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SECTION 1

INTRODUCTION AND SiIMMARY

A. OBJECTIVES

The objective of this study was to demonstrate and evaluate various fuel
conservation techniques for airbus aircraft on short haul routes. The study
was to determine the feasibility of incorporating optimal concepts into a
practical system, to confirm various earlier theoretical analyses, and to
gain some insight into the sensitivity of fuel conservation strategies to
nonlinear and second order aerodynamic and engine characteristics not
represented in the earlier theoretical studies. In addition to the
1nvestigation of optimal trajectories the study was to ascertain combined
fuel savings by utilizing various procedure-oriented improvements such as

delayed flap/decelerating approaches and great circle navigation.

B. BACKGROUND

The study was performed in Sperry’s Advanced Avionics Systems Laboratory
using one of the digaital simulator facilities contained in that laboratory.
The specific simulator/validation facility used for this study had been
developed previously to provide a software/hardware validation capabality for

an advanced digital flight guidance and control system for the DC-10

aircraft. The airborme equipment that was flight tested in a DC-10 in 1974
(Reference 1) was used to mechanize the guidance and control laws that
defined the optimal flight guidance and thrust management strategies. The
integrated digital flight guidance system consisted of an autopilot, flaght
director, autothrottle and thrust rating system representative of
state-of-the-art airborne computer technology. The airborne system was
interfaced with an accurate and realistic array of airborne sensing
subsystems. A complete complement of DC-10 flight guidance displays
permitted realistic monitoring of the demonstraéion flights. A more detailed

description of the validation facility is given in Seetion II.
Optimal £light path and thrust strategies were computed from procedures

developed at Stanford University (References 2 and 3) and NASA Ames Research
Center (Reference 4). A FORTRAN program that computed fuel optimal flight
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paths was obtained from Stanford University, Department of Aeronautics and
Astronautics and was run on the Sperry Flight Systems UNIVAC® 1108 computer.
Several modifications were made to the Stanford program in order to more
accurately predict the actual performance of the DC-10 aircraft. The program
was then used to gemerate the optimal climb-out and descent profiles for the

various flaghts under study.

C., SUMMARY OF RESULTS

Trajectories based on optimal control theory were implemented and tested
on the Sperry Flight Systems 18198 airborme computer interfac&d with a real
time simulation of the DC~l0 aircraft. The computer was programmed for a
fully automated flight, with the autopilot/autothrottle system providing
automatic take-off, climb, cruise, descent, approach, landing, and roll-out
control., This control was accomplished by sequencing the existing repertoire
of autopilot/autothrottle £light path guidance modes. The sequence was
controlled by a simulated navigation subsystem which stored the aircraft’s
flaght plan and computed the alreraft’s horizontal position with respect to
the reference flight plan. All vertical navigation and state estimation was

performed by the autopilot/autothrottle computer.

Assurance that the optimal concepts studred are attainable and practical
has been provided through utilization of state~of-the—art airborne computer
equipment, a very complete simulation of the aircraft and engines, and
realistic hardware interfaces representing airborne sensing devices. The
results obtained have been encouraging and in general have confirmed earlier
theoretical results. The results for a short flight (Las Vegas to Los
Angeles) are summarized in Table 1-1, Results for an intermediate ramge

flight (Chicago to Las Vegas) are summarized in Table 1-2.

Conclusions obtained from the study are:

e Fuel consumption sensitivity to nonoptimal airspeed 1s least during

climb-cut.

e Fuel consumption sensitivity to changes in airspeed 1s low in the

vicinity of the optimum airspeed at all conditions.,

1-1



TABLE 1-1

SUMMARY OF SIMULATOR FLIGHT RESULTS
LAS VEGAS TO 1.0S ANGELES

Flight

Average
Fuel
Consumed
(1b)

Average
Fp
(1b/nmi)

Average
Flight
Time
{(min,sec)

Fuel Saved

Time Change

(1b) %

(min,sec)

%

Baseline

Baseline with
Delayed Flap
Approach ¢

Baseline at

Optimal Cruise
Mach

Optimal with
Constrained
Altitude

Optimal with
Unconstrained
Altitude

Optimal with

Unconstrained
Altitude and

Delayed Flap

Approach

Optamal with
Tnconstrained
Altitude and
Delayed Flap
Approach on
Great Circle
Route

10,072

9,791

9,638

9, 480

9,316

8,993

8,524

45.25

44,02

43.31

42.58

41.85

40.42

41.18

37,8

42,20

43,6

42,28

41,16

38,52

281

4.31

434

592

5.9

756

7.51

1079 |10.7

1548 ]15.4

~(1,52) | -4

+79

4,6 9.4

3,28 8

2,16 5

-(0,8) -

.89

.8

.34
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TABLE 1-2
SUMMARY OF STMULATOR FLIGHT RESULTS

CHICAGO TO LAS VEGAS

Flaght

Average
Fuel
Consumed
(1b)

