figure 69. Ohio Experimental Distributor Performance
Choracteristics

111




by the projected area of the downward-sloping rear top surface of the
spreader directly behind the chute. Much of this drag could be eliminated
vith a spreader design that: (1) allows the spreader to be mounted flush
against the fuselage without the exposed chute; and (2) provides the
tapered cross-section by an upward-sloping bottan surface in lieu of the
dowrwerd sloping upper surface. It was not possible in the present study,
howaver, to evaluate the effects on swath pattern of ejecting material
along the bottom of the fuselage with this types of spreader design.

The second major contributor to spreader drag is energy loss in internal
flow through the spreader. Each internal channel was analyzed by a flow
balance technique, based on duct geametry, to obtain an estimate of these
energy losses, The basic drag equation used in the analysis is as follows:

D = ..‘;n..(vi-ve cos @)

where D = internal drag (pounds)

Wa - air flow (pounds/sec) .
of b
\' = inlet velocity (feet/sec)

v = exit velocity (feet/sec)
0 = exit angle relative to frestream
g = gravity constant '_feet/secz)

For the case where there is no material being injected into the spreader,
the analysis shows that the four outer channels produce 91% of the total
internal drag. This is due primarily to the large momentum losses that
occur in turning the flow to a large exit angle ( § ) through an expanding
corner duct. Even if the turning losses were minimized by carefully
designed duct corners, the large angle of the exit flow relative to the
freestream would prevent recovery of most of the inlet flow momentum.
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Further analysis was cond.~"ad to determine the approximate effects on drag
of introducing material into the spreader. The wind tunnel test results
for wheat fram reference 15 show that the introduction of material causes a
reduction i. inlet wvelocity (Vi) and exit wvelocity We)' and there is a
corresponding reduction in air flow (Wa). The specific effects will vary
with the geometry of the individual channels, the material flow rate, and
airspead. The analysis was performed for each channel at an airspeed of
100 MPH (87 kt) over a range of material flow rates.

In the case of the high-loss outer ducts, the analysis shows that internal
drag actually decreases when material is introduced. The dominant effect
of material injection in this case is a reduction in air flow due to
blockage in the channel., With reduced flow there is less momentum loss
penalty, and internal drag is reduced. Internal drag contiues to decrease
in these ducts as material flow rate increases, At the same time, there is
an increase in additive spillage drag at the duct inlets, but the additive
drag is not sufficiently large to off-set the internal drag reduction.

Injection of material into the low-loss inner ducts causes internal drag to
increase., Initial drag was quite low in chis case, and the effect of the
material on internal pressure loss is the daminant factor, Drag continues
to increase in these ducts as material flow rate increases. This drag
increase canbines with the additive spillage drag at the outer ducts to
approximately balance the internal dra; reduction in the outer ducts. The
net effect is to produce virtually no change in total spreader drag over a
wide range of material flow rates., This result is consistent with repeated
operator camments that oyening or closing the hopper gate with a
dry~material spreader has no apparent effect on aircraft performance.

Figure 70 shows the results of the analysis in temms of total spreader
drag, both intermal and extermal, as a function of material (wheat) flow
rate fram 0 t¢ 1000 pounds per minute (0 to 454 kg/min).

Material flow tests reported in reference 15 indicate that the maximum
material velocity achieved at the exit of test ducts was 25% of the air
inlet wvelocity, and this occurred at a weight flow ratio, weight of
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material to weight of air per second, of approxiately 1.0. Based upon
these data the efficiency of the ram air spreader, in terms of the ratio of
the horscpower represented by the material mass flow leaving the spreader
to the thrust horsepower represented by the internal drag of the spreader,
is about 8%. The ram-air spreader, therefore, represents a poor mechanigm
with which to impart a lateral velocity to material being dispersed by an
aircraft., The estimated thrust horsepower extracted fram the J-3 aircraft
by this spreader is indicated in Figure 71.

Other concepts appear feasible for accamplishing the basic objective of the
dry material spreader, which is to physically move the material laterally
as far as possible from the aircraft centerline while maintaining an even
coverage across the width of the swath. These concepts include: simple
free relezse of the material fram one or more openings in the bottam of the
aircraft and allow aerodynamic interaction to spread the material; physical
transport of the material laterally through the aircraft wing structure for
release at outboard locations; release from multiple hoppers located
laterally along the aircraft wing; and mechanical devices to induce lateral
velocity to the material at one or more locations on the aircraft.

4.7,2.2 Free Release Technique -~ The method of simply allowing the
material to flow at a controlled rate out of openings in the bottam of the
aircraft represents an attractive approach because it creates essentially
no additional drag on the aircraft, imposes the lowest weight penalty,
requires the simplest and therefore the most reliable gating mechanism, and
should be the least expensive., This ‘ecnuique is widely used in New
Zealand for top dressing application, and has received sawe analytical and
experimental attention there. Some of this work is reported in references
24 and 25,

Small scale tests and full scale application data were corrolated by lee
and Stepheson (reference 24) to develop a relationship between the effec-
tive width and shape of the swath resulting fram a free release of dry
material and the flow rate of the released material. The swath spread
cross-section produced by a free material release through a circular hole
is approximately gaussian in form. At flow rates above approximately 10
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pounds/sec (4.5 kg/sec) a consistent relationship between spread and mass
flow was found that can be sutisfied by the expression,

sp = KM .
.
where SD is the standard deviation, M mass flow rate, and K and n are L
constants for particular flight speed, At flight speeds near 200 feet/ i
second (61 m/sec) the value of K = 2,9 and n = ,237, )
Examination of the shape of the swath spread cross-section produced by the ;
free material release method shows that the lateral distance fram the
centerline of the swath to the point where the overlap of the adjacent
swath would cambine to produce a relatively smooth coverage is approx-
4 imately twice the standard deviation dimension computed by the equation.
The swath width produced by the free release method of dispersal is
P therefore approximately:
S = 4x8D
where SW = swath width
| or, 1
: s o= 11.6 x u°2% |
at flight speeds in the regions of 200 ft/sec (61 m/sec).

Because material mass flow rate is directly related to coverage, in terms
of pounds per acre and swath speed, mission productivity and cost of
aircraft using the free release method could be 1nvestigated by the
operations analysis model, Figure 72 presents the relationship between
application rate and swath width for several swath speeds., Also shown on
this figure for reference is the relationship of application rate and swath
width produced by the conventional spreaders used on the baseline aircraft.
The implications of these relationships is that the current spreaders
should provide superior productivity below approximately 300 pound/acre
K (336.2 kg/ha) rates, and the free release method should be superior at
higher rates. However, because the free release method achieves the
indicated swath widths at no additional drag penalty to the aircraft, the
cross over might occur at lower aplication rates.
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Both the AGP-3-B4 and AGB-7-Bl baseline aircraft were analyzed using an
operations analysis model modified to represent the free release swath
width characteristics. These data are presented in Figure 73 to show
productivity of the free release metnod velative to that of the
conventional spreader, and in Figure 74 to show misgion cost relative to
that of the conventional spreader.

In Figure 73 the effect of the rapid decrease in swath width with low
application rate for the free release method is apparent by the rapid
decrease in productivity below application rates of 150 to 200 lbs/acre
(168 to 224 kg/ha), for both large and small aircraft, Above this point,
however, the productivity increases significantly above that of the
conventional spreader. The data in Figure 74 indicate that the cross-over
in mission cost occurs at approximately the same value of application rate
as did the cross-over in productivity. The free release method appears to
provide a clear coust advantage for both aircraft above application rates of
150-200 lbs/acre (168-224 ku/ha).

The validity of these results is dependent upon the extent to which the
swath spread cross section will actually follow the character.stics
employed in the analysis. Because the potential payoff for dry material
application rates above 150 to 200 1lbs/acre appears high, further
experimental verification of these characteristics should be undertaken,

4.7.2.3 Multiple Release Points - Swath width can be increased by dispens-
ing dry materials at more than one location laterally along the span of the
aircraft wing. This is analogous to using multiple nozzles along the boom
of a liquid dispersal system, Multiple release points can be provided by
transporting the dry material outboard through the wing from a central
hopper, releasing the material fram multiple hoppers located along the
wing, or combinations of these methods. Release at each point can be
through the free release method, through conventional dry spreaders, or
through mechanical spreaders.

Investigations were conducted to detemine the effect on dry dispersal
mission performance of multiple release points for both the free release
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method and conventional spreaders, using modified operations analysis
models, For the free release case swath width wes assumd to increase
divectly with the separution distance between outermost release points,
with no increase in drag.

The method used to account for separation distance between conventional
spreaders is illustrated in Figure 75, The swath width for the
conventional spreader was assumed to increase directly with the separation
distance; however, apr."e;der drag was also increased by the ratio of the
total swath width to the basic swath width., This drag increase accounts
for additional sections added to the spreaders to provide the overlap of
material in the gap created by separating the basic spreader.

The results of the mission analyses for the free release method are
presented in Figure 76, Mission cost for both aircraft continues to
decrease with separation distance out to the maximun separation considered,
aircraft wingspan. For the amall airplane the cost/acre at a separation
distance of 55 feet (17 m) is approximately 60% of that at zero separation.
For the large airplane the cost/acre at 70 feet (21 m) separation is
approximately 75% of that with no separation,

The effect of separation on conventional spreaders is significantly
different fram that of the free release method due to the increase in drag
associated with the added spreader sections. Figure 77 shows that
separation has little effect on the small airplane mission cost, reducing
the ocost/acre very slightly up to approximately 30 feet (9 m) and
increasing the cost/acre slightly at greater separations. The cost/acre is
reduced slightly for the large airplane over a separation distance of only
about 10 feet (3 m) and rises rapidly above that distance., The more rapid
increase in cost/acre for the large aircraft reflects the adverse influence
of the increased drag on the ferry speed and time, which decrease
productivity more rapidly with increasing application rate.

This investigation indicates that dispersal system concepts incorporating

the free release method can benefit significantly by providing multiple
dispersal points along the wing, provided the technique can be developed to
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provide a awooth swath spread cross-section. The investigation also shows
that multiple dry material spreaders similar to those now in use, although
not necessarily symmetricai, can be employed with very slight advantage up
to modest separation distances, less than 30 feet (9 m).

The power required to transport the dry material laterally through the wing
of the aircraft has not been accounted for in the analysis, It appears
that these power requirements can be relatively small, however, by using
mechanical systems such as screw conveyors, Also, no weight penalties were
agsessed to the transport system, For thoge cases where mult.ple relesse
points require the use of transport mechaniams, the weight and power
requirvement of these systems will reduce to same extent the benefits of the
approach, Incorporation of these factors in the analyses, although beyond
the scope of this study, should be the subject of further investigations,

4,7.2.4 Mechanical Spreaders - Another method of increasing dry material
swath width is to mechanically accelerate the material' particles to a
lateral velocity. ‘Two mechanical spreaders that have been developed
include a rotary disk revolving about a vertical axis and a rotary drum
revolving about a horizontal axis, Inadequate data are available to permit
incorporation of performance estimation procedures for these devices into
the operations analysis model; however, the small amount of data available
indicates that the power and weight penalties imposed by these devices may
be grall, even at relatively high application rates.

These mechanical spreaders could be used in cambination with either single
or multiple point dispersal oconfigurations incorporating either free
release methods, conventional spreaders, or cambinations of these types,

Mdditional studies are recommended in which analytical models would be
Jeveloped for material transport mechanisms and mechanical spreaders,
accaunting for swath width and cross section produced, power required, and
system weight, all as a function of material mass flow rate. These models
would be added to the operations analysis program, and aircraft
configurations incorporating various cambinations of these concepts would
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be aralyzed to establish the system configuration providing the highest
productivity and lowest dry material dispersal cost.

4.8 MATERIAL LOADING CONCEPTS |

The systams carrently in use for loading both liquid and dry materials into
the hoppers of agricultural aircraft have evolved over many years to
satisfy specific faqulrmnta unique to the operation. Thruugh this
evolutionary process the equipment now available represents ptagmatic
design optimization, considering loading rates, equipment cost,
reliability, maintainability, and support personnel requirements,

F Significant deviations fram the design philosophy represented by this
F equipment would be difficult to justify unless a clear cost-effectiveness
advantage could be documented and supported, Loading concepts different

from those currently in use which can be defended as providing a clear
cost-effectiveness advantage have not been developed to-date,

It is clear, however, that the time spent in loading the aircraft is
non-productive time which subtracts fram the productive potential of each
operational day. To establish the influence of loading time on mission
performance and cost, analyses were conducted in which the material loading
rate was varied over a range from 25 lbs/sec (11.3 kg/sec) to 200 lbs/sec
: (90.7 kg/sec) for both liquid and dry dispersal missions. CQurrent liguid
% loading systems typically operate up to 33 lbs/sec (15 ky/sec), and dry
material loading systems up to 100 lbs/sec (45.4 kg/sec).

The results of these analyses are provided in Figure 78 for the small
aircraft and Figure 79 for the large aircraft. The data presented in these
figures show that mission productivity (acres/elapsed hour) increases
rapidly as loading rate is increased fram 25 pounds/sec (11.3 kg/sec) to
' 100 pound/sec (45.4 kg/sec) for both liquid and dry material and for both
‘ small and large aircraft, The rate of improvement decreases with
increasing loading rate above 100 pounds/sec, but continues to show
improvement up to 200 lbs/sec (90.7 kg/sec).
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Increased loading rate does not directly affect aircraft operating cost.
Mission costs are affected only by the reduction in total elapsed time;
therefore, mission cost shows less improvement with increasing loading rate
than productivity. Mission costs bescane essentially constant in the range
of loading rates fram 100 lbs/sec (45.4 ky/sec) to 200 lbs/sec (90.7
ka/sec). The capability to perform a given mission in fewer elapsed hours,
however, would free the airport to perform additional work in a given time
period, if such work is available, This has the potential for increasing
aircraft utilization, which in turn would reduce fixed aircraft operating
costs per flight hour. ‘These effects could be significant in reducing
mission costs but are not reflected in the present cumparisons,

4.9 ALTERNATE OONFIGURATIONS

Through the process of developing and analyzing the baseline aircraft and
investigating the sensitivity of the system configurations to many system
paraneters, including those of the dispersal and loading systems, several
questions were raised regarding the possibility of improving mission
performance by aircraft designs that incorporate features different fram
those of the baseline aircraft. Several alternate configurations have been
developed and analyzed with the operations analysis model to evaluate these
features,

4.9.1 1Twin Reciprocating Engine Aircraft

A major contributor to the cost of the aerial application operations
considered in this study is the cost of the turbine engines used for all
applications requiring more than 400 horsepower (298 kw). Turboprop
engines in the power range oonsidered cost fram $100 per horsepower
(S134/kw) for the smallest to $120 per horsepower ($161/kw) for the
largest. Non-turbocharged reciprocating engines in the 300 to 400
horsepower size cost approximately $35 to $40 per horsepower ($47 -
$54/kw) . Conversely, the turbine engines provide of the order of 2.5
horsepower per pound of weight (4.1 kw/kg), whereas the reciprocating
engines provide approximately 0.7 horsepower per pound (1.2 kw/kg).

125




C TR AT A S e R a4 e et

‘,I

M investigation was undertaken to detemmine the mission performance
relationship of the small baseline airplane to that of a twin reciprocating
engine powered aircraft of essentially the sane size and horsepower which
provides less payload at lower operating cost, The restricted gross
weight, design gross weight, and wing loading were held the same as that of
tie baseline, and the wing, empennage and fuselage were essentially

unchanged,

The general arrangement of this configuration, designated AGB-3-2Rl, is
fllustrated in Figure 80, The single turbine engine has been removed from
the fuselage and replaced by two 350 horsepower (261 kw) non-turbocharged
reciprocating engines in wing mounted nacelles, A ram air turbine is
mounted in the nose of the fuselage to provide dispersal system power., The
main landing aear struts are mounted on the engine nacelles,

The weight breakdown of this configuration is listed in Table XIX. The
major change from that of the baseline aircraft is the increase in
propulsion system weight. The overall effect is to reduce the payload fram
the baseline value of 3200 pounds (1452 kg) to 2800 pounds (1270 kg).

The operating cost of the aircraft was calculated using engine OEM costs of
$13,500 each, The resulting aircraft operating cost per hour is $92,00,
canpared to the baseline aircraft cost of $98,00 per hour,

Aircraft drag and installed thrust were established, and the aircraft
mission performance determined by the operations analysis model for liquid
and dry dispersal missions., The results of this analysis are presented in
Figures 81 and 82,

Productivity is shown in Figure 81 relative to that of the small baseline
aircraft for application rates up to 400 lbs/acre (448.3 kg/ha). The
dispersal missions were flown assumning 0% takeoff power during ferry and
swath operations., This power level is considered the maximum allowable for
reciprocating engines to achieve reasonable reliability and engine life,
The combination of lower power level, slightly higher drag and less payload
produce productivity considerably below that of the baseline aircraft, from
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RESTRICTED GROSS WEIGHT - 7,650 L8S (3,470 kg)
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PAYLOAD WEIGHT - 2,800 LBS (1,270 ka)
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Figure 80. Configuration AGB-3-2R1
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TABLE XIX - AGB-3-2R1 WEIGHT BREAKDOWN

700 LB,
158
812
310
1655
180
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(1851
(77
(1928
(272
(2200
(1270
(3470

(2688

kg)
kg)
kqg)
ka)
kg)
kg)
kg)
kg)
kq)
kg)
kg)
kq)
ky)
kq)

kqg)




RS Rk ik S

ST TR TR e

&

AGB-3-84

1,0
! FIELD S)ZE
| 160 A
PRODUCTIVITY LiQuID (64.8 ha)
RELATIVE 10 '
AGB-3-84
4 | )| 1 J
0 100 200 300 200 LB/ACRE
L i Il 1 1 1 1]
0 %0 160 200 320 400 480 (kg/ha)

APPLICATION RATE

Figure 81, Configuration AGB=3-2R) Productivity

L15 FIELD SIZE

160 A LIQUID
64,8 ha!

1.50
MISSION COST
RELATIVE 10
AGB-3-B4

1.25

T

AGB-3-84
1.0 pat I ! J

0 100 200 300 400 LB/ACRE
L 1 1 | i d J
0 80 160 240 320 400 480 'kgiha:

APPLICATION RATE

Figure 82, Configuration AGB-3-2R1 Mission Cost
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808 of that of the baseline at low application rates to 608 at the higher
rates,

Mission cost is shown in Figure 82 which indicates cost relative to that of
the baseline. The lower operating cost of the twin does not adequately
canpensate for the reduced productivity; therefore, the cost/acre is higher
at all application rates, Cost rises from approximately 15¢ greater than
that of the baseline at low application rates to 50% greater for dry
applications and 75% greater for liquid applications at 400 lb/acre (448.3

ka/ha).

Fran this analysis it appears that although reciprocating engines are
significantly cheaper in cost, the loss of payload due to weight, the
decrease in power due to engine life considerations, and the higher drag
associated with recriprocating engine installations create a productivity
penalty that cannot be offset by the cost advantage.

4.9.2 Unloaded Wing Biplane

Biplane configurations continue to represent a large percent of the ag
aircraft population. This appears to reflect the good field performance
characteristic of low wing loading, the crash safety provided the pilot by
the upper wing, and good maneuverability reflected in high roll and pitch
rates, The high drag and shorter wingspan of externally braced biplanes,
however, have a detrimental effect on mission productvity.

The biplane configuration does offer a potential advantage that has not
been investigated heretofore. That is, the utilization of the lower wing
as the dispersal system boam, unloaded during the swath run to eliminate
the tip vortex and associated particle entrapment problems, and loaded
during the takeoff and turn to reduce the effective wing loading. Reduced
wing loading during takeoff will improve field performance and during the
turn will increase the achieveable load factor, decreasing the turn radius
and turn time. Intrinsic merits of this concept include the reduction of
dispersal system drag by enclosing the boam and plumbing in the lower wing,




and an increase in the average lift coefficient of the upper wing during
the swath which resulte in a higher average airplane lift/drag ratio,

To evaluate this concept, an unloaded lower wing biplane configuration of
the same size as the large baseline aircraft was developed. This configura-
tion, designated AGB~7-TBl, is illustrated in Figure 83,

Evaluation of the baseline aircraft revealed that wing span has the major
influence on swath width capability of the airplane, and that swath width
is a major factor affecting mission productivity. It was therefore
desirable to not reduce the wingspan of the biplane below that of the
baseline. To achieve this with two wings each of which has less individual
area than that of the baseline requires a much higher aspect ratio and an
associated higher wing weight, unless extensive external bracing is used,
It was desirable to avoid the increased drag of external wing bracing,

The wing weight penalty was minimized by reducing the length of the
cantilevered portion of the wings., This was achieved by separating the
payload into two equal hoppers separated by the same spaciny as that of the
nacelles of the baseline aircraft. This approach permitted the
incorporation of two additional features indicated in previous studies to
have potential merit: (1) release of material framn separated dispersal
points and, (2) double the material loading rate using existing loaders to
load the two hoppers simultaneously. The hopper configurations were
adjusted to minimize total frontal area and provide upper and lower wing
interconnecting structure at a spacing of no less than one chord length.

The upper and lower wing MAC 25% chord stations are aligned vertically in
order to avoid trim changes as the lift is varied on the lower wing. The
lower wing is a 21% thick symmetrical airfoil with relatively low taper in
order to provide a large sparwise box which can be used to transport dry
material outboard to the wingtip for release. The wings have full span
flaps for use during takeoff. The lower wing flap is also deflected to
approximately 8 degrees during turns to produce a wing loading essentially
the same as that of the upper wing, 25 lbs/sq. ft. (122 kg/mz) at
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Figure 83. Configuration AGB-7-TBI




restricted gross weight., The flaps of the lower wing contains the liquid
dispersal system plunbing with nozzles placed across the full span,

The lower wing incidence is selected to provide zero lift with no flap
deflection at a gross weight midway between zero payload weight and maximum
gross weight, The flap up-stop would be designed to permmit the flap to be
trimmed at a slightly upward position and to ratchet downward one increment d
after each flap deflection in order that the flap trim position would
maintain near zero lower wing lift over a range of airplane gross weights,
the increment being adjustable to reflect the material weight decrease
during each swath, The flap actuator would be interconnected to the
dispersal system valvis or gates., When the gate is opened the flap will
retract, and when the gate is closed the flap will deflect,

The span of the lower wing is approximately two-thirds that of the upper
wing. This relationship was selected after examination of analytical plots
of stream tube trajectories behind lifting wings. It appears that material
injected in this spanwise region may be able to utilize the influence of
trailing vortex circulation to maximum advantage in achieving the widest
swath with a relatively low risk of being captured by the high energy
vortex core. Confirmation of this is yet to be established, however, and
should be the subject of future analytical and experimental investigation,

The empennage of the configuration is mounted on tail boams extending aft

from the hopper/nacelle structure. The cockpit is located in a pod mounted '
behind the upper wing box on the aircraft centerline to provide maximum

pilot visibility and crash protection. The main landing gear is mounted

directly under the hoppers to provide a direct load path for the payload

when the aircraft is on the ground.

Provisions are shown for two large ram air turbines (RAT) directly inline
with the hoprper exits. The RAT's iltlustrated are sized to provide 150
horsepower each at 135 kts, that required by the liquid dispersal system at
application rates of approximately 400 lbs/acre (448.3 kg/ha).
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The weight breakdown of the aircraft is listed in Table XX, The empty |
woight is approximately 700 pounds heavier than that of the baseline, ;
resulting in a payload weight of 6925 pounds (3141 kg). Drag polars for '{
the aircraft are based upon both wings lifting, upper wing only lifting, ‘
and both wings with flap settings equivalent to 20° for takeoff.

Powerplant thrust was assumed to be the same as that of the baseline, |
Primarily because of the increase in empty weight, the operating cost of .o
the biplane was determined to be $204.00 per hour, compared to 195.00 per
hour for the baseline.

swath runs and ferry on the upper wing only and takeoff and turns with both
wings lifting. Three dispersal modes were investigated: liquid dispersal,
dry material dispersal from conventional spreaders with 14 foot (4.3 m)
separation, and dry dispersal by free release with 14 foot separation.

[ These data were used in the operations analysis model modified to permit

Productivity is plotted in Figure 54 relative to that of the large baseline
alrcraft up to 1000 1lbs/acre (1121 kg/ha). The liguid dispersal
productivity of the biplane is slightly less than the liquid dispersal
productivity of the baseline at most application rates, This appears due
to the fact that the reduction in liquid dispersal system drag provided by
enclosing the system in the lower wing does not campensate for the lower

k payload weight.

The productivity of the aircraft using conventional dry spreaders relative
to the baseline also using a conventional dry spreader is shown to be 25%
to 30% lower across the entire application rate range. This appears to
result from the combination of lower payload and the increase in conven-
tional spreader drag associated with the increase in swath width created by
separating the spreader into two sections, one under each hopper.

The productivity of the biplane using a free release method fram each

hopper separated by 14 feet relative to the baseline using free release
i fran the single hopper is shown to be higher below 400 lbs/acre (448.3
kg/ha), increasing rapidly as the application rate decreases, Above 400
lbs/acre the relative productivity decreases to about 90% at 1000 lbs/acre
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TARLE XX - AGB~7-TBl WEIGHT BREAKDOWN

1760 LB,
223
1765
663
1780
262
417
6870
_170
7040
1335
8375
6925
15,300

12,500

(798 kg)
(101 kg)
(801 kg)
(301 kg)
(807 kg)
(119 kg)
(189 kg)
(3116 ko)

(77 kq)
(3193 ka)
(606 kg)
(3799 kq)
(3141 kq)
(6940 kq)

(5670 kg)
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(1121 kg/ha). The .nape of this curve reflects the shift in relative
importance of the effect of separated material dispersal points and lower
payload as the application rate increases., As the application rate de-
creases the improvement in swath width resulting from dispersal separation
rapidly overcanes the effect of the lower payload; whereas, at high rates
the effect of lower payload on total ferry time overrides the influence of
increased swath width, .4

Figure 85 presents the mission cost of the biplane for the three dispersal
cases relative to the cost of the baseline. ‘The cost/acre of liquid
dispersal is fram 5% to 158 more expensive across the application rate
range, This reflects the higher operating cost of the biplane, The coat
of the biplane using conventional dry spreaders is 50% to 60% greater than
§ the baseline, indicating the penalty of both the lower productivity and
higher operating cost. The cost of the biplane using the free release
method is the same as that of the baseline at an applicat..  rate between
200 and 300 lbs/acre (224 and 336 kg/ha). At this point the slightly
higher productivity is balanced by the slightly higher operational cost,
' At lower rates the cost/acre decreases rapidly; and at higher rates the
cost increases to approximately 20% greater at 1000 lbs/acre (1121 kg/ha).

Both the productivity and cost/acre of the biplane can be improved
approximately 10% if the dry material is transported through the lower wing
and dispersed at multiple points out to a maximum separation distance equal
o the lower wing span. Design studies of methods by which this material
transport could most. ’effectively be accamplished are recanmended for future
efforts.

The biplane configuration developed for this study is much more an assembly
’ ‘ of ideas than a recommended configuration, It is intended to indicate that
given adejuate development an agricultural aircraft design can evolve which
will combine the best features of those dispersal concepts that improve
i mission cost effectiveness. Additional development toward this end appears
well justified.
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4.9.3 Turbofan Engine Alircraft

In order to determine the merit of turbofan powerplants for agricultural
missions, a turbofan powered version of the amall baseline aircraft was 1

developed and analyzed. This configuration, designated AGB-3~1Fl, is illus-
trated in Pigure 86.

The general arrangement of the aircraft retains the safety features of ;
placing the powerplant and material hoppers separate from and ahead of the '
cockpit, This is achieved by mounting the engine nacelle on a pylon below
and in front of the fuselage. The nacelle also supports the nose landing
gear. 'Two hoppers each providing fifty cubic feet (1.4 cu. m,) are mounted
in pod structures below the wing at a separation distance of approximately
16 feet (4.9 m). These structures also mount the main landing gear and
support the liquid dispersal bhoom. The bottom of the hopper pods can mount
conventional dry material spreaders, mechanical spreaders, such as rotary
types, or permit free release directly from the hopper. The mission
f performance of the aircraft is determined using a dry dispersal system ;
: separatioi distance of 16 feet. *

The weight breakdown of the aircraft is listed in Table XXI. The empty
weight is approximately 200 pounds (91 kg) less than that of the baseline
providing a corresponding increase in payload.

The most significant difference between this aircraft and the baselne is
the initial and operating cost of the powerplant. The engine was sized to
provide takeoff performance approximately the same as that of the baseline.
The cost of this engine is 60% greater than the baseline engine, and this
combined with the much higher turbofan fuel flow produces a cost per hour
3 to operate the airplane of $154.00 per hour, campared to $98.00 per hour
for the baseline,

i The productivity of the turbofan aircraft relative to that of the baseline

is shown in Figure 87. The liquid dispersal system productivity is approxi-
mately 5% to 108 higher across the range of application rates up to 400
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TABLE XXI - AGB-3-1F1 WEIGHT BREAKDOWN

WING
EMPENNAGE
FUSELAGE
LANDING GEAR
PROPULSION
PYLON
NACELLE

A/C SYSTEMS
AG SYSTEMS
HOPPER STRUCTURE

EMPTY WEIGHT
PILOT
OWE
FUEL
ZERO PAYLOAD WEIGHT
PAYLOAD
RESTRICTED GROSS WEIGHT
FAR PART 23 GROSS WEIGHT
¢
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760 LB,
158
246
330
810
90
126
180
400
_300
3400
170
3570
_600
4170
3480
7650

5925

(345

(72
(111
(150
(367

(41

(57

(82
(181
(136

(1542
(77
(1619
(272
(1891
(1579
(3470

(2688
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kg)
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Figure 87, Configuration AGB-3-1F1 Productivity
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lbs/acre (448.3 kg/ha). This appears due tc the swath speed of the turbo-
fan aircraft being slightly higher and the payload being slightly larger.
The dry dispersal system productivity is significantly higher at low
application rates but decreases to approximately equal productivity at
application rates of 300 lbs/acre (336 kg/ha). The rise of productivity at
low application rates results from the increase in swath width due to the
16 foot dispersal point separation.