Average
Fp
(1b/mn1)

Average
Flaght Taime
(hr y,min,sec)

Fuel

Saved

Time Change

(1b)

(hr ,m1n,sec)

Baseline

Constant
Altatude
Cruise
Optaimal
with
Delayed
Flap
Approach

Climbing
Cruise
Optimal
with
Dalayed
Flap
Approach

Climbing
Cruise
Optimal
with
Delayed
Flap
Approach
on Great
Circle
Route

41,566

39,914

39,860

39,050

30.79

29.56

29.52

29,58

3,3,15

3,15,9

3,14,55

3,10,50

1652

1706

2516

6.05

0,11,54

0,11,40

-(0:4:5)

6.5

6.37
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o It is advantageous to climb to the optimal altitude that the route
length and FAA regulations permit.

o The current airline practice of flying a low altitude cruise segment at
a high calibrated airspeed is least efficient on short routes (e.g.,

Las Vegas to Los Angeles).

e Delayed flap/decelerating approaches can provide a substantial fuel
savings if the procedures can be made compatible with air traffic

contrcl management of aircraft metering into the final approach paths.

¢ Great circle routes could significantly reduce both fuel consumption

and flaght time.

D. RECOMMENDATIONS

Results obtained thus far have provided assurance that the optimal
concepts under study are realizable and practical. However, additional work
should be done to evaluate the desirability of making the strategies adaptive
in order to account for drag variations in individual aircraft and loss of
engine efficiency with age. The optimal trajectory formulation should be
expanded to include the time factor. Procedure-oriented techniques should be
explored to maintain the aircraft in the lowest possible drag trim state. In
short, while the demonstrated gains are impressive, there appear to be

significant effects that bear further investigation.

We also recommend that these concepts be incorporated into a system with
sufficient pilot interfaces to allow evaluation of augmented manual (flight
director) as well as fully automatic systems. Further, we recommend the
ultimate flight testing of a complete system with enough flexibality to

evaluate manual, automatic, and semi-automatic fuel conservation techniques.



SECTION II

STMULATOR FACILITY AND ATIRBORNE EQUIPMENT DESCRIPTION



SECTION IL

SIMULATOR FACILITY AND AIRBORNE EQUIPMENT DESCRIPTION

A, SIMULATOR/VALIDATION FACILITY

Figure 2-1 shows a general block diagram of the DC~10 aircraft
simulato;/validation facility which i1dentifies those elements providing
guidance and control system study and/or evaluation capability., The
availability of an airborne guidance and control computer complex interfaced
with an array of airborne sensing subsystems is an important consideration
when conducting this type of work. This capability is provided by the
Airborne Hardware Simulator (AHS) unit shown on the left in Figure 2~2. This
unit duplicates the electrical and mechanical characteristics of the airborne
equipment. The airborne guidance and control system consisting of the data
adapter unit, the 18193 digital computer, the electronic control unit (servo
drive and excitation interface) and assocliated panels and controls is
interfaced with sensing and control hardware items that are precise
electrical replicas of the equipment existing in a DC-10 aircraft. The
Multiport Peripheral Controller (Percon) unit, shown on the right in Figure
2-7, contains the simulation computer (a ground-based version of the Sperry
1819B), a 32K auxiliary memory, dual magnetic cartridge units {(for program
assemblies, program loading, etc), and the electronics that interface the

simulation computer with magnetic tape, magnetic cartridge, CRT and printers.

Figure 2-3 shows a view of the simulation facility equipment from the
rear of the two-seat cab. The system integration bench, designed to provide
the necessary redundancy for fail operative digital Automatic Flight Control
System (AFCS) testing, is shown on the right. The front connectors that are
in view are test interface points for troubleshooting system components or
system wiring. The airborne equipment is mounted behind the trays which are
visible. The CRT in the right corner is always on line with the airborne

computer.
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B. AIRCRAFT SIMULATION AND AIRBORNE GUIDANCE AND CONTROL SYSTEM

The aircraft simulation includes complete six-degree-of-freedom,
quasi-rigid body equations of the DC-10 covering its entire flight regime
plus ground roll/landing gear equations. These equations are shown in
Figures 2-4a and 2-4b. The simulation was developed from Douglas Aircraft
Company data given in Reference 5. Detailed aero data is stored in tables
which are utilized in the computation of the equations of motion. Moreover,
the Airborne Hardware Simulator includes a nonlinear electronic model of the
hydromechanical actuation system including hysteresis effects due to
compliance, friction, and backlash. The simulation can be flown manually or

automatically from take-off to a full stop after landing.

The automatic flight path guidance modes resident in the airborne
hardware include autopilot cruise and landing guidance, autopilot control
wheel steering with flight director guidance, autothrottle/speed command and
thrust rating. The autothrottle/speed command system provides continuous,
inflight computation of aircraft weight and angle of attack uéing inertial
and air data measurements. A general block diagram of the aircraft
simulation and integrated pitch guidance/thrust management system is shown in
Figure 2-5. To facilitate completely automatic flights, flap deployment and
course selection are preprogrammed into the simulation and airborne software.
Lateral and vertical flight path data for several flight legs, as obtained

from United Airlines, are included in the simulation.