The mission costs for the turbofan aircraft relative to the baseline costs
are shown in Figure 88. The influence of the high operating cost of the
turbofan is apparent. Except at low application rates of dry materials,
all migsion costs are in the range of 30% to 50% more expensive than the
baseline.

The limited investigation of the turbofan powered agricultural aircraft
reported here suggests that turbofan engines may be applicable in cases
where productivity is the primary objective; but where mission econamics
must be considered, these powerplants do not appear to be competitive with

turboprop powerplants.
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5.0 STRUCTURES AND MATERIALS
5.1 STRUCTURAL MATERIALS AND CONCEPTS

Several different types of airframe structural arrangements are used in
current agricultural aircraft. A majority of aircraft use open truss, ‘
welded tubular steel framework fuselage structures., Same of these aircraft LM
utilize conventional doped fabric covering, others use removable rigid skin
panels of either aluminum or fiberglass. Open truss structures provide
good access for cleaning out residual agricultural chemicals which settle
in the structure and create serious corrosion problems in the primary,
load-carrying structural members, Removable skin panels enhance the
accessability for cleaning. Tubular steel truss structures are also
attractive from the consideration of field repair of modest structural
damage, where new tube sections can be welded in place of damaged tube
sections with little preparation and structural alignment problems.

The advantages of the tubular truss structures are achieved at the expense
of both a payload weight penalty and a higher fabrication cost, relative to
a semi-monocoque aluminum fuselage. Statistical weight studies performed
' under Lockheed's independent development program indicate that a steel tube
fuselage will be approximately 15% heavier than the equivalent monocoqgue

aluminum structure. The disadvantage of the aluminum monocoque shell lies

TR R

principally in the difficulty encountered in cleaning the residual
chemicals from inaccessible locations, primarily in joints between

structural members. Experience has shown corrosion to be a significantly
more serious problem in monocoque structures.

Mgricultural aircraft wing structures typically employ one or more spars as
primary load-carrying members, with metal or fabric skin employed
principally as an aerodynamic surface. While the corrosion enviromment is

T SRR T T T

somewhat less severe than that encountered in fuselage structures,

S inspection and access for cleaning is usually more difficult. Also,
‘ because failure of the wing structure is more catastrophic than other
structural camponents, the levels of corrosion that can be tolerated are

N e v by,
o Faerestiy
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lower. For these reasons, selection of wing structural materials and
arrangement is critical to airplane design,

The corrosion enviromment and the cleaning and inspection problem are both
severe for the empennage of agricultural aircraft. Conseguently the selec-
tion of materials and structural configuration for the empennage presents a
particularly difficult problem.

Advanced canposite materials currently under development appear to offer
both increased resistance to corrosion and increased structural efficiency
in cawparison to metallic structure. The camposites considered to have the
greatest promise for application in agricultural aircraft are graphite,
Kevlar, and fiberglass reinforcements encapsulated either in epoxy (thermo-
setting) or polysulfone (thermoplastic) resin matrices. The thermosetting
resin matrix camposites are suitable for fabricating into parts by laminat-
ing and compression molding techniques requiring a pressure and tempera-
ture cure to retain their shape. The thermoplastic camposites, on the
other hand, lend themselves to thermoforming fabrication techniques, retain-
ing their molded shape upon cool-down below their glass transition tampera-
ture. Thermoforming fabrication of composites is anticipated to have
definite cost advantages by the 1985 time frame, with the thermoplastic
composite material cost only slightly higher than the thermosetting compo~
site material cost.

Table XXII shows a camparison of the three cawposite materials with respect
to material cost, density, strength and stiffness. Aluminum is included in
the table for material cost and density camparisons. Kevlar and graphite
composites are relatively new and their cost is quite high relative to
aluminum and fiberglass. Cost of the=c advanced camposites has been
steadily decreasing, however, and further cost reductions are projected as
usage increases in the future. By 1985, material cost is expected to be
approximately $10 per pound for Kevlar and $20 per pound for graphite, with
both materials having long-range potential below $5 per pound. Advanced
composites are already cost competitive with aluminum in some structural
applications because of advantages in fabrication techniques.
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TABLE XXII - STRUCTURAL MATERIALS OOMPARISON

MATERIAL MATERIAL QOST* MATERJAL DENSITY | STRENGTH | STIFFNESS
$/LB  ($/kq) LB/IN” (kg/cm™)

COMPOSITE

FIBERGLASS 3 (6.6) 0.070 (.0019) | About lLowest

KEVLAR 20 (44.1) 0.050 (.0014) | Equal Medium

GRAPHITE 40 (88,2) 0.057 (,0016) Highest

METAL

ALUMINUM 2 (4.4) 0.100 (,00288)

*APPROXIMATE AVERAGES,
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Since fiberglass camposites are approximately 70 percent the weight of
aluminum, weight savings can be achieved with this material for minimum
gage design applications. Greater weight savings are possible with Kevlar
and graphite in the same applications, since their densities are approxi-
mately two-thirds that of the fiberglass camposites while their strengths
are essentially the same. Stiffness properties, however, favor graphite
and Kevlar over fiberglass in many applications. Advantages may often be
attained through hybrid combinations of these composites utilizing each of
the materials to its greatest advantage. For example, skin and stiffener
webs may be constructed with the more economical fiberglass composite with
Kevlar or graphite being selectively used ior stiffness in cap areas,

Numerous governmer:it and industry programs on application of composites have
been conducted over tlie past several years. Reference 26 lists 120
programs involving fabrication of composite hardware in various aerospace
applications including rotor blades, radames, fairings, fan blades, wing,
fuselage, empennage, landing gear, aileron, speed brake, fasteners, cargo
doors, weapons bay doors, access doors, and other items, Figures 89
through 92 show some typical composite applications for specific aircraft.

Figure 89 is a full-scale semi-span Remotely Piloted Vehicle (RPV) wing
fabricated under a current Air Force program. The wing is 70 inches long
and 16 inches in chord and consists of an all-graphite/epoxy skin with
integrally molded spars fabricated in a single stage molding operation. A
test panel designed for the JetStar fuselage is shown in Figure 90. This
panel has a fiberglass and graphite/epoxy skin stabilized with stringers
and rings having fiberglass webs and graphite caps, thus making it a hybrid
structure. Figure 91 shows a fiberglass-graphite/epoxy hybrid wing leading
edge for the C-141 that is currently bei.g fabricated under contract with
the Air Force Materials lLaboratory. The leading edge skin consists of
fiberglass and graphite/epoxy camposite. The stiffener and rib webs are
fiberglass/epoxy composite, and the caps are unidirectional graphite/epoxy
canposite. Figure 92 shows an all-graphite/epoxy test spar designed for
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Figure 89, All Graphite RPV Wing

:L-‘ Figure 90, JetStar Graphite Fiberglass /Epoxy Fuselage Panel
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Figure 91, C-141A Fiberglass-Graphite /Epoxy Wing Leading Edge
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Figure 92. L=1011 Graphite/Epoxy Vertical Fin Spar Section




T T T g e e - —

the 1~1011 vertical fin. This camplete structure including web, caps and
stiffeners is tabricated in a one-step molding cperation.

Examples of current design concepts for camposite aircraft structures are
shown in Figures 93 through 96. Figure 93 shows three types of skin panels
applicable to fuselage, wing, and empennage surfaces: a honeycamb sandwich
using fiberglass or Nomex core bonded to composite face sheets
incorporating aluminum mesh on the outer surface to prevent catastrophic
failure in the event of a lightning strike; an integrally molded blade .
stiffened panel; and skin panels stiffened by molded hat sections bonded to ;
the panels. Methods of incorporating these panels in wing or empennage

construction are indicated in Figure 94. Methods of incorporating sandwich

and integrally stiffened panels in low-cost composite fuselage structures

are illustrated in Figures 95 and 96.

It is technically fesible within the current state of technology to employ
composite materials in almost all structural areas of the aircraft.
However, widespread production usage of advanced camposite aircraft
structures has not yet advanced to a state of general acceptance because of
such factors as materials cost and lack of service experience. With addi- ’
tional experience from current and future application programs, these #
materials may well be campetitive for agricultural aircraft designs in the
1985 time period.

5.2 OOMPOSITE MATERIALS FOR WEIGHT REDUCTION

The sensitivity analysis of aircraft structural weight showed that reduced
weight provides major benefits in mission econamics. In general, camposite
materials technology offers the most promising approach for significant
i structural weight reduction in future aircraft., Weight savings with campo-
sites will vary, however, depending on the type of aircraft and specific
structural requirements imposed by the mission.

An analysis has been performed to determine the approximate weight savings
that would be possible in agricultural aircraft with a high degree of cam-
posite material applications. The small baseline study aircraft was used
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Figure 93, Comonsite Materials Skin Panel Concepts
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Figure 94, Composite Empennage/Wing Construction
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as the reference airframe, with the analysis based specifically on an
assuned baseline structural design for the AGB~3-B4 configuration,

Basic structures using advanced camposites were sized using preliminary
loads. Parts of all major structural items show a weight savings when
designed in advanced camposites., The savings are more easily recognized in
structure where the panel loads are in the low to mediun range, e.qg.
10004/in to 10,000#/in. Areas such as control surfaces, fairing panels,
and wingy and emnpennage leading and trailing edges where minimum gages are
encountered also offer potential weight savings provided buckling is
permitted and the surface smoothness is within aerodynamic limits.,
Conceptual camposite configurations selected as having greatest weight
savings potential for the AGB~3 aircraft are described below.

The selected wing is o two-spar box with skin, stringers, and ribs., The
spars are continuous t:hrough‘t:he fuselage and are located at 25% and 65%
chord. The spars are all camposite materials and carry the wing-bending
loads. They will have approximately 20% unidirectional graphite/epoxy in
the caps. The remainder of the caps and web will be Kevlar or fiberglass.
The spar webs are of the tension field type with integral blade stiffeners.
The ¢kin is of minimum gage Kevlar and is stabilized by integral stringers
and aluminum ribs. The skins, ribs, and stringers are mechanically
fastened. Fram a limited engineering assessment, this wing concept appears
to be the most weight-efficient structure available with current

technology.

The fuselage is a skin-lomgeron configuration., It is made up of three
major components. ™o shell halves extend from the firewall to the
anpennage attach jonint., These two halves are joined along the top and
constitute approximately two-thirds of the fuselage. The third piece is a
non-structural belly panel which would be easily removable for inspection
and cleaning of the fuselage interior. Each of the structural halves have
two fiberglass longerons which are reinforced with graphite. The skins are
fiberglass with burlap as the inner layer to provide increased stiffness.
Bulkhead segments are formed into the shell halves at each end to maintain
shape and for loads redistribution. Intermediate formers are added as
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needed, In the cockpit area, the top and longerons divide and form the
edging members around the opening. The cockpit floor and forward and aft ‘
bulkheads are added by weans of mechanical fastening to the shell halves. ‘
An cutward collapsing steel tube cage would surround the cockpit area.

The structure of the horizontal and vertical stabilizers is similar to that
of the wing., Both utilize the spar concept with light skins,

The flat spring struts of the main landinc gear are made of high modulus
graphite composite, and the geometry is tailored to maintain uniform
strain.,

Weights for the structural camwponents of the AGB-3 camposite airplane con-
figuration were estimated by analytical means using layout sketches and
stress analysis. The weight breakdown of the baseline aluminum aircraft
and the composite aircraft are presented in Table XXIII. The estimated
weight reduction with camposite materials is approximately 234 pounds (106
kg), which results in an empty weight for the composite aircraft that is
938 of the baseline metal aircraft. This allows a corresponding increase

in payload for the composite aircraft for the same restricted category
gross weight as the metal aircraft,

5.3 OOMPOSITE AIRCRAFT COST AND MISSION ANALYSIS

5.3.1 Cost Analysis

An engineering estimate was made of the cost of the structural elements of
the composite materials aircraft relative to conventional metal structure.
Manhour and material cost estimates were based on types and approximate
quantities of the various materials assumed in the weight analysis; average
prevailing costs per pound for the different materials; an assessment of
fabrication and assembly methods likely to be employed; and typical manu-

facturing labor requirements. Approximate cost factors for the camposite
structure relative to a conventional aluminum configuration are given in

Table XXIV.
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A
TABLE XXIII - COMPOSITE AIRCRAFT WEIGHT BREAKDOWN
e
ALL~COMPOSITE
AGB-3- B4 AIRCRAFT S
] WING 855 LB, (388 kq) 701 LB, (318 kq)
; EMPENNAGE 158 (72 kg) 142 (65 kq)
f LANDING GEAR 344 (156 kg) 327 (148 kq)
| FUSELAGE 934 (424 kg) 887 (402 kg)
PROPULSION 832 (377 kg) 832 (377 kq)
A/C SYSTEMS 180 (82 kgq) 180 (82 kq)
AG SYSTEMS 265 (120 kg) 265 (120 kgq)
EMPTY WT. 3568 (1619 kg) 3334 (1512 kq)
PILOT 170 (77 kg)  _170 (77 kq)
OWE 3738 (1696 kg) 3504 (1589 kq)
FUEL 662 (300 kg) 662 (300 kq)
ZERD PAYLOAD WT. 4400 (1996 kg) 4166 (1889 kq)
PAYLOAD 3200 (1451 kq) 3434 (1558 kq)
RESTRICTED GROSS WT, 7600 (3447 kg) 7600 (3447 kq)
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LABOR COST MATERIALS QOST
1.34 2.31
FUSELAGE 1.20 2.61
EMPENNAGE 1.35 2,36
LANDING GEAR 1.10 1.38
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TABLE XXIV -~ QOST FACTORS FOR COMPOSITE
MATERIALS STRUCTURE AGB-3-B4 CONFIGURATION )
o

QOST OF OOMPOSITE STRUCTURE
RELATIVE TO ALUMINUM
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These factors were applied to the AGB-3-B4 airframe costs to obtain
esi:imated costs for the composite aircraft, Since the aoguisition cost.
methodnlagy does not provide cost estimates for individual structural
elements, it was first necessary to determine the approximate proportion of
AGB~3~-B4 airframe costs attributable to the structural items., This was
accomplished by use of proportional factors developed from typical light
aircraft structural cost data published in a previous NASA study (reference
27).

The analysis indicated that cost of the camposite structure would increase
by approximately 49¢ over conventional metal structure for the AGB-3-B4
configuration. However, the camposite structure accounts for less than a
third of the total aircraft factory cost, since the turboprop engine is by
far the daminant cost factor. Aircraft acquisition cost was found to in-
crease only about 11% with the composite structure,

Operating costs for the camposite aircraft were calculated by the standard
cost equations used for other aircraft configurations. In this case air-
craft maintenance was assumed to be the same as tor the conventional
aircraft, since it was not possible within the scope of the present study
to determine relative maintenance costs between camposite structure and
metal structure. The only operating cost elements changed from the base-
line aircraft were annualized investment and hull insurance, both of which
were increased commensurate with the higher acguisitinn cost of the com-
posite aircraft. Overall operating cost for the cailposite aircraft was
found to increase by only 5% over the baseline metal aircraft,

It should be noted that the cost estimates for the camposite aircraft are
of a lower confidence level than those for the baseline configuration.