C. ENGINE MODEL

An extensive model of the General Electric CF6-6 jet engine is included
in the simulation. Necessary equations and tables are found in Reference 6.
The engine power lever is used exclusively for control of the thrust by
controlling the high pressure core rotor speed, N;. Net engine thrust, fuel
flow, and percent low pressure fan rotor speed, N;, are then calculated as
functions of N, flight condition, and the air bleeds. Typical customer air
bleeds as obtained from McDonnell Douglas are adjusted according to the
flight mode (climb, cruise, or descent), the altitude, and the aircraft
weight. Throttle levers are provided to allow individual manual control of

the two wing engines, while the tail engine assumes the average of the other

2=3
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two. The engine model receives a throttle rate command from the
autopilot/autothrottle system (when engaged) which 1s used to adjust the
position of the power lever. The complete engine model 1s then incorporated

into the simulation as shown in Figure 2-5.

D. INSTRUMENTS AND DISPLAYS

The aircraft simulation facalaty is equipped with a two-seat cab that
contains a complete complement of flight displays and controls representative
of a transport aircraft. Faigure 2-6 shows the instrument panel inside the
cab, TInstruments interfaced with the simulation include a Mach airspeed
indicater, an altimeter, a vertical speed indicator (VSI), an attitude
director indicator (ADI), a horizontal situation indicator (HSI), and the
total air temperature (TAT) scale of the thrust rating indicator. The
airborne computer is interfaced with flight director bars on the ADI, the
thrust rating (N] limit) aindicator, and an alphanumeric mode status display.
The Flight Mode Annunciator (FMA) indicates (left to right, top to bottom)
the engaged throttle mode, any armed modes, the engaged roll mode, the
autopilot status, and the engaged pitch mode. The autopilot status is

defined as off, control wheel steering (CWS), or autopilot command.

E. CRT CONVERSATIONAL UTILITY

Editing the simulation equations and incorporating additional features
are achieved by a simulation utility resident 1n the simulation computer,
Some of the features of this utilaity are allustrated in Figure 2-7 which
shows the simulator’s control CRT daisplay calling conversational routines.
Figure 2-7a allows selection of any output variable for plotting (zncluding
scaling) on an 8-channel strip chart recorder, and Figure 2-7b allows
selection of preprogrammed flight plans. Other features include selection of
ILS facility beam bends, wind profiles and shears, and setup of X-Y plotters.
These same Englaish language couversational routines allow setting of aircraft
trim conditions at any point 1in the alrcraft’s operating envelope.

Turbulence models can be selected or changed, redundant sensor model failure

mechanisms can be selected or added, and sero data can be edited.

2-7
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Figure 2-6
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SECTION IIT

BASELINE FLIGHT PLAN

Two flight routes were obtained from United Airlines for use in the fuel

conservation study. These routes are:
e United Airlines Flight 345 (as on November 21, 1975)

Toronto (YYZ) to Chicago (ORD)
Chicago (ORD) to Las Vegas (LAS)
Las Vegas (LAS) to Los Angeles (LAX)
Los Angeles (LAX) to Seattle (SEA)

e United Airlines Flight 358 (as on November 21, 1975)

Los Angeles (LAX) to Las Vegas (LAS)
Las Vegas (LAS) to Chicago (ORD)
Chicago (ORD) to Newark (EWR)

There are seven individual legs wath three being short range (LAS to LAX and
LAX to LAS, about 220 nautical miles and YYZ to ORD, 398 nautical miles).

The leg from Las Vegas to Los Angeles was chosen as the short range
baseline flight, while the leg from Chicago to Las Vegas was chosen as the
intermediate range flight. Table 3-1 lists the longitudes and latitudes of
the VOR stations that defined the lateral profile for the short haul route.
Note that some of the stations listed are not really VOR stations but simply
checkpoints. These checkpoints were treated as VOR stations in order to
simplify the simulation of pilot action during the automatic flights. TFigure
3~1 shows the lateral approach profile used in the baseline short haul route

for a landing at Los Angeles.
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TABLE 3~1

VOR STATTONS
LAS VEGAS (LAS) TO LOS ANGELES (LAX)

VOR Station | Latitude (deg) | Longitude {(deg} Course (deg)
Las Vegas 36.08 -115.158 219.088
Hector 34.797 ~116.462 224.643
Citrus 34.035 =117.39 263.037
Arnold 34.005 -117.75 260.04
Bassett 33.978 -117.975 262.219
Los Angeles 33.933 -118.432 —-—

Total Initial Weaght: 324,900 pounds
Weight Without Fuel: 279,500 pounds

Current climb-out procedure, per United Airlines, i1s to take off with the
flaps set to 10 degrees and the throttles set at the take-—off Nj limit. When
the speed reaches Vg = V5 + 13 knots, the aarcraft is rotated to 15 degrees
nose-up at 3 degrees per second. The speed is then maintained at V = Vo + 10
knots while the airecraft lifts off and climbs. At 1,500 feet above ground
level (AGL), the speed 1s maintained at V) + (flap setting) in knots, flaps
are retracted and the throttles are set at the maximum climb Ny limit. At
3,000 feet AGL, the vertical speed 1s reduced to about 600 feet per minute to
allow the aircraft to gain airspeed. When 250 knots IAS is attained, thas
speed is held on pitch, and the throttles are set to the maximum cruise Nj
limit. At 10,000 feet mean sea level (MSL), the vertical speed is again
reduced to about 600 feet per minute. At 290 knots IAS, this speed 1s held
on pitch. When .82 Mach is reachedy 1t 1s held on pitch. As the climb rate
drops below 1,000 feet per minute, the throttles are set back to the maximum

climb Ny limit for the remainder of the climb-out.

Current descent procedure, per United Airlines, is to retard the
throttles and maintain 340 knots TAS on pitch. When 12,000 feet MSL 1s
reached, the descent rate 1s reduced to about 800 feet per minute in order to
slow the aircraft. At 250 knots TAS, this speed is held on pitch until the
approach altitude of 3,000 feet AGL is reached. This altitude is then
captured and held on pitch with the throttles still retarded, allowing the

3-2



aircraft to slow down. At 190 knots, the flaps are deployed to 15 degrees.
When the airspeed reaches the approach speed with respect to the weight and
flaps, this speed 1s held with the throttles. Concurrent with glideslope
capture, the flaps are depleyed to 22 degrees. Full landing flaps are
deployed at 1,500 feet AGL and the aircraft completes the final approach to
touchdown. TFigures 3-2 and 3-3 show the climb-out and descent profiles,

respectively, for the baseline flaight from Las Vegas to Los Angeles.

The total amaitial weight of the aircraft for the short range route was
taken as 324,900 pounds, while the weight without fuel was 279,500 pounds.
Cruise altitude was 24,000 feet MSL and the cruise Mach was .83. Take-off
was due west from Las Vegas., At 1,500 feet AGL, a heading of 165 degrees
(magnetic) was selected in order to intercept the 32 degree radial from
Hector. The ILS approach into Los Angeles was a Citrus Three arrival made on

runway 25L, at a magnetic heading of 248 degrees.

Table 3-2 lists the longitudes and latitudes of the VOR stations that
were used for the intermediate range flight from Chicago to Las Vegas. As i1n
the previous case some of the points listed were not really VOR stations but

simply checkpoints.

The climb-out and descent procedures for the Chicago to Las Vegas flaght
were the same as those between Las Vegas and Los Angeles. Imitial cruise
altitude was 35,000 feet MSL; the cruise Mach was .824. About 140 nautical
miles before Demver, an enroute climb to 39,000 feet was effected. Throttles
were set to the maximum climb Ny limit and Mach was held on pitch, Figure

3-4 shows the vertical profile of the flight from Chicago to Las Vegas.

Total initial weight for the intermediate range flight was 348,300
pounds, while the weight without fuel was 288,200 pounds. Take-off was due
west from Chicago. At 1,500 feet AGL, a magnetic heading of 165 degrees was
selected an order to intercept a 34 degree radial from Joliet. The ILS
approach into lLas Vegas was a Crowe One arraval (Bryce Canyon transition)

made on runway 25 at a magnetic heading of 255 degrees.
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When the approach speed 1s reached hold this speed on
When the glide slope 15 intercepted deploy the flaps to 22 de

At 1 500 fesat dbove ground fevel deploy full fanding flzps (S0
degrees) and hold 135 knots on autothrottle



TABLE 3-2

VOR STATIONS
CHICAGO (ORD) TO LAS VEGAS (LAS)

VOR Station Latitude (deg) Longatude (deg) Course {(deg)
Chicago 41,988 ~-87.905 214.077
Joliet 41,547 -88.318 268,035
Towa City 41,518 -91.613 250.240
111 Miles Past I0W 40,927 -93,922 268.879
Lincoln 40.923 -96.742 260,112
Bayes Center 40. 453 -~100.923 257.131
Denver 39.86 -104.752 254,251
Grand Junction 39.06 ~108.792 245.687
Hanksville 38.417 -110.698 239.439
Bryce Canyon 37.69 -112.303 222,133
Wolf 36.693 -113.455 222.034
Higgs 36.415 ~113.772 220.810
Pierce 36.075 -114.147 267.074
Crowe 36.073 -114.357 269.621
Las Vegas 36.08 - -115.163 -

Total Initial Weaght: 348,300 pounds
Weight Without Fuel: 288,200 pounds
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SECTION IV

DISCUSSION OF RESULTS

A, ATRCRAFT FUEL CONSUMPTION CHARACTERISTICS

Figures 4-1 through 4-6 show the simulated DC-10 aireraft”s fuel
consumption per imit distance versus Mach number at constant altitude for
weights of 300,000, 350,000, and 400,000 pounds. The altitudes ranged from
5,000 to 40,000 feet an 5,000 foot increments. It was determined that the
center of gravity location has little, if any, effect on the altitude or Mach

number for optimal fuel consumption per unit distance.