While the results are acceptable as approximations, more detailed analyses
are needed to establish confidence in tne cost implications of advanced

canposite material applications for agricultural aircraft,
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$.3.2 Mission Analysis |

5.3.2.1 All-cumposite Alrcraft - The camnposite aircraft was evaluated with
the operations analysis model and compared with the baseline metal aircraft ]
over a range of 1liquid and dry missions. The mission productivity
comparison is given in Figure 97, which shows that the composite aircraft
has greater productivity in both liquid and dry material cases. This
reflects the higher payload of the composite aircraft, which is of in- V,f
creasing benefit as the application rate increases. :

Figure 98 shows the mission cost comparison., These data indicate that the
canposite aircraft is competitive with the baseline metal aircraft in dry
missions, with some eoconomic advantage ac the higher application rates,
For liquid missions, the camposite aircraft shows a distinct advantage for
application rates above 80 pounds per acre (90 kg/ha). It is apparent that
the increase in operating cost for the camposite aircraft is more than
offset by the gain in product'vity except in low-volume liquid missions.

5.3.2.,2 Aircraft with Camposite Wings - Since the greatest portion of the
weight savings with composite materials was in the wing, an analysis was
F: made of cases in which a camposite wing is used with conventional baseline
; metal construction in other structural areas. Other studies have shown
that camposite-material wing designs tend to optimize at higher aspect
z ratios than conventional metal wings because of the trade-off between wing
weight and induced drag. In addition, agricultural aircraft productivity
has been shown to benefit from increased wing span because of an improve-
ment in swath width. Agricultural aircraft might therefore benefit fram

higher aspect ratio wings when composite materials are used.

The camposite wing study was performed for the AGB-3-B4 configuration for
vomposite wings with aspect ratios of 8, iC, and 12. 1In this case, only
the cost of manufacturing the wing was changed fram the baseline metal
aircraft, using the same factors developed for the wing in the
all-canposite aircraft analysis. These results showed an increase of about

5% in aocquisition cost and 2% in operating cost over the baseline metal
aircraft. Weight and drag estimates were developed for each different
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aspect ratio wing, reflecting increasing weight and decreasing drag as
aspect ratio is increased,

Productivity in liquid missions of the various aspect ratio cases and the
composite airframe case is shown in Figure 99 relative to the baseline
metal aircraft. The AR = 8 camposite wing aircraft is slightly less produc-
tive than the all-composite aircraft due to lower payload. The AR = 10
canposite wing aircraft, however, provides higher productivity than the
all-composite aircraft over most of the mission range considered. ‘This

reflects the benefit of lower drag and increased wing span, particularly at
low application rates where increased swath width is of greater value.

The reduction in payleuad with increasing wing weight becames apparent for
the AR = 12 aircraft, Reduced drag and greater wing span override the loss
in payload only at low application rates.

Productivity in dry material missions is shown for the same cases in Figure
100. While the shapes of the curves are different, the overall camparison
is approximately the same as for liquid missions. The AR = 10 composite
wing aircraft is shown to have the best productivity over the entire range
of missions,

Mission costs camparisons are given in Figure 101 for l}iquid missions and
Figure 102 for dry missions, The data show that the AR = 10 composite wing
aircraft has significantly better mission econamics than the baseline metal
aircraft in all missions. This configuration is also better than all of
the other camposite material configurations except in low liquid applica-
tions, where the AR = 12 composite wing aircraft has an advantage. The
AR = 10 case appears to represent a near optimum trade-off of structural
weight and airplane drag for agricultural aircraft in the size category of
the AGB-3 airplane.

This investigation indicates that camposite materials do offer worthwhile
weight reduction benefits for agricultural aircraft. The most effective
application appears to be the wing structure where the structural effi-

162




#

AT ER T o o o¥ o we T RRETEAE T RSEIEA S LT R T e e R R e e

o

IETT RS- W,

BASELINE CONFIG, |
AGB-3-84
AR « 8
11sp FIELD S1Z€
160 A (64.8 ha

1.10F
PRODUCTIVITY

RELATIVE T0
BASELINE

COMPOSITE WING AR » 10
< COMPOSITE AIRFRAME

-—COMPOSITE WING AR « 8

1.05p

LR — — — — BASELINE  _ _

COMPOSITE WING AR = 12 ~

95

A

0 100 700 300 20 LB/ACRE

-

I 1. A d —
0 15 150 225 300 375 450 kg/ha
APPLICATION RATE

Figure 9¢ “Zzmoosite Materials Configurations in Liquid Missions

BASELINE CONFIG.
AGB-3-84
AR » 8
1151 FIELD SIZE
T0A 4.8 hai

110}
PRODUCTIVITY

RELATIVE T0
BASELINE 105 COMPOSITE WING AR » 10— COMPOS ITE AIRFRAME

T ——=_COMPOSITE \/ING AR * 8
LO0p— e T e, — —BASELINE
/

COMP OSITE WING AR = 12

L) S S N U
0 100 200 300 400 LB/ACRE

i i

i I\ " J )
0 75 150 225 300 375 450 tkgshat
APPLICATION RATE

Figure 100, Composite Materials Configurations in Dry Missions

164




R

BASELINE CONFIG.
AGB -3-84
AR 8
FIELD SIZE
L10r 160 A (64,8 ha)

COMPOSITE WING AR » 12\
1.05¢

MISSION COST

u:gLAnvc Lok /~  BASELINE _ _ _

BASELINE COMPOS ITE AIRFRAME

95} )\composns WING AR = 8

\COMPOSITE WING AR = 10

) A A i J
0 100 200 300 400 LB/ACRE

i i L i i -
0 1 150 225 300 375 450 (kg/ha)
APPLICATION RATE

Figure 101, Composite Materials Configurations in Liquid Missions

BASELINE CONFIG.
AGB-3-B4
AR ¢ 8
1.05r FIELD SIZE
64.8 ha) 160 A

/COA\POSITE WING AR o 12
COMPOS ITE AIRFRAME
1.00- — == — — — ~ BASELINE
WISSION COST —
RELATIVE T0
BASEL INE COMPOSITE \/ING AR » 8
ke COMP OSITE \ING AR « 10

.90~
i
|
851 . " . »
0 100 200 300 a0 LB/ACRE
N i J l 1 |
0 100 200 300 400 500 tkg/ha

APPLICATION RATE

Figure 102, Composite Materials Configurations in Dry Missions

165




- T ) ‘
g

P T

ciency of camposite materials permits longer wings to provide the potential
for wider swaths and lower induced drag.

The analyses described here do not include any potential benefits fram
corrosion reduction with composite materials, This subject is addressed
qualitatively in the following section.

5.4 COMPOSITE MATERIALS FOR CORROSION REDUCTION

Many agricultural chemicals are highly corrosive to metallic structure,
especially aluminum, and this is a major problem area within the
agricultural aviation industry, VWhile data are not immediately available
on the full range of chemicals encountered, fertilizers may produce nitric
acid, phosphoric acid, sulfuric acid, and numerous alkaline products which
are corrosive to rost metals. One of the most corrosive insecticides,
Dibram, hydrolizes into hydrochloric and hydrobramic acids. Information
appears to be rather limited on corrosive products of insecticides,
herbicides, and fungicides in canbinatibn with metals.

Resin matrix composite materials, by nature of the resin matrix, are
naturally corrosion resistant., Current state-of-the~art in agricultural
aircraft hoppers is fiberglass reinforced vinyl ester because of the
corrosion resistant properties of this material., Also, the producers of
Dibrom 14 report that fiberglass containers are now used for this material
in lieu of stainless steel,.

The epoxy resin camposite materials considered in the present study for
aircraft structural applications are considered to have strong potential

P T T A N TR

for corrosion reduction, These materials are known to be more corrosion

‘, resistant than polyester resin materials, including the vinyl ester resin
used in hoppers, because of properties of the epoxy resin., Selective
applications of graphite, Kevlar and fibecrglass/epoxy hybrid materials in

; high-corrosion areas may well be cost effective for retrofits to aircraft
" currently in service.
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The selective use of camposites for corrosion reduction in agricultural
alrcraft deserves further investigation regardless of weight-saving
potential, and additional work in this area is recawmended. As a first
step, specific data are needed on the effects of the various agricultural
chemicals on candidate camposite materials, Little information is known to
exist on this subject other than relating to fiberglass, and effort should
be undertaken to develop a data base, This should include identification
of the predominant chemical degradation products, a search for relevant
data on chemical effects on camposite materials, and testing to detemmine
specific effects on candidate materials for aircraft structure.

Consideration should also be given to a field service test in which
composite structure is installed in selected high-corrosion areas of
current operational aircraft in nommal application work. This concept was
reviewed with the Advisory Committee, and the committee endorses a program
of this type. The underside of the fuselage was identified as a primary
corrosion area where skins fabricated of composite material might prove
effective, It is recammended that plans be developed for a program to
fabricate and service test composite belly skins for one or more current
model aircraft.
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6.0 AIRCRAFT QONTROL SYSTEMS
6.1 STABILITY AND CONTROL CRITERIA

S0 far as can be detemmined within the scope of the present study, there
are no standard desian criteria presently available for stability and
control characteristics of agricultural aircraft. Federal Aviation Regula-
tions do not contain stability and control specifications for these
aircraft; consequently, the aircraft are certificated to a cambination of
negotiated requirements and normal category requirements applicable to
passenger-carrying aircraft, Data are lacking, however, to determine the
specific handling qualities characteristics best suited to the dedicated
agricultural mission in which the aircraft are constantly maneuvered at
ground level with repeated sharp pull-ups, turns, and descents into the
field. The aircraft require precise and rapid response to control inputs,
and light stick forces are important for reduced pilot fatigue,

The lack of adequate design data in this area is a detriment to development
of improved aircraft, and research is needed to fill this gap., The problem
ghould be addressed fram the point of view of the pilot/operator, with the
objective of defining handling qualities that optimize productivity and
safety in the dedicated mission. Flight tests and piloted simulations are
needed for this purpose, including the possible use of a variable stability
flight vehicle.

In the absence of existing design guidelines for stability and control
characteristics, an effort was made in Lockheed's independent development
program to evaluate the use of military requirements for design quidance.
MIL-F-8785B, Flying Qualities of Piloted Airplanes (reference 28), provides
criteria for various types of aircraft in different flight modes. The
Class IV classification "high maneuverability airplanes" most closely fits
agricultural aircraft, and dispersal operations would correspond to Flight
Phase Category A for nonterminal flight phases requiring rapid maneuvering,
precision tracking, or pirecise flight path control. Six current agricul-~
tural aircraft were evaluated agains: these military requirements using fly-
ing qualities estimates developed fram aerodynamic and qgeometric data for

v e
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these aircraft, Dimensions and areas were obtained by scaling photoqgraphs
and three-views, hence the flying qualities estimates are approximations.

Longitudinal short-period frequency data are shown in Figure 10: relative
to the military requirements., Level 1 requirements are considered to be
applicable to agricultural aircraft, with degradation to level 2 or 3 in
case of failure. The current aircraft are indicated as being near the
lower boundary, which may be relaxed if direct 1lift control is provided.
For longitudinal short-period damping, all of the aircraft were found to
fall well within the acceptable boundaries, and only three of the aircraft
r=e+ or exceed the minimum dutch roll frequency requirements. Roll-mode
constante for all aircraft are well within the specified limit,

Banx angle capability for all of the aircraft falls short of the military
requirements of 90° in 1,3 seconds, but this requirement is considered
overly severe and could probably be relaxed to about 60° for agricultural
aircraft, Pilot opinion in this area is stronqly influenced by stick
forces, and pilot work would be nceded to determine the acceptable combina-
tion of bank angle and stick fories. Roll performance data are given in
Figure 104, which shows that all of the aircraft fall near the unsatisfac-
tory boundary, but this requirement may also be too demanding for agricul-
tural aircraft,

Stick forces were not evaluated. The military stick force requirements are
not considered suitable for agricultural aircraft, Pilot tests are needed
to ascertain acceptable lower limits on stick forces without the tendency
for pilot induced oscillations.

The initial baseline aircraft configurations selected for the current study
were also evaluated against the military criteria, The baseline aircraft
canpare favorably with the current aircraft in most cases and meet most of
the military criteria. The large baseline aircraft is indicated as having
lower bank angle and roll performance capability than the current aircraft,
but this evaluation is based on nominal assumptions of contrql surfaces and
mission conditions. More detailed analyses would be necessary for con-
figuration refinement,
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6.2 AIRCRAFT CONTROL SYSTEM CONCEPTS 1

The twn baseline aircraft chosen in this study are sufficiently small to
utilize fully mechanical control systems, Conventional ailerons would pro-
vide adequate control power for both baseline designs. The smaller base-
line design would probably require a radius nose overhang balance with a
small horn balance which will also serve for mass balancing to provide the
desired low lateral stick forces., Thirty percent chord aileons with spans
of 40 percer: located between the 60% wing span station and the wing tip 3
were assumed for the small aircraft. ‘ ;

: The larger baseline agricultural aircraft design will require 30 percent 3
chord ailerons with spans of 508 on the outboard half of the wing to pro- "
r vide roll control capabilities approaching those of the smaller baseline
design. A sealed overhang balance and horn balance, also used for mass
balancing, would be required to reduce the lateral stick forces to the
level required for good handling qualities, A geared tab on the large
ailerons may also be used to reduce the lateral stick forces if necessary.

i L e

', The 40 percent chord full-span rudder assumed for each of the baseline
i’ designs may also require some degree of aerodynamic balance. The horn used i
for mass balancing with a simple radius nose may be adequate to provide :
reasonable pedal forces for the smaller baseline design. The large base- ]
line aircraft may require more sophisticated aerodynamic balances such as i
geared tabs and/or sealed overhang balances. |

The assumed elevators for both of the baseline designs are also 40 percent
chord full span control surfaces. Aerodynamic balances may consist of un-
sealed radius nose, sealed overhang, horn, or geared tab singularly or in
cambinations as required.

Neither of the two baseline aircraft is large enough to justify powered 'f:
g control systems, Suitable power packages are available, however, if ]
i " boosted or fully powered systems are desired, System redundancy or -
- mechanical system back up would be required to assure fail safe operation
with powered systems.
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The outstanding advantage of the fully powered irreversible control system
is the capability of tailoring the stick/pedal forces to those required for
optimum handling qualities. The buosted power control system is a compro-
mise in that the basic force variations are similar to the fully mechanical
system but with reduced force levels required at the stick and rudder

pedals.,

6.3 DIRECT FORCE CONTROL QONCEPTS
6.3.1 Direct Lift Control

Of the three direct force controls, direct lift is easiest to implement and
for agricultural applications is probably the most useful and desirable.
In the simplest case, high lift flaps may be used as the primary force
generator,

Flaps are particularly desirable in agricultural aircraft for reduced take-
off distance, Operations are regularly conducted at forward load points
with short unpaved runways, and the necessity to reduce payload to achieve

" takeoff can have a severe detrimental effect on mission economics. Figure

105 shows the effects of 60% and 100% span flaps in reducing takeoff
distance for the initial baseline study aircraft.

Flaps are also beneficial in reducing turn time. Figure 106 shows the im=-
provement in mission productivity and cost obtained fraom reduced turn time
with use of flaps on the small baseline aircraft in a representative
mission., Average turn time was reduced by about 1.5 seconds with 60% flaps
at 20° and by 2.5 seconds with 100% flaps at 20°,

Figure 107 presents the incremental load factor available fram the flap
system used as a direct lift control as a function of flap deflection based
on a maximum incremental lift coefficient fram the flaps of 0.50. The
track speed for computing the load factors is 120 knots which is
representative of the smaller baseline agricultural aircraft. The data are
also indicative of the capabilities of the larger baseline design since the
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flap system produces a lower incremental lift coefficient but operates at a
higher track speed.