All the curves tend to be very shallow and have a wide range of Mach
numbers over which the fuel consumption per unit distance, Fp, does not
change appreciably. As an example, for a weight of 300,000 pounds and an
altitude of 15,000 feet, the minimum Fp of 36.25 pounds per nautical mile
occurs at .52 Mach., TIf the Mach number is increased 10.6 percent to .575
Mach, the value of Fp increases to 37.0 pounds per nautical mile, or only

about 2.1 percent.

The Mach number where the optimal Fp occurs increases with altitude for a
given weight. Tor example, with a weaght of 300,000 pounds, the optimal Mach
number 1s about .42 for an altitude of 5,000 feet. The optimal Mach then
increases with each succeeding alt:itude until at 40,000 feet the Mach number

18 .79.

The altitude at which the optimal Fp occurs 1s a function of the weight.
The optimal altitude decreases with 1ncreasing weight. Figure’ 4-2 shows that
the optimal altitude for a weight of 300,000 pounds is approximately 40,000
feet. Figure 4-6 shows that the optimal altitude 1s about 35,000 feet for a
weight of 400,000 pounds.
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B. BASBELINE FLIGHT: ©LAS VEGAS TO L0OS ANGELES

Figure 4-7 shows the baseline lateral profile in terms of the longitude
and latitude. The flight follows the lateral profile for a Citrus Three
arrival at Los Angeles. Points of particular anterest during the flaght are
indicated on the figure. The initial heading 1s due west (true). At 1,500
feet above ground level, a heading of 165 degrees (180 degrees true) is flown
1n order to intercept the 32 degree (47 degrees true) radial from Hector.

The rest of the flight follows the lateral flight plan given in Section III.

Figure 4-8 shows the barometrie altitude versus the range for the
baseline climb-out from Las Vegas. Climb-out procedure is given in Section
IITI. The flatteming of the profile at about 5,000 and 10,000 feet 1s due to
holding the vertical speed at about 600 feet per minute while the calibrated
airspeed increases. The value of V; ghown in the figure i1s dependent on the
weight and flap posaition. For this flight, the inxtial we:ght is 324,900
pounds, the initial flap setting 1s 10 degrees, and the value of Vj 1s about

150 knots. A cruise altitude of 24,000 feet MSL 1s reached approximately 62

nautical miles into the flaght.

Figure 4-9 shows the barometric altitude versus the range for the
baseline descent into Los Angeles. The point of descent 1s reached about 138
miles into the flight. Since the cruise airspeed is 360 knots, the aircraft
must maintain altitude with retarded throttles in order to slow down to 340
knots specified by the descent procedure given in Section III. The
flattening of the curve at 12,000 feet is due to holding a descent rate of
800 feet per minute while the aircraft slows to 250 knots. Approach altitude
1s reached at 207 nautical miles and glide slope 1s captured about 4 miles
later. The aircraft lands at Los Angeles with a total range of 222 nautical

miles.

Figures 4-10 and 4-11 show the calibrated airspeed versus the range for
climb-out and descent, respectively. The two flat regions during climb-out
are when 250 and 290 knots are being held on pitch. At 62 miles, cruise
altitude is reached and the aircraft increases airspeed to about 360 knots,

corresponding to a Mach of .83. Saimilar flat regions during the descent are



r T T
[ ot s i et epoeas w ot Biaveins Al ool RO SR v NS - T i
bt 1 : M L 1= e ] ¢ et ' W - 18
Wl =ttt " | RS .Ixu o B - - na i s %4 - nhu
ST e e e i L T TR m 2
L T R iy S — seed i oo |- - o@| - -
M H o JEEP EMEM BN e Dl el o bl -] - Tz
t I e e e el R s e e R - SR - - 3 -
() P P g g PrHLE PEPEY ST R ey Sy T D - £ e
g Al Rt Bndndoe osomion w pehnk shgine & [ W el SRS FEWE RN I IR+ Bl
] PNy i B ot el pisadl o i ——F - - - = =) G P i E
L Tt m — =} e R e Al L] - i1 v = [ mfi— § g |Mm| v -3
1 T - > eee L W b e e LTI LT S T bres]
H T B = ==y T -
N W . = .ull......-..-_-.,rffm‘ R e TR E T LT e Th.um..n aal -
B o e N s - ol a e B T RSLE QLA - 1 --1q
2 ER RN 2 b — b= g (= freee el S ls r_4|1|_. i iy lJl.|1|Nmm —— -__m
17 L3 I Lt [P U IV TN — ™ I | g
T o ; P gy et Rtourh Sl o ik N e e e kst e T s S
i _ (1 It S L= S AV L e ftm vean] o drinf it Pt A it o 3 |SM e ]
3 L] 3 T T L - T LT SO o 1] <
1 ] 5 o T o T L M 0=
A s o Epmat e B Bt oot o o Frves qessy Bagy pORy Ear
H —] e - g7 —
1 ) EILIE ML, ool e ket A T T I B J
- T f Y =N [ =] 1 ] 1 e e -
¥ ] I 1 W y ML 2 ] i) He RS
"., .__,Im N t/ _vIWD - _‘L_“ T f =
T ] I H s ¥ H I . R BN
T T T 7 _’f HN.I-.TIJ .wwujmi_ L . X
N} i EA ! - " LR ) =]
i ] | th W ] [t T ¥ ™ W) il i &
IR | T 1 - 1 I i H w
it T 17 [ [} T e T Ty LN TR -
[T ._m/t.. \.‘_ x, ] 3 3 n.“ 1 [] it I b T "
T L b i t ;) T
neEna L Lpet N E T + 3 ] [ I LI T
L] T H 11 L) Hl] ! LI + b i
E 2 I N R ES g 1 1 N
R A R P H I T 1 ) e I e &
(N RN RR) T HE L3 N T 3 i N I :
+ TS T T ¥ H (N ot P
i He Nt St * S -
T T 1 R urd
I [} T T 1 LA T + bt st
) M L 1 i o T I A Ty ] 2
T Fo Ty U T T b ] [
T =TT T T % T T -
LY 1 I} 1 T L I P L
U N ) 1 1 I 30 I T pary
I | | T T T 1 1 T T T i
1 1 T ¥ T - —_ [ 1 T L
T 3 T 1
T ) f=t | " H T (o800 T [ S I
“_ 1 MR | M 1 H I g —
i I T E}
) T T
t T - ! ot t o
1
) .__w T 1 T &
¥ iy T I 1 L o
(=} + ¥ =4
i i ) P ! pad
(RNEE i {50 0 ]
¥ © 3 ] 7 Tt
. ] T i i
.3 = P N
i =1 P H (3
) (=] L ) it T
] EI UM )
T i {3 T T
E 3N I I it T 7
I _“ It i _“ 1
[] . 3 18
H Tyl N T i ¥ [} _. a
TI iy I Py L3 ¥ L) ~
4 T -
it [} 1 [ i1 El s
T T (e z i 1
] 3 NI ] 1 LN}
T Il I ] —1 I —
) [
| 1 TN HINENE 1
T 1) ] ] 1 T T
] ] H | HEtl T U )
] ] |3 1 LD I O e §
T T 1 T i
7 " Tt 1 )
] 1 L 1 oy i f iy it .
E} ! o ] o _M~ ¥ )
1 1 1 b3k ok i § o
T L AT ]
m g e =
L] . i
T 1 H ww.l. (AL T e
H L b LS 1
T [ ¥ M_ (T o
) 1 (1]
: __.1 1 “ “DA _ —.A.._“_ []
) . T -t —I @ (I
[ T " T T o= Ll 1
T T ] T H L L T | H
& -
T ) T L I A TS e =10
| 1 1 I L i} I D o T I LN
N 1 mEEEN=] T o
I ! " . = " T “.T @
+ t 1 [ s ¥ : 3 i -
T i L2 I, B LI M e L1
3 T i IR L L= 1
E3 T i ES i n
; (RN N Y U 2O ol )
1 %] I H )
T T ) | T t ) El
M T 3 i (101 A S T T T
H 15 [ L I T 13
[] i1 1 5 [ I ] ]
H T ] ___ i L ___ 1
i ¥ il N 1 H -
L T HEN | 1 ) o e o [ ]
2 T iy T i H i o
: Ty I e T 2
i H L
I ] ; R LE R -
1 H T
T T T ____“ T “ ;i t) 1 [] -1 _“
t L 1 . frr o e i - 1
]
H i T T3 T NN W S "
I 1] I T L] [ I H L T P, 4 T
I 1 I 1E) [ i T 1 — T tal) ¥
T T IRNEN] Tt - T i i Y
1 T Lir H £l ] T P ¥ 1 F
1 T i : ] ] ] L P LI T T O . I R ¥
1 ] 1 1] [ ¥ = 1T TT b I T T, 1 " o
1T ) H ] T ¥ T L] T T ¥ [ ) ri I O I O T i ]
1 T [ 1 [ T I T 1 I} T =
T L] [N ) 1] ] ] [ 11 H P I H 1 M RN}
e L I ¥ 1 L] L] T P H T i k) | N 1 "
e T i 1 T M i t ARER |
31 H T [ T T T T T ) Tt T t ¥ T 1
T T i Ll ra | I ITT T ) T L
T S T T L) L 1 1 LI ) T CI : M N
1. T T [ L L .“ ..“ 1 1 (LI 1 I (SR I I e | ] =
t I3 1 I} T T L N T T
I S D o I I e LSS At oS i T i L H- T T i o
E 2 E [~} g =]
= = [=] =) -
g L] g B g & &
g B 3 3
3ANLLLY

7167213

LONGITUDE

Figure 4-7



ifis

o
il

40

:}:Eig::i‘é

1
i

e

i
]

.