Use of flaps for direct 1ift contrcl is more desirable than the use of a
spoiler system, In general, a spoiler system is not required for other
applications for agricultural aircraft in the size and speed ranges of this
study. In order to provide positive incremental load factors the spoilers
would have to be uprigged for neutral direct lift control inputs, thus pro-
ducing additional drag at this design point.

The most promising control for the direct lift system is integration with
the longitudinal function of the stick. A clutching arrangement would be
used to incorporate direct 1lift control for the mechanical control systems
visualized in this study. Boosted or irreversible powered control systems
would only require an additional input to the power packages.

The flap system evaluation was reviewed with the Advisory Cammittee, and
conmittee members strongly recommend that flaps be included in future air-
craft designs.

6.3.2 Direct Drag Control

Direct drag control could be useful to the maneuvering of agricultural air-
craft in that the drag change with such a system is very responsive and
permits speed changes without use of throttle changes. Direct draq control
in combination with direct lift control provides a possible means for
further reduction in turn time, but this was not evaluated quantitatively.
The direct lift control system alone provides a degree of direct draq
control in that the direct lift generator also produces additional drag
fram both profile and lift induced drag.

Figure 108 shows the capability of a direct drag control system to provide
speed change as a function of time using a drag brake deflected to the
angles shown at the end of a 0.6 second ramp. The brake is capable of pro-
viding an incremental drag coefficient of 0.15 with +40 degree deflections.
For this figure, drag coefficient is assumed to vary linearly with deflec-
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tion, No attempt was made to define the size or type of drag brake re- 1
quired to provide the dreg coefficient used, Ideally the drag brake will B
produce only dray changes without changes in lift or pitching mcment. :
Split flaps and/or ailerons with balanced upper and lower deflectable sur-

faces may be used or drag devices may be added at the wing tips or on the \ {
g
Control of the direct drag control system would probably be provided . .§

through fore and aft movement of the throttle quadrant or an associated
additional lever located with the throttle controls, Although other con- Lo
trol methods could be devised, fore and aft motion of the "throttle hand" o
E would be the most natural means of controlling the longitudinal forces on '

the aircraft.,

i The possible merits of a drag control device such as a drag brake were dis-
cussed with the Advisory Committee, It was noted by the committee that
this capability might offer some advantage for slowing the ajrcraft for :
initial descent into the field fram a high-speed approach. With turboprop J
emngines, however, the capability is immediately available through propeller
pitch change. It has not been possible in the present study to establish a
clear justification for direct drag control. i

- TR L T T

6.3.3 Direct Sideforce Control

Direct sideforce control is potentially useful in agricultural operations
to provide straight ground tracks under cross-wind conditions without
banking or excessive yawing, The capabilty might also be of value in
maneuvering around field obstacles and for clean-qp passes around the field
borders.

Figure 109 shows the sideforce required to provide an unbanked and unyawed
straight track along the ground as a function of cross wind for a typical

E aircraft with a track speed of 120 knots. Figure 110 gives the rudder de- H
: flection required for sideforce control to balance the aircraft over the :
range of cross winds shown. The horsepowers shown in Figure 111 are ‘
required to overcome the drag of the device used to balance yawing moments A
' ORIGE™"". DPEE ‘:»3
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of the rudder. The drag-producing devices in this case are assumed to be
located at aileron midepan, These devices may be utilized for both direct

drag control when used symmetrically and yawing moment control in con-

junction with the rudder when used individually, The horsepower required
for this function appears to be somewhat prohibitive.

Other methods of direct sideforce control generation may use sideforce pro-
ducing surfaces on the fuselage or symmetrically at the wing tips, The
drag produced by either of these will be much less than the system utiliz-
ing the rudder. Fuselage mounted surfaces may be restricted by the qround
clearances or interference with material hopper access,

A typical lateral maneuver with wings level is presented in Figure 112
using direct sideforce control at a maximum value of 559 pounds for the
smaller baseline aircraft. The equivalent sideforce coefficient is 0.04
which may be generated by any of the direct sideforce generating systems
being considered. At a swath speed of 120 knots, the longitudinal distance
travelled during a reasonable lateral displacement and return to the
original swath appears to be prohibitively large.

One means o[ cockpit control for the direct sideforce control system is
lateral movement of the throttle quadrant. This type of cockpit control
would be best suited for a fully powered irreversible control system but
could also be used for the unpowered or power boosted control sytem, There
are other methods of integrating the direct sideforce control of the
primary stick, but these are not as attractive as the side motion of the
throttle qguadrant since the direct sideforce control would be mixing to
some extent with the lateral control.

The possible value of direct side force control was reviewed with the Ad-
visory Cammittee. Cammittee members expressed the view that there is no
great need for this capability and incorporation of such a system would
introduce undesirable camplexities into the aircraft, Since the engineer-
ing evaluation indicates marginal performance capability, the study con-
clusion is that direct side force control is not justified for agricultural
aircraft designs in the near future.
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7.0 MISSION ANALYSIS
7.1 MISSION PRODUCTIVITY AND QOST DATA

Mission productivity and cost analyses were purformed throughout the study
in the evaluation of aircraft configwut.ocns, as noted in preceding sec-
tions of this report. This section prenen o productivity and cost data for
the refined baseline configu.ations over & tide range of missions. These
data were generated with the operations research model using aircraft
performance and cost estimates for the final refined AGB-3-B4 and AGB-7-Bl
configurations.

The primary mission parameters that are varied in the present analyses are
field size and application rate. Other mission parameters are held
constant for all cases. The basic operation is defined as utilizing a home

base and seven forward load points, with six fields to be treated at each

load point. All fields are defined to be the same size in a given case.
Load point ferry distance is 25 miles (40 km) and field ferry distance is 8
miles (13 km) from the load point. The load point runway is assumed to be
a grass strip with surface friction coefficient of .08.

Figures 113 through 115 contain the mission productivity data for the
AGB-3-B4 airplane, covering both liquid and dry missions, Figures 116
through 119 contain the mission cost data for the same mission spectrum,
including the variation in mission cost with field size for several appli-
cation rates. Figures 120 through 122 contain the mission productivity
data and Figures 123 through 126 the cost data for the AGB-7-Bl airplane,
All dry material cases are based on the use of conventional dry material
spreaders.

It should be noted that a portion of the mission spectrum is labeled "de-
clining swath width" in cases of liquid missions in the cost data fiqures,
At approximately 430 lb/acre (482 kg/ha) application rate, the AGB-3
aircraft can no longer maintain the maximun swath width and fly at the
minimum allowed swath speed, This is due to the increasing power required
for material dispersal as the application rate increases. At this point
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the swath width is reduced so as to maintain adequate power for flight, and
swath width continues to reduce as application rate increases. This causes
the cost per unit area treated to increase at a slightly higher rate. This
effect occurs for the AGB-7 airplane at approximately 680 lb/acre (762
ka/ha).

Figures 127 and 128 show mission productivity data for the AGR-7 airplane
relative to the AGB-3 airplane. Figures 129 and 130 show the corresponding
camparison for mission costs. |

From these comparison data, it can be seen that the large aircraft is much
more productive than the small aircraft. Due to higher operating costs,
howaver, the large aircraft is more economical only at higher application
rates., In the case of liquid operations the large aircraft is quite
attractive above application rates of approximately 100 lb/acre (112 kg/ha)
for larger fields., However, there are few liquid missions of this type
being performed with aircraft today. If high-application liquid missions
become ' available on a large scale, such as liquid fertilizer work, the
large aircraft would be more cost effective than the small aircraft for
these missions,

For dry material operations, the large aircraft shows a mission cost
advantage over the small aircraft only for extremely high application
missions which are basically non-existent today. This poor showing is
probably attributable to the high drag characteristics of conventional dry
material spreaders assumed in the dry material cases for both aircraft.
Spreader drag significantly reduces the productivity advantage that other-
wise accrue with the larger size aircraft. Consequently, the smaller
aircraft is more cost effective for dry materials over the practical range
of available missions. This relationship might change in favor of the
larger aircraft if more efficient means of dry material dispersal can be de-

veloped.,
It was not possible in the present study to examine wide area missions such

as forest fertilizing and pest control. The large aircraft may well be
more attractive in those type missions. It is recommended that further
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analyses be conducted of wide-area missions to evaluate the relative merits
of large versus small aircraft,

7.2 OPERATIONAL TRADE-OFF DATA

A number of different operational cases were run with the operations
analysis model for the refined baseline configurations to develop trade-off
data for varying operating conditions. These data are as follows,

Hot Day and Altitude Effects - Figures 131 and 132 show the effects of hot
day operations and 5000' (1524 m) operations on mission cost, These cases
assume unlimited runway length, and increased costs are due to degraded air-
craft flying performance due to thrust degradation.

Runway Length - Figure 133 shows the effects of load-point runway length on
takeoff payload for standard, hot day, and altitude conditions. These data
are based on a grass runway with surface frition coefficient of .08.

Runway Surface Friction - Figure 134 shows the effects of runway surface
friction on takeoff distance., Data are plotted over a range of friction
coefficients from paved surfaces to long grass surfaces.

Payload Reduction - Figures 135 and 136 show the effects on mission cost of
reducing payload below the maximum design payload for representative
missions, These data reflect cases in which payload must be reduced to
achieve takeoff.

Cross Weight Takeoff Distance - Figures 137 and 138 show takeoff distance
for a range of aircraft gross weights, CAM 8 recammended gross weight
limits are indicated for both aircraft. These data apply to a arass runway
with friction coefficient of .08,

Field Ferry Distance - Figures 139 and 140 show the effects of varyinqg
field ferry distances on aircraft productivity and mission cost. Ferry
distance is the straight-line distance fram the load point to the field
being treated,
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7.3 COOST SENSITIVITY DATA

A number of different sets of sensitivity data were run for the refined
baseline configuration. to indicate relationships among various cost
factors. Thesc are presented below.

Annual Utilization - Figure 141 shows the effects of varying aircraft
utilization on aircraft operating cost. The reference case used in all of
the cost studies is 600 flight hours per year. The factor enters into
operating cost calculation in that certain fixed annual costs are prorated
to a flight-hour base using the estimated annual flight hours. Cost ele-
ments prorated in this manner are annualized investment, annual inspection,
hull insurance, liability insurance, and taxes. Increased utilization will
reduce the prorated hourly costs, whereas reduced utilization will increase
the prorated hourly costs, The effects of utilization are quite siqnifi-
cant, as shown in the figure,

Mission Cost Sensitivity - The sensitivity of mission cost, expressed as
cost per acre, to the varous cost elements is shown in Figure 142, 1t is
seen from the figure that aircraft operating cost is by far the major
element, and changes in aircraft operating cost will have the most

significant effect on overall mission cost.

Aircraft Operating Cost Sensitivity - The sensitivity of aircraft operating
cost to its various sub-elements is shown in Fiqgure 143, Annualized invest-

ment, representing the cost of purchasing the aircraft, is the major cost
element,

Effect of Acquisition Cost - Figure 144 shows how chandes in aircraft

aocquisition cost will affect aircraft operating cost. Both annualized
investment and hull insurance are directly dependent on aircraft acquisi-
tion cost.

Acquisition Cost Sensitivity - Figure 145 shows the sensitivity of aircraft

acquisition cost to its various subelements. The cost of engines is by far
the daminant factor. Both aircraft configurations incorporate turboprop

200

e st it oai , i 5 L it s 1 St SmiamdicD S N L K 5 et e Sar SR KRG T D s B et n s B B B i o Fantd o am e i




ol R Bt i

COST/FLIGHT HOUR

AGB-7 AGB-3

j=——REFERENCE CASE
|

AGB-3-34

(
'
1
\
L

i 1 i }

$400
$250

N
300 200
150

m =
100
100% 50

200 00 600 800 1000 1200

ANNUAL UTILIZATION (FLIGHT HOURS)

Figure 141, Effect of Utilization on Operating Cost

[ —— AGB-3-B4 | AIRCRAFT

+16™ == — = AGB-7-B1 7/ OPERATING

CHANGE IN L
COST/ACRE |

| cost

_ | PILOT PAY

/me BUSINESS COST
= GROUND PERSONNEL

-8"'. e
|
-16% +. /7
L 1 | 1 J
- 207 -10% 0 +107 + 20

CHANGE IN COST ELEMENT

Figure 142, Mission Cost Sensitivity Data

201

o it v ene s e AR A P Aty S < n 1 BT SO U N




8%
TERER— A -3
I - ANNUALIZED
~ 77 INVESTMENT
AN
CHANGE IN | FUEL & OIL
AIRCRAFT o | /
OPERATING HULL INSURANCE
Ccost i /
- = ENGINE OVERHAUL
T UNSCHEDULED
L MA INTENANCE
=== == ANNUAL INSPECTION
" 1 . }
% 10% 2
CHANGE IN COST ELEMENT
Figure 143, Operating Cost Sensitivity Data
)
i y
3 /
672 =
CHANGE IN L
AIRCRAFT AGB-3-84
OPERATING
cosT
3=
0 1 J
0 10% 20"
CHANGE IN AIRCRAFT ACQUISITION COST
'
Figure 144, Effects of Acquisition Cost on Operating Cost

202

PR




SRR R T o S e AT

-
1%
CHANGE IN 0%
AIRCRAFT
ACQUISITION
cosY

L o == AGB-7-B]

3
P

CHANGE IN COST ELEMENT

Figure 145, Acquisition Cost Sensitivity Data

LIQUID MISSIONS

132
S~/ TWIN RECIPROCATING AIRCRAFT
L2}
TURBOFAN AIRCRAFT
mssion cost [ FIELD SIZE
RELATIVE TO | 160A
64.8 ha!

BASELINE AIRCRAFT

L0~  cOMPOSITE AIRFRAME

1.00

COMPOSITE WING AR « 8
BASELINE AIRCRAFT

COMPOSITE WING AR = 10
i 1 l J

100 200 300 400 LB/ACRE

A i 1 A Il - ]
80 160 240 320 400 480 (kg/ha
APPLICATION RATE

Figure 146, Small Aircraft Configurations with Interest Cost

203

b

Lo g e

Y.




engines, and the effect of engine cost would not be so dramatic with air-
craft utilizing less costly reciprocating engines.

Interest Costs - The method used in this study to calculate annualized in-
vestment does not include any representation of interest costs that might
accrue in financing the purchase of the aircraft. If interest cost is in-
curred, this would increase the cost of ownership beyond the levels used in
this study, and the increased cost would have the effect of favoring less
expensive aircraft in econamic camparisons with more costly aircraft. This
could conceivably change the selection of the preferred confiquration amonq
several contending aircraft concepts.

To examine this effect, one set of comparison data was developed to include
interest charges for all of the small aircraft configurations considered in
the study. The assumed case is one in which 75% of the aircraft purchase
price is financed at 10% interest for seven years with seven equal annual
payments. The total accrued interest cost was then spread equally over ten
years to be consistent with the treatment of annualized investment, so that
10% of the total was added to the aircraft hourly operating cost based on
600 flight hours per year utilization. By this procedure, hourly operating
cost increased by 1ll% for the AGB-3-B4 configuration and by 12% for the
AGB-7-Bl configuration due solely to the interest cost.

Mission cost comparison for all of the small aircraft confiqurations with
interest costs included are shown in Figure 146. The interest costs do not
have any appreciable effect on the relative economic merits of these air-
craft, since there are only minor changes in the relative standing of the
aircraft.

7.4 CURRENT AND FUTURE MISSIONS

As part of the present study, Dr. Ronald W. McClendon of the Department of
Agricultural and Biological Engineering of Mississippi State University has
canpiled extensive data on agricultural missions currently performed by air-
craft and missions potentially suited for aircraft in the future. The data
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were developed fram numerous published sources and through personal con-
tacts. Dr. McClendon's report is presented in full in Appendix A.

7.4.1 Current Missions

Table XXV provides a summary of the predominant missions currently per-
formed with fixed-wing aircraft., While there is a gqreat variety of
different types of applications and application rates represented in
current missions, the great majority of present work consists of low-volume
liquid applications generally in the range of one to five qallons per acre
(9 - 47 1/ha). A significant grouping of missions also occurs in the range
of 100 to 200 lb/acre (112 - 224 kg/ha) representing seeding and fertilizer
missions primarily for rice crops. Rice production in the United States is
heavily dependent on aerial application because of the high cost of ground
equipment suitable to work this crop.

7.4.2 Future Missions

Expanded future missions for agricultural aircraft cannot be projected with
any accuracy within the scope of the present study. Areas which appear to
of fer potential for increased aerial work are discussed below,

No-Tillage and Double Cropping = Trends toward increased usage of these
farming methods are readily apparent. No-tillage farming has been made
possible by the use of modern chemicals to control weeds rather than usinqg
tractors to cultivate the soil. Double cropping is a system of planting
two or more crops on the same land in a single year, sometimes with the new
crop seeded before the existing crop is harvested. Both methods should in-
crease the use of aerial methods for seeding and weed control.

Forest Management - Aerial application of pesticides and seeding are al-

ready an important part of forest management, and these missions will
likely increase as additional forest land is brought under scientific
management procedures. There are signs that forest fertilizing may also be-
cane increasingly important as an aerial mission. These missions are of
special interest because of their wide-area nature involving extremely
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TABLE XXV - AERIAL APPLICATION MISSIONS
TYPE
MISSION TREATMENT APPLICATION RATE
ROW CROPS PER ACRE (PER_HECTARE)
COTTON INSECTICIDES 1-5GAL (9-47 1)
HERBICIDES 3-5GAL (28-47 1)
 DEFOLIANTS 3-5GAL (28-47 1)
SOYBEANS INSECTICIDES 1-5GAL (9-47 1)
HERBICIDES 3-5GAL (28-47 1)
PEANUTS INSECTICIDES 1 -5 GAL (9-47 1)
FUNGICIDE 3-5QL (28-47 1)
VEGETABLES INSECTICIDES 1-5GAL (9-47 1)
HERBICIDES 3-5GAL (28-47 1)
FUNGICIDES 3 -5 GAL (28-47 1)
GRAINS
RICE SEEDING 80 - 100 18, (90-112 kq)
INSECTICIDES 1-5GAL (9-47 1)
HERBICIDES 2 - 10 GAL (19-94 1)
FERTILIZER 100 - 300 LB.  (112-336 kg)
WHEAT, RYE, HERBICIDES 1-5aL (9-47 1)
OTHER
RANGE & PASTURE LAND HERBICIDES 1-5GAL (9-47 1)
FERTILIZER 100 - 300 IB.  (112-336 kg)
WIDE-AREA PEST CONTROL  FIRE ANT 1 18. (.45 kq)
MOSQUITOES, OTHER 1 OT. OR LESS (2 1)
206
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large tracts of land, and a larger aircraft may be cost effective in these
missions because of greater payload and range capability. Wide-area mis-
sions need further analysis to determine the type of aircraft best suited
for this work.

Wide-Area Pest Control - Prime examples of wide-area pest control in the ,
United States are the fire ant program and the mosquito spraying mission oo 24
performed on military reservations by the U.S. Air Force Spray Branch,
Other wide—area pest control missions have been performed but thus far on a
rather limited scale in the U.S. In other parts of the world, various :

| types of wide-area spraying are performed for control of harmful insects, -

gx such as the locust and tsetse programs in Africa involving cooperative :

| efforts among several nations., These types of missions may increase in the
future, and larger aircraft may be more effective than the size aircraft '
used in crop work,

3
3
i
:

TETNERE: &

&
Ko,

b a3

Increased Fertilizer Work - Extensive use of chemical fertilizers is a
major factor in the advancement of modern agriculture, and the volume of
fertilizer application will continue to increase in the U.S. and q
world-wide., To date, however, aircraft have performed only a minor role in
fertilizer application. With the exception of the rice crop, aerial :
application with present systems is generally not cost-competitive with ;
ground methods for fertilizer work. There are many cases, however, where
the ability to apply fertilizer at the optimum time in the crop cycle ]
without damage from ground machinery would increase crop yield. The use of 'P
aerial methods could be greatly expanded if more economical systems can be “ 4
developed for dry material dispersal. E

o

| Fertilizer work is believed to be the single largest potential market for ,
f : future growth of the aerial application industry. Creation of efficient !
aerial delivery systems for fertilizer could result in reduced enerqy
requirements for agriculture while improving crop yield.
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7.5 COMPARISON WITH GROUND METHODS

Dr. McClendon's report in Appendix A contains data on the camparison of
current aerial and ground methods of application. Detailed cost compari-
sons are difficult, but in current practice aeriai methods are generally
cost campetitive for low volume liquids and for rice seeding and fertili-
zing, Aerial methods are much faster in all cases, hence the selection of
aerial application by the farmer is often dictated by circumstances in
which urgency of treatment has greater economic importance than the direct
cost of the service. Weather conditions also play an important role in the
selection of aerial methods, such as cases where wet soil precludes the use
of ground machinery,

Three specific cases were examined to develop a comparison of aerial versus
ground methods., Field size, field shape, weather conditions, soil condi-
tions, available equipment, and the type of material beinq applied are a
few of the many variables that must be considered in the selection of
methods, and these examples will indicate the role of some of these
variables, Costs given in the examples are for application only, based on
canmon practice in the state of Mississippi, and do not include the cost of
material,

Fertilization of Wheat - Wheat may require one or two applications of
fetilizer: top dressing and/or preplant. If the wheat is planted following
a crop of soybeans or the soil contains at least two percent organic
matter, then a preplant fertilization is not required. The top dressing
should be applied in late February or early March. If the preplant applica-
tion is needed, then 25 to 30 pounds of nitrogen per acre (28 to 34 ka/ha)
are required. For this amount of nitrogen, 75 to 90 pounds per acre (84 to
101 kg/ha) of 33% ammonium nitrate would be necessary. Since this applica=-
tion is done in the fall, consideration must be given to weather conditions
and the timeliness of application, since the crop has not been planted,
The top dressing requires 80 to 100 pourds trogen per acre (90 to 112
kg/ha) and would take 240 to 300 pounds onium nitrate (269 to 336
kg/ha). This is done about the time the seed heads are beginning to form,
and shortly thereafter stem elongation will begin. Damage to the plant
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after stem elongation begins will reduce yields, therefore crop damage must
be considered.

Application by ground is usually done with a spin spreader towed by a
tractor. The cost per acre of the spin spreader operation is $1.40 for the
spreader, $.90 for the tractor (115-150 hp) and $.26 for labor., This is a
total cost of $2.56 per acre ($6.33/ha) for this ground method. The per-
formance rate of the spin spreader is 0.1 hour per acre (.25 hr/ha). These
figures are based on the life expectance of the equipment and the average
annual usage, all of which could vary.

Application by air is charged at the rate of $2.50 per hundred pounds
(551/kg) of fertilizer. For the top dressing, applying 250 pounds of
ammonium nitrate per acre (280 kg/ha), the cost would be $6.25 per acre
($15.44/ha).

The cost of fertilization is much lower for the ground application, but due
to the other consideration such as timeliness, aerial application is widely
used,

Fungicide on Soybeans -~ Fungicides are normally applied at planting time
by using equipment attached to the planter. Since this is a combined opera-
tion, the actual cost of applying the fungicide would be difficult to deter-
mine. When fungicides are applied by air, the cost would be in the ranae
of $2.50 to $3.50 per acre ($6.18 to $8.65 per hectare) because of the
large amount of water required. Application of m-ny pesticides is done
with a low volume of water, but in the case of fungicides, it is considereqd
ineffective if applied with any less than five gallons per acre (47 l/ha).
Tests indicate that even larger amounts are desirable.

Insecticide on Cotton - The application of insecticides may range from one
to fifteen applications per year. Entomologists are commonly hired to
check for insects and advise the farmer on whether or not to apply insecti-
cides. Usually a regular program is started when insects are found and
applications are made weekly throughout the remainder of the growing sea-
son. Thus, if weekly applications are used, timeliness would be a major
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consideration in determining the method of application, Late season appli-
cations by ground can also result in damage to the crop.

Currently, the primary method used is aerial application which costs $1.00
per acre ($2.47/ha) for most insecticides and up to $1,65 ($4.08/ha) for
some special insecticides. Application by qround is done with a high
clearance sprayer or tractor-mounted sprayer. The cost per acre with the
high clearance sprayer is $1.26 ($3.11/ha) with a performance rate of ,08
hour per acre (.20 hr/ha). The cost of the tractor-mounted sprayer is
$1.35 per acre ($3.34/ha). The performance rate is .18 hour per acrc (.4.
hr/ha).

Cost comparisons show very little difference between some methods, but con-
sideration of timeliness, weather conditions, and available labor are neces-
sary when deciding which method is preferred.

7,6 OOMPARISON WITH CURRENT AIRCRAFT

It is not possible within the present study to provide a valid comparison
of the study aircraft configurations with present-day agricultural aircraft
in temms of mission cost. Greatly detailed analyses would be needed to
develop rigorous groundrules for such a comparison, including conditions of
operation, mission definition, and cost accounting procedures. Also, it
would be necessary to determine the exact performance characteristics of
the aircraft to be considered.

A gross comparison has been developed by use of the operations analysis
model. Two present-day aircraft were run in the model over the same set of
missions used for the refined baseline configurations., The two current air-
craft represented in the model are a "small" aircraft with payload of
approximately 10200 pounds (454 kg) and a radial-engine "large" aircraft
with payload of approximately 2300 pounds (1043 kg). Cost and performance
data used for these aircraft are approximate engineering estimates and have
not been verified, hence the analysis results cannot be accepted with any
degree of confidence.
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The comparison results are shown in Pigures 147 and 148, with the two
current aircraft plotted relative to the small baseline aircraft, AGB-3-B4,
It is seen from these figures that the current "small® aircraft shows an
econamic advantage at very low application rates with small fields but is
othervise not cost competitive. This result is consistent with the data
developed for the initial candidate configurations in the present study,
where the 1000-pound (454 kg) payload aircraft was shown to have this type
of mission cost pattern relative to larger aircraft,

The data indicate that the AGB-3 configuration is economically superior to
the current radial-engine aircraft over the entire range of missions con-
gidered. This advantage is relatively small with low application rates in
small fields, particularly in liquid missions. Otherwise, the baseline
study aircraft is indicated as being 10 to 30% more econamical than the
radial-engine aircraft.
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8.0 SAFETY, OPERATIONAL, AND REGULATORY
8.1 SAFETY QONSIDERATIONS

System configurations developed in this study incorporate established
safety features for agricultural aircraft. Basic quidelines for aircraft
design include good pilot visibility; crash-resistant and enerqy-absorbing
structure; placement of fuel tanks remote fram the cockpit; and sealed
cockpits to provide pilot protection from chemicals., Cockpit pressuriza-
tion/air conditoning is recammended both for pilot comfort to reduce
fatigue and to prevent chemicals from entering the cockpit. As noted
elsewhere in this report, additional research is needed to examine pilot
workload and fatigue factors particularly with respect to handling
qualities criteria.

8.2 FLIGHTPATH GUIDANCE SYSTEMS
8.2.1 General

Electronic guidance systems offer potential for aircraft positioning and
swath guidance in aerial application missions. Possible advantages of such
systems, if determined to be effective, are improved precision and unifor-
mity in the swath pattern and elimination of flagmen and/or mechanical mark-
ers on the ground. Discussions with the Advisory Committee and other indus-
try contacts indicate that an electronic guidance capability is strongly
desired by aerial application operators.

The specific capability needed fram the guidance system is accurate swath
positioning and tracking. This includes the ability to fly successive
swaths closely parallel to each other and with correct lateral offset to
avoid excessive overlap or gaps between swaths. The ability to locate the
particular field to be treated is also a desirable capability of the
guidance system, but this is secondary to the swath quidance function and
should not be allowed to introduce added camplexities to the system,
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In the present study an effort has been made to provide an initial engineer-
ing overview of the guidance system subject. This includes an assessment
of accuracy considerations, a survey of guidance techniques and existing
candidate systems, and a review of possible display techniques for present-
ing guidance data to the pilot.

8.2.2 Accuracy Considerations

The positioning and guidance requirements for aircraft used in aerial appli-
cation operations fall into two general categories: for large area
applications, over thousands of acres at altitudes of 100 feet (30 m) and
up, accuracies within +10 feet (+3 m) are probably adequate;’ for small and
medium field applications at altitudes of 25 feet (8 m) and less, much
greater accuracy is required. The accuracy requirements for low-level
field work can be further divided in two groups: high accuracy and low
accuracy. In today's operations high-accuracy work is characterized by use

of flagmen or special markers on the ground to mark the beginning and end
of each application swath.

Seeding of rice is a good example of a high accuracy application task.
There are two reasons for high accuracy. First, mistakes are costly since
overlaps are wasteful of seed and voids are wasteful of land. Second, mis-
takes are obvious since the overlaps and the voids become clearly visible
as soon as the seeds begin to sprout. Similarly, some fertilizing opera-
tions also tend to exhibit the faults or skills of the pilot, Therefore,
flagmen are nearly always used for these applications, One typical south-
eastern operator estimates that 30-35% of his work falls in this cateqory.

Applying insecticides to cotton fields on the other hand falls into the
category of low accuracy tasks. It actually does not matter if some qround
is missed, since the damaging insects move about sufficiently to come in
contact with the controlling chemicals., Most of this kind of work can be
done without the aid of flagmen. Electronic quidance for such application
would not show a direct economic justification, but the operator who uses
an electronic system will probably have a sales advantage if such systems
come into general use, Ultimately some environmental and economic benefits
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may also be realized. 1In any event, these applications do not contribute
to the establishment of optimm accuracy requirements for the guidance
system, '

It appears to be the consensus among operators contacted that the use of
flagmen for the high accuracy application tasks yields adequate results,
No improvement is needed in terms of accuracy although a more dependable
and less costly method is highly desirable. It is difficult to obtain
factual data on the numerical value of the accuracy obtained with the use
of flagmen but it appears to be on the order of 2 to 3 feet (.6 to ,9 m),
It may therefore be concluded from a practical standpoint that accuracy
greater than +2 feet (+.6 m) is not required and +3 feet (+.9 m) is
probably the optimum, :

A further limit on providing increased accuracy is derived from the pilot's
tolerance to control indications fram a guidance instrument, If too much
concentration is demanded from the pilot, the system will be counterpro-
ductive. Specific data on that subject are scarce, but a similar situation
may be helpful of comparison., It is easy and comfortable to gquide an
automobile, six feet wide, in a freeway traffic lane twelve feet wide, but
a traffic lane ten feet wide becomes fatiguing. This example provides some
subjective insight into the difference between +3 feet and +2 feet guidance
at highway speeds when the steering signals for the automobile driver come
fram the best possible "head-up-display" arrangement, the roadway itself.