APTURE CRUISE

1§ [+
HOLD ©

~~~~~

i

UitHi T

1

;

.

HiG

i

H

fif

HAT 10000 FT MSL HOLD VERTICAL SPEED

T
Y fait

3%
gt

CAPTURE AND HOLD 260 KNOTS CAS ON PITCH SWITCH TO MAXIMUM CRUISE Nq LIMIT ]

B
A

o
- 3? )

T

o3

T T R R Ly

i
.
1
Hit
: i
i i
AT
T

HRiRH
B

AT 3000 FT AGL HOLD VERTICAL SPEE

Tl

AT 1500 FT AGL RETRACT FLAPS MAINTAIN

SWITCH TO MAXIMUM CLIME N4 LIMIT

o
T [ St e el e e S O R W O U i L G O U S B e N G an:"u
- - T Ed 3 [
T O Tl N % A O K s
L padete P E S ] .m”:‘.m:_.m“ 1, 15 :.._ml. IRENE wi-e |0 -
Bk Tfaserd = K3 T T - w -
ik R £ ks ' ! n. L ol O - I - S o o
uuu‘ﬂmr.'. - lf. - e - 1 11 1 - wts b Sl S =4 reerifas 1 -
P o] = 5 - i o I 1Y - M - e - 1
R K E T T T AR L Tle &=
T e e Tees s b e = e i Mol a0 T R
S e oo T ¥ : i sl T L Sl Y o
o 1 o T O 0 O 0 O 1 S 2 0 o I B e e e L s
St I i 55 I L T A ﬁnhs.ur“rhﬁr:‘ F [0 bifn B s THIHT | Tt Fag = iﬂ.hun.m.mn-.w
T3S i W= 0 { Mg O S R 3 O = S S MR L M il el T - -
SayisTate gred i =i T - - - - = = —_
i R e I et : - { - IS
ST ET7o3 STEaT paaiy JESIC BN ST DS T s o B I B - — - =-1- - =
T T AFEREL R T sheadt f - TR LT “._ ' b - L lgza 1!
-y = S B e T ity 1T =3 = —_ -
S e S R e e G -] L In_mnu.hu et I
s ca T = Xt STaet S s St o Ly el o L RIESS R frerd e - ~ = -
FEhn e o B e e e R e e e o e N S = I
raasaseatress rovly = Hit s prpemae 1 T e pa He e R W ey
ﬁ%ﬂﬁwﬁﬂﬁv%ﬂw HE IR EH l.mmn.w..v it s xW.. I N e s B et iRl ok R e e
R sty T3 Shon T EET ] R wie
ﬁﬁ;ﬂ&ﬂﬁﬁmmﬂwnh i eETEE mu[nm%w.mm.?m ELEN el SheliREsthe | gl i i EEE et
b TRt Sn fros Ly breesias o T e e L B e L e s Losrt ] S L Sy
ERHL HEY tumm» R S i o T e s B s SR R T e s Frosd St P
EE e e E e REEE e P e T
S e e R SR L e T R e e e e e S e R s B R R e
L et St e e e e R e e e e e
Empmmmmmina e LSRN o s R L e e R L R e e S R e e e e e
1 = e T - M TITI Tt e Sy Ty 1 S, LT e h g e
31 mmwmxn £ STiats HiHE ai et twwtxi.u ﬂn BRi ) e 1L D o e e u&%m.lulumwauﬂn
I mm%mmmmmmnmrwf i O n R R R T e e R e es P e ey e
S e T e e B e i o e ot TE e o s e )
T R R ¥ RE{EHRL Bis i by e s i + T T =
s o sl i T s sl e 0t H e e Tt BT PR T ==t T
Bt s s e e LI EEEiE S I
S i iRl R e e He e L T H T 3 3 £ N EEEELTE el LBl
AR oy T [ B e e e S g e s ST T L
S H i iR i fihne B L e SR N el
A8 i o Gt 2o e oo i el Y LTS 0 M WY R s P (T P oy R g e e e
I mﬁm%&, SHEEEE e e
52 it s i ! s = HE 5 Rt = i
R e e e e o e e e e e e e e e
R e e e e
EEH TS R s E R R t i : iR )
i gﬂﬁm i %; mmwm,’ i R thl R g T e i
HHH h I R s =hmi t =
%ﬂmlﬁ FHiE st HiHH HS B e O e
fi nn“#m = % HEH ST T = o ey - tTer ety =5
HIEHEIE 4 N B i iE il i TR, R