It can be seen from the discussion that much additional work is needed to
establish specific accuracy requirements for electronic systems for swath
guidance. This should include determination of actual accuracies needed in
the swath pattern itself for various types of missions; practical limits
for pilot response to guidance inputs; and also limits for aircraft
response to pilot control actions based on guidance data. Flight tests
and/or simulations may be necessary to determine the quidance system/pilot/
aircraft interactions.
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8.2.3 Review of Guidance Techniques

This section provides an overview of various electronic gquidance techniques 3
that might have potential application to the aerial dispersal mission. The
techniques are considered in three categories: self-contained systems
requiring no ground devices; local area systems; and wide area systems,

8.2.3.1 Self-contained Systems - The ideal positioning system would be
self-contained and require no special external references. 1Ideally, it ) 4
should not be necessary to emplace flags, balloons, transponders, or |
reflectors in order to operate the system. A pilot who knows where he is
going and where he has been may be regarded as the simplest possible
; self-contained guidance system, It is also the most economical system and
therefore the most widely used. For many applications it is a perfectly
adequate system,

Other self-contained systems include inertial quidance, map-matching,
radiometric correlation, radar, and video tracking. Inertial quidance
systems are designed for long-range navigation and their accuracies are
stated in nautical miles per flight hour. A reasonably good inertial
. guidance system maintuins positional accuracy within one~half nautical mile
per hour. However, this level of accuracy is not normally adequate for the ‘
: aerial application tasks since the velocity errors approach one foot (.3 m) ﬂ
per second of flight. An inertial system potentially suitable for some :
aerial application missions is discussed in the following section on
candidate systems,

e i

Map-matching techniques, such as are employed for cruise missile quidance,

Lo e

& might be used for some of the aerial applications tasks, The salient 4 |
limitation would be that this method cannot be used over water or over ex- j
r tremely flat terrain.,  Radiometric correlation would suffer a similar '

limitation in that the radiated energy from a uniformly illuminated surface A
, would not yield the required reference points. Inexpensive radar equipment H
K is becoming available as a result of automotive interest in this tech-

nology, and it appears feasible that radar positioning systems might become
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available for agricultural aircraft in the future., No suitable system of
this type is known to be available at present.

video ranging and tracking offers good technical feasibility. The military
now have systems which are capable of keeping an airborne video camera ;
aimed at a specific target with deviations of just a few minutes of arc ]
irrespective of platform movement, For applications where the entire ok
operation is performed within line-of-sight of some recognizable objects or
terrain features, a system based on this capability would be both techni- '
cally and economically feasible, As far as can be determined, no suitable ]
system of this type is currently under development, although all the
;; necessary hardware is available off-the-shelf.

8.2.3.2 Local Area Systems - This category is comprised of those tech-
‘ niques which require the placemé{nt of artificial reference points, either
active or passive, as part of the operating system. The simplest and most
widely applied method in this category makes use of flagmen or markers on
the ground to mark the beginning and end of each swath.

There are several electronic systems available that use transponders placed
on the ground in the operating area., The workable range seems to be 5
approximately 20 to 50 miles (32 to 80 km). Assuming that these systems

provide acceptable performance at acceptable cost, the only real drawback i
is the necessity to set out the remote units. Some operators solve this
problem by locating one unit at their home base and putting the other unit ! '
on a pickup truck which is moved to the most favorable position for each o
particular operation., This eliminates flagmen but necessitates a truck-
driver,

it n ER L A SRR AL A ACE

,, ) A more desirable approach to the mechanization of the local area system
: would make use of some passive devices on the ground. As far as can be
ascertained, there are no such systems on the market at the present time,
For instance, inexpensive radar corner reflectors, or laser reflecting
spots, could be emplaced permanently in fields that are repeatedly treated.
The simplest approach would be to place such a device at the end of each
row or swath, and simply have the onboard unit aimed forward with a pro-
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vision to offset for crabangle. A next level of sophistication would make
use of just a few of these ground reference markers and provide a capabil-
ity to campute position on board fram parameters such as range, range-rate, 7
and/or angles to the reference., Using the capabilities of existing laser |
technology it would be possible to use those three parameters against a

single target and achieve the necessary accuracy. The salient fact to bear

in mind when considering these operational possibilities is that the !
absolute position is not important for the agricultural mission but rather

the relative position with respect to some boundary line that is usually

quite obvious.

Wwithin the category of local area systems there is a third group of systems
that might be consideved in addition to those that might be termed either
. active or passive. That is the group of emitters that are active but not
cooperative, as are the transponders. Most of the wide areas systems fall
into this group. In general, the non-cooperative systems produce hyper-
r bolic lines of position while the cooperative transponder-type systems
i produce circular lines of position. The on-board equipment tends to be
more camplex and bulky with the hyperbolic approach, but with the advent of
the microprocessor the differences may become less significant.

P
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8.2.3.3 Wide Area Navigation Systems - This category would include the ‘
various commercial and military navigation systems that are already in use 1
or which are planned for use within the near future., These systems have
not been evaluated for their short term capabilities in the present study.
For instance, loran-C might well be sufficiently accurate to maintain a
specified separation between two successive swaths that are separated in
time by less than a minute, There is also the potential for a combination
of existing wide area systems with some on-board equipment such as radar or
doppler and the necessary computation capability to provide for the unique
short~-term navigation accuracies that are desirable for the ag aircraft.

B i s
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8.2.4 Existing Candidate Systems

A brief survéy has been made of guidance equipment manufacturers to iden-
tify existing systems that might be suitable for the aerial application
mission. These results are presented below.

Litton LIN-72/76 - In discussions with the manufacturers and personnel of
the U,S. Air Force Spray Branch, it was determined that this self-contained
inertial system can be referenced to local ground features to overcome the
lack of short-term accuracy normally inherent in inertial systems, By cir-
cling a local landmark several times and pressing a "pickle switch" each
time the reference point is at nadir, as determined by a viewfinder with
cross-hairs, the system is effectively "anchored" to that reference for
local operation. The manufacturer states that in helicopter operations
over large forest areas, operating costs can be cut by a factor of five
when using the inertial equipment in lieu of ground beacons, and that
acceptable accuracy has been maintained in trials that established these
results., The system costs approximately $150,000, but it may be leased for
a period of time to determine its effectiveness in a particular operation.
In wide-area missions, the system could be utilized in a single aircraft
flying lead for several aircraft in formation.

Del Norte Flying Flagman ~ This system consists of an airborne unit which
operates against ground transponders for reference. It utilizes the 8.9
GHz region of the RF spectrum and employs 2, 3, and 4 transponders placed
up to 50 miles (80 km) from the operating area. At that range the aircraft
remains within +10 feet (3 m) of the desired position but, according to a
campany spokesman, "if ground references are available in the operating
area, such as a fence line, successive passes can be made at specified
ofsets from this ground reference within +3 feet." This, it appears, falls
within the assessment for the desired accuracy made in a previous
paragraph, and the system is said to be used successfully in lieu of
flagmen for seeding rice and other high accuracy application tasks., A
left/right steering indicator with selectable sensitivity is employed in
the cockpit to guide the pilot. The equipment weighs approximately 40
pounds (18 kg) installed in the aircraft.
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Montorola Mini-Ranger - This is also an airborne system which uses trans-
ponders on the ground for positional reference., It operates at C-Band
(5400-5600 Miz). In its basic configuration it employs two transponders at
up to 20 miles (32 ki) fram the operating area., Campany spokesmen report
that on a swath-by-swath basis "repeatability” is better than the +3 feet
(.9 m) objective in rice seeding work. A left/right steering indicator is
used in the cockpit. This instrument also features a distance meter which
conts down to the restart point where the last mission left off,
Installed in the aircraft the equipment weighs approximately 33 pounds (15
ka).

Teledyne Hastings-Raydist - Unlike the Del Norte and the Motorola systems,
the Raydist is a non-line-of-gsight continuous wave, phase comparison
system. At least two basic configurations are available, the DRS~H, and
the "T." Both are said to have a "sensitivity of approximately one-half
meter and a positional accuracy of approximately three meters or better in
areas of good geometry." It appears that this would meet the short-term re-
quirements of the agricultural aircraft quidance task. The DRS-H sytem
uses two ground stations and the "T" system uses four. The ground stations
are battery powered and may be located as far away as 150 miles (241 km) in
daytime operations and 250 miles (402 km) at night. Two different antenna
towers are used depending on the desired range: 50 feet (15 m) and 102 feet
(31 m). For airborne operations there is a pilot's control console and a
left/right and up/down display instrument, The airborne eguipment weighs
32 pounds (15 kg) plus the weight of installation.

Decca Survey - Decca Survey Systems markets the Del Norte system noted
previously. Decca earlier manufactured a system called Aqrifix which is
still used in some parts of the world. It is a hyperbolic system, with a
channel "auto locking" feature that prevents lane skips and overlaps. It
operates in the 1.7 - 1.8 KHz region and provides 85 foot (26 m) lanes
which can be resolved into one hundredth of a lane width, The system
appears to be suitable for aerial application operations, but a
manufacturer's representative reports that there are no plans to revive
production at present.




Qubic CR-100 - The Cubic Corporation manufactures high precision gquidance
and positioning equipment, and the Cubic CR-100 would probably come close
to meeting the assessed requirements. However, the system is not intended ' :
nor packaged for typical aerial application operations. This equipment is :
used extensively for test and checkout of other systems at Air Force and
other test ranges.

Approximate acquisition costs were ohtained for three of the systems using
ground beacons. These costs rance fram about $28,000 to $67,000 per
system, About two-thirds of the cost is for the airborne portion of the
system and would be incurred for each aircraft in which the equibment is
installed. The remainder of the cost is for the ground transponders.

8.2.5 Accuracy Assessment

From the review of various systems in use or under development, it is not
certain that any system meets the accuracy required to obviate the use of a
flagman for all applications. Some advertised accuracies reach 10 feet (3
m); some orally stated accuracies are +3 feet (.9 m) or less. Even if it
, was certain that +3 feet (.9 m) can be obtained, there are numerous
g conditions that must be examined before the stated accuracy could be
declared adequate with any confidence., Further detailed analysis would be
;.7 required to state categorically that the required accuracy can be obtained
within the state-of-the-art and at an affordable price. '

The basic problem in position location is the determination of the

coordinates of a remote point with respect to some given reference or

references. In the case of this study, that remote point is the aircraft,
. and the fixed or known reference may be a flagman, a visible boundary line,
\ same prominent natural or man-made feature, or an electronic emitter,
Since no measurement can be made without some error, the actual position of
the aircraft is surrounded by an area of uncertainty within which is found
‘ the desired position. For our stipulated requirement, this area is assumed
to be a circle with a radius of three feet (.9 m)., Whether that should be
taken to be the Circle of Equal Probability (CEP), or some higher probabi-
lity circle is not certain at this point. The CEP is that circle which
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contains both the actual and the desirved positons 508 of the time. 1In
fact, a circle is probably not the optimum shape of a figure containing the
allowable errors for the agricultural aircraft positioning problem,

The agricultural aircraft on a low level pass over a field poses its own
peculiar location geometry. Only the cross-track errors are really signi-
ficant, The along-track errors are usually of little or no interest since
the overflight of some recognizable boundary line indicates the start and
stop of the operation for each swath. In such a case, the allowable errors
are contained not within a circle but within an ellipse with considerable
eccentricity. In general, the simple circular approach favors the vendor
of the equipment in statements of accuracy, whereas complex analysis of
overlapping ellipses is necessary to determine the actual capability of the

equipment.,

In conclusion, it is not possible with existing information to determine
whether any given electronic quidance system is capable of meeting the
needs of the aerial application mission. Because of many complexities
agssociated with such a determination by analytic means, actual testing in
real or simulated application missions is recommended as the most practical
method of determining system suitability.

8.2.6 Cockpit Displays

The method of displaying data to the pilot is of crucial importance to the
problem of guidance and positioning of agricultural aircraft. In low-level
application work the outside environment demands the full-time attention of
the pilot. A brief assessment has been made of possible display concepts
that might be suited to this mission application.

8.2,6.1 Head-up Displays =~ Steering information may be presented by
either visual or aural means. In the visual category one may distinquish
between conventional and head-up displays (HUD). Displays that make use of
the pilot's peripheral vision without necessity to refocus may be regarded
as the simplest possible HUDs, A simple set of lights denoting left/on-
course/right may be placed where they are within the pilot's peripheral

222




g

T TRRRRRTET noa T

g T AT

vision. The interference of sunlight at various angles is the main problem
with any display of lights.

Another peripheral vision device which would not suffer from poor
visibility in high ambient light is the "barberpole" display. This
consists of a rotating cylinder with spiral stripes. 1Iwo horizontal
cylinders might be used to indicate left/right and the magnitude of the
deviation could be indicated by the rotational speed. One vertical
cylinder could possibly be used with the direction of the deviation shown
by the direction of rotation. This offers a simple inexpensive solution to
the display problem, but optimum placement and mode of indication for the
aerial applicator aircraft need to be determined.

Not so0 simple, and rather expensive, are a host of electronic HUD devices.
Two general categories may be distinguished: pilot mounted or aircraft
mounted, The pilot mounted devices consist of helmet or goggle mounted pro-
jection systems which present a display close to the pilot's eyes but which
is focused at infinity. This makes it possible for the pilot to observe
his environment and his steering information without refocusing his eyes,
They also take in account the pilot's head movements. The steering infor-
mation can be presented as a lighted "swath" appearing ahead of the air-
craft and seemingly fixed with respect to the ground.

The aircraft mounted HUD would present the same information either pro-
jected on the inside of the windshield or on a special transparent plate if
the standard windshield is not located at the proper angle. For this pro-
jection there is no compensation for the pilot's head movements,

In general, the electronic HUD suffer the same disadvantages that the
simple steering lights have, The constant shifting of the sun angle would
often "wash out" the display. In addition these devices tend to be
expensive,

8.2.6.2 Conventional Instruments - The systems which are available off-

the-shelf for steering and guidance of agricultural aircraft all make use
of conventional instrument-panel moounted left/right steering indicators.
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While these are less than ideal, such indicators may well be the best that
are available, One person contacted during this study cited 15 years
experience as a helicopter test pilot during which time he used and tested
every conceivable guidance indicator system. In his opinion, the ag pilot
uses the instrument only briefly to line himself up with external reference
points, and then he will not look again at the instrument until the
beginning of the next swath, Simple left/right indicators may be adequate
in that case.

8.2.6.3 Aural Guidance - The term "display” implies visual instrumen-
tation. In the more general sense of providing gquidance to the pilot,
aural or sound devices should also be considered. Such systems have been
in use for many years for various guidance and homing applications such as
the "A" and "N" signals from the airways range stations. MNumerous ad-
vantages can be cited for aural systems, They are inexpensive, especially
in comparison with the sophisticated head-up displays. The aural "input
channel” to the pilot is not nearly as crowded as the visual channel,
There is no need for looking down or visual refocusing. It provides for un-
interrupted guidance information. Some druvoacks may also be anticipated,
The noise level in many ag aircraft would necessitate the use of earphones,
There would be no obvious correlation between the coded sounds and external
visual references. The tone code would not be directly understood in terms
of left/right steering. It would require practice.

8.2.7 Additional Microprocessor Functions

If electronic guidance systems are incorporated into agricultural aircraft,
the opportunity will exist to employ the quidance system microprocessor for
other functions. Use of the guidance computer for swath and material
ejection camputations should be feasible, including possible adjustments to
dispersal control settings for varying wind and other environmental and
flight conditons. Ultimately, it should be possible to integrate the micro-
processor into an automatic dispersal control system. The quidance compu-
ter also has potential for other functions such as engine and aircraft per-
formance monitoring, dispersal coverage recording, and others.
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Of the existing systems surveyed in the present study, only the Litton
system presently has sufficient capacity in the positioning camputer for
any significant addition of auxiliary programs. Additional capacity could
be provided in the other systems, however, if a need for the capability
were determined,

8.3 REGULATORY CONSIDERATIONS

An evaluation was made of existing airworthiness and operating requirements
for agricultural aircraft as contained in the Federal Aviation Requlations
(FAR's) and Civil Aeronautics Manuals (CAM's), The purpose of the
evaluation was to determine if any inadeguacies exist in current
regulations of a nature that could be remedied by research and development
activities,

The basic evaluation of aimrthiﬁegs requirements was performed by Dr, E.
J. Croes, Jr. of the Department of Aercphysics and Aerospace Engineering of
Mississippi State University. The investigation included a review of the
regulatory documents and interviews with operators and manufacturers who
have been directly involved in certification of agricultural aircraft. Dr.
Cross' findings were then closely reviewed with the Advisory Committee to
develop recommendations for research.

The full report of Dr. Cross' evaluation is contained in Appendix B. Based
on these data and their own experience, the Advisory Cammittee concluded
that definite inadequacies exist in current regulations for certification
of agricultural aircraft.

A fundamental'difficulty with current regulations is the lack of clear and
specific certification requirements for agricultural aircraft. These air-
craft may be certificated under normal category requirements (FAR Part 23),
but exceptions to these requirements are allowed. CAM 8 Appendix B, Air-
worthiness Criteria for Agricultural Aircraft, may be used for guidance but
is not mandatory. Consequently, new aircraft and modifications to existing
aircraft may be certificated to a combination of requirements taken from
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Part 23 and CAM 8, and requirements negotiated with the responsible FAA

region.

Inadequacies existing in this situation arise from the following:

o

o

Part 23 contains requirements that are inappropriate for the
agricultural aircraft mission.

CAM 8 is outdated in many areas and does not address modern=-
design aircraft, such as turbine-powered aircraft. Additionally,
CAM 8 requirements are overly vague in some areas, such as in the
area of stick force gradient.

Mo specific guidelines are given for exceptions to normal cate-
gory requirements,

Many requirements are subject to FAA interpretation, and these
interpretations vary among FAA regions.

From review of the circumstances, the Advisory Committee recommends that
research be conducted in several specific areas for the purpose of support-
ing improvements in airworthiness regulations. The specific research areas
are as follows:

Q

Research to establish minimum stability criteria suited to the
agricultural aircraft mission;

Research to examine stall and post-stall behavior in those flight
regimes specifically associated with the agricultural aircraft
mission;

Expanded VGH data oollection and analysis specifically for
agricultural aircraft to provide a factual data base for
re-evaluation of airworthiness design criteria, including
strutural criteria,
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In addition to these research activities, the Advisory Committee recommends
that a task group be constituted to draft a separate FAR part specifically
for agricultural aircraft. This document would contain all requirements
applicable to these aircraft, based on the mission-dedicated nature of the
aircraft, and would clarify those primary areas presently subject to
negotiation and interpretation. It is recammended that the task group be
formed by NASA with representation from aircraft manufacturers, operators,
and technical specialists. FAA personnel should participate as observers.

It is also recommended by the Advisory Committee that standard quidelines
be established for FAA region use in interpreting the existing
airworthiness criteria until such time that more definitive regulations are
issued,
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9.0 OONCLUSIONS AND RECOMMENDATIONS

9.1 CQONCLUSIONS

The primary conclusions of the study program are as follows:

o]

The small baseline study aircraft is cost effective over a very
wide mission range. The aircraft is well suited for both liquid
and dry material missions ranging fram low to high application
rates.

The large baseline 'study aircraft appears to have limited utility
in crop missions. The aircraft has good mission economics for
high-volume liquid applications, but there are apparently few
missions of this type available, The aircraft would be well
suited for 1liquid fertilizer work. For dry materials, however,
the large aircraft is limited by the inefficiency of current dry
material spreaders. The aircraft would became more attractive if
improved dry material dispersal systems are developed.

The effe-t of various design parameters on mission productivity
varies significantly with the mission to be performed, Ferry
speed and structural weight were found to have major effects on
productivity, particularly for high application rate missions.
Swath width and turn time increase in importance for low applica~
tion rate missions., '

Major advancements are needed in dry dispersal systems. The high
drag of conventional dry spreaders is a serious determent to air-
craft productivity, and aerial methods are not likely to be com-
petitive for a wide range of dry material work without greatly
improved dispersal methods.

Specific handling qualities criteria are needed for agricultural
aircraft as a basis for flight control system design. There
presently are not adequate data available to determine the best
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trade-off between stability and controllability for the dedicated :
agricultural mission. A

o Some changes are needed to current airworthiness requlations for
agricultural aircraft. Present regqulations are not definitive
with respect to agricultural aircraft in several areas, and the
guidelines of CAM 8 do not reflect current design technology. |
Consequently, some requirements are being applied which are in- g
appropriate to the dedicated agricultural mission, ard specific ) :
certification criteria are subject to varying interpretations in
a number of areas.

(o} While not specifically addressed in the study effort, the need is
apparent for methods to predict particle/wake dynamics and swath
} characteristics. There presently are r accepted techniques for
determining the effects of aircraft design characteristics on
swath characteristics. Expanded technical data are required in

this subject area as a basis for developing analytic prediction
methods,

9.2 PROMISING CONCEPTS

i
!

The results of the study indicate that the following concepts offer promise
for improved productivity in future agricultural aircraft. These areas are
considered to merit additional investigation,

SIS v goipsiton

o An advanced biplane design of the general type represented in the
AGB-7-TBl configuration, The aircraft offers several potentially
attractive features, but it requires more detailed investigation
to verify technical and econamic characteristics.,

o Low-drag liquid systems. Dispersal system drag has a significant
detrimental effect on mission productivity, and design concepts
are available for reduced drag. If acceptable operational and
maintenance characteristics can be achieved, low-drag desiqgns
should be econamically attractive.
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9.3

9.3.1

Free release of dry material, The limited test data available
for this dispersal method suggest the possibility of improved
performance and economics over conventional spreaders for high
application rates representative of most fertilizer work,
Additional testing is needed to establish swath characteristics.

Multiple hopper designs. Benefits were indicated in the use of
dual hoppers in some of the configurations examined in the study.
This in effect is a method of placing the material nearer the
desired dispersal point, with a reduction in material transport
power required during £light, particularly for dry materials,

Dry material dispersal along the wing. While specific means of
trangporting material along the wing were not addressed in the
study, the separation of dispersal points along the wing span is
indicated as providing improvements in swath width. Significant
drag reduction from that of conventional spreaders should also be
possible if feasible methods can be found for material transport
internal to the wing.

Composite materials for aircraft structure. Composite materials
are indicated as being effective for both weight reduction and
corrosion reduction, More detailed analysis is needed to
determine specific applications, and data are needed on the
effects of agricultural chemicals on these materials. Both
laboratory and field service tests are warranted to verify near-
term feasibility of composite materials applications in selected
high-corrosion areas on current aircraft.

RECOMMENDED RESEARCH

Basis for Recammendations

Recarmmendations given in the following paragraphs for additional research
and analysis are based on findings and conclusions reached in the study
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program., These include qualitative determinations of a judgmental nature,
as well as findings based on the quantitative mission analyses,

A number of the recammended areas would require additional investigation to
determine whether sufficient merit exists to pursue the concept in more
detail., The study program Advisory Committee provided input in several of
these recammendation areas, particularly with respect to airworthiness
regqulations. No attempt has been made to rank the research areas in order
of priority, and no consideration was given to funding requirements,

9,3,2 Additional Aircraft Studies

Additional aircraft studies are recommended to refine promising system con-
cepts identified in the present study and to evaluate additional concepts
which could not be addressed in the present study. Areas considered to
merit additional study include the following:

° The advanced biplane concept and possibly other aircraft con-
figurations, including an aircraft with canard controls.

o Dispersal system power concepts, including enqgine power take-off
methods and auxiliary power plants.

o Dry material dispersal concepts, with particular emphasis on
methods for transporting material internal to the wing for
dispersal along the wing span.,

o A more detailed composites aircraft configuration study to
establish better confidence in indicated weight reduction
benefits and identify specific design approaches.

o Mission analyses for wide-area missions to determine the size

aircraft best suited for these missions and the relative
importance of various design characteristics,
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9.3.3 Composite Materials for Corrosion Reduction

Camposite materials applications in selected high-corrosion areas appear to
of fer near-term benefits for present aircraft. Two lines of additional in-
vestigation are reconmended:

o Laboratory tests to develop data on the effects of agricultural
chemicals on the leading camposite material candidates for
agricultural aircraft structure,

o A field service test in which composite material components are
installed on operational aircraft and closely monitored over a
period of normal operation. Several activities will be needed to
reach the actual test stage, including development of a specific
program plan and technical studies to select materials -nd
aircraft applications.

9.,3.4 Particle Behavior and Swath Predictions

It is recommended that NASA continue the present research into liquid and
dry particle dynamics and interactions with the aircraft flow field., The
research should be pursued to the point of providing data and methodoloqy
for predicting swath width and pattern as a function of aircraft charac-
terisics for various materials and environmental conditions. This capa-
bility is necessary for optimum design trade-offs to maximize aircraft
effectiveness in aerial application missions.

9,3.5 Experimentation with Dry Material Devices

A broad range of dry material dispersal devices should be investigated in
an effort to improve aircraft productivity in this mission. A number of
different concepts has been suggested within the industry at various times,
but generally the resources have not been available to verify technical
feasibility or performance. Tests of experimental hardware is recommended
for device concepts that appear fram a theoretical viewpoint to offer per-
formance improvements.

233




RTEYT

[P ——

[“‘{H e
o

T T

9.3.6 Flight Tests and Simulations for Handling Qualities

Tests and analyses are recammended to develop handling qualities criteria,
Such tests must involve pilot performance and opinion for a representative
sample of pilots in flight regimes closely matching agricultural missions.
Ground simulators may be suitable for this purpose, but actual flight tests
are recamended., A variable-stability flight wvehicle should be utilized.
In conjunction with these tests, an evaluation should be made of the broad

question of pilot workload and fatigue factors relating to safety and
aisgion productivity,

While this recammendation is directed specifically to the need for design
criteria, the recammended testing also relates to research to support
changes in airworthiness requirements as noted in a subsequent paragraph.

9,3,7 Guidance System Evaluation

Flight testing in actual or simulated agricultural missions is recomended
to evaluate candidate electronic guidance systems that appear suited for
the swath guidance function. These tests would also serve to develop
criteria for future quidance systems for the agricultural missions.

9.3.8 Research and Development to Support Regulatory Changes

These recammendations fall into two categories: (1) research specifically
related to technical airworthiness criteria; and (2) effort to improve

overall format and content of airworthiness regqulations for agricultural
aircraft,

In the first category, the following specific research areas are recom-
mended:

o Research to establish minimum stability and control criteria for
agricultural aircraft. Data required for this purpose would be

available from the handling qualities testing previously
recanmended.,
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o Research to examine stall and post-stall behavior in those flight
regimes specifically associated with the agricultural mission.

o Expanded VGH data collection and analysis as a basis for re-
evaluation of existing airworthiness criteria, including

structural criteria.

In the second category, it is recommended that a govermment/industry task
group be formed to prepare a draft of a separate FAR part specifically for
agricultural aircraft. This document should contain all of the airworthi-
ness requirements &applicable to these aircraft.

J
o




Page intentionally left blank



e T
-

- g

1.

2.

3.

4,

5.

6.

7.

8.

9.

10.

11.

10.0 REFERENCES

Razak, Kenneth; and Snyder, Melvin H.: A Camputer Operational Analysis
of AG-Plane Operation to Evaluate Design Parameters, SAE Paper No.
770480, 1977,

Society of Allied Weight Engineers Handbook. Section 18, 1976
Revision.

Richmond, S. B.: Statistical Analysis. Second Edition, Section 19-1Z,
Ronald Press, 1964.

Federal Aviation Agency: Civil Aeronautics Manual 8, Aircraft Air-
worthiness Restricted Category, March 1959,

Hoerner, S. F.: Fluid-Dynamic Drag. Published by author, 1965.

U. S. Navy Air Development Center: Subsonic Drag Estimation Methods,
Report No. NADC AW-6604, May 1966.

Jones, B.: Elements of Practical Aerodynamics. Third Edition, John
Wiley & Sons, inc., 1942,

Royal Aeronautical Society: Data Sheets, Vol. IV. 1945 and subse-
quent revisions.

U.S. Air Force: Stability and Control DATOCOM, October 1960, Revised
June 1969.

Smith, M. R.; and Patrick, J. D.: Evaluation of the Snow S-2C
Agricultural Aircraft., Research Report No. 71, Mississippi State
University, November 1965.

Borst, H. V.: A Short Method to Propeller Performance. Propeller
Division, Curtiss-Wright Corp., July 1959,

;-;g;&.fb LS

237

b, N




12,

13,

14,

15,

16.

17,

18,

19,

20,

21.

anith, M. R.; and Patrick, J. D.: Evaluation of the Grumman AG-CAT
Agricultural Aircraft. Research Report No. 72, Mississippi State
University, November 1966.

Smith, M. R.; and Patrick, J. D.: Evaluation of the Piper PA-25-B
Agricultural Aircraft. Research Report No, 69, Mississippi State
Univetsity, June 1966.

Smith, M. R.: Aerodynamic Improvements for Agricultural Aircraft,
SAE Paper No. 690305, March 1969,

Henry, J. E.: Study of Distributors for Applying Dry Materials by
Airplane, Research Bulletin 906, O©Ohio Agricultural Experiment
Station, May 1962,

Smith, M. R.: Evaluation of the Piper PA-18A Agricultural Aircraft.
Technical Report No., FAA-ADS-51, Mississippi State University, July
1965,

Brazelton, R. W.; Akesson, N. B,; and Yates, W. E.: Maximizing
Effectiveness of Dry Materials Distribution by Aircraft. Transcript
No. 67-154, Department of Agricultural Engineering, University of
California at Davis, June 1967,

Federal Aviation Administration: General Aviation Aircraft Operating
Costs, F