y+d — ey 1 T s . 0T - o = et st ———
L. Ol Y i i e :
g N TR i T mem%mmm i Bis
v -:l.l T - T ln: s e g % = hE ﬁ“u - IN =
L B S IR i sEEsiyy 1mnu%mm”w_m R
Ho = H # i T perssiion = T2 LTy
' nm3uﬁmu, ﬂ%ﬁ XWWI&M afitisis: et mm poaciss b ﬂnhmw
T ¥ Y FER e TH T T 2 R,
3 S T ; i SHRE HEY SR )
m L ! RS SRR RS
i < =R i Heab B THEmen
i o Sl i i t S : =
- a5 ] HE L sty Hph
u fre 5 Q3
« i 3]
3 o
&

Bl
T LI

18

sutsdriilenddlebiliiaaisd

531

Hli
o
:%g{ 1 < 13T

e
frn e
ey
Eaian
Frede ity
£ i
S e
it b
e
SHEIE frpairety seese ety
1T T .u.‘ﬂ -ﬁ;
ot = x ot
H H T 2
e R T S s
Asfaiissasals m H
EHEHES T
e i e
£ Bt m.m*i
£3

i
FH

i R

T

B,

'

e

LAS VEGAS
ELEVATION = 2030 FE|

i

R

i

i

T

IHE

Hih

3
".’;'

i)
iRizEEERE

i

]

%:‘f
B

Sﬁﬁ; T

g

24000

OF POOR QUALLTPY

12000 [ E R AU

16000

{1334} 30NLILTY HHL3NOoHvE

4000

0

M62214

RANGE [NAUTICAL MILES}

Figure 4~8



1% gﬂ
ﬁi H3
LMLt

;i‘ ?f
i

e
L

T
"'!l:‘

it
Hih
i

it
iﬁl

.
%
1%
ia%

-
i

i
i
i

FHE
-
ik}

i
i

)

bitdiidl

sifsianll Ll JHEE

i
g T
R
;i-F
.

w:x
.

-

3.1 LOS ANGELES

S

i

Ee

BASELINE FLIGHT

T
o 913213

i

%
HH

frHE

LAS VEGA

st

L.OS ANGELES

ELEVATION = 240 FEET

e

S
BAROMETRIC ALTITUDE VERSUS RANGE;

e

TR b

it

D WITH THROTTLES

1 3 fL-
B H R R
TR i

il

.
.

CAPTURE AND HOLD 260 KNOTS CAS ON PITCH

i
i

it T 1600 FT AGL, FLAPS = 509

i
i
i

L

i
REE T

HEEEE

3

R

S

ﬁ.}

i

S giﬁﬁ{“iﬁ
n

i
e
7

HE

il
HH
i CAPTURE APPROACH ALTITUDE

i

e R

o

i

i

183

200

192

o

HiEEi,

I& friss

See
i

21t
T

g %‘%
it

izl

CHHHITHHERY

1

176

Hik e
ngg H:

SR
T

)

%

T

ki

s

Tt

%

HEL

T

B RO

.

i

.
ﬁ%§
iR

EHEH

i

-
S
G

HREEE

Hislt R

i

B

;;1

i

i

[

|EliH i i

sods
=iHE

t + 1
i

i

TURE AND HOLD 340 KNOTS CAS O

T
il

b
et

i
i

I L

HHFE i

i

ik
i e
SR

hn
Y

i
S

SR

POINT OF DESCENT, DECREASE SPEED

i
BB

L

EnEE

o

A R R R

i

£

i

1.

T
Eq

hiin Bt
H

it Mm
=i it i i
R G bl m
i R R T i
i % %m BRI i SRR m i
e B S K R R HiHiE i s
i e
e i R e B s e e e R
m:.m.u:mwm N i SR R R i e n e L R pa
gmoamer o o0
e i R mwmm i wm. EEE
i W%mm i e
W“:{ «H .‘ .m. mm

et

BRI

R el «szsgiamw
L

T B i

it
: it
i i
il ol Hi i wmm f Herptt
e mxﬂm% ; % 31 .m s S e
Fres e + H + I RTRRSReTeE pms besdsaLs 1
| ﬁwmw%t L e e E
bthetl s %m “rﬂqﬁ H R R R R R ﬁﬂ%ﬁyﬁﬁ%ﬁm i
X L = L : STTEERET TE RtvII Fresr oy H
S e e L R R g i
o o ¥ 1 PR HIH Y H
Gl e SR R P i
Nl o ; i i
I as g l HE e
& et B e e 2 e
Buf H i H%Jmm- rH i : wv 1 H M il I u«muawm‘nuwnn.
NN 1.4 18] HIRIGE ”¢ 2 H rxm. Er
L HiE iEns Bl AL

£] T

L O I IO K iy, | S Al e H
L LA | bl i
L) «r&m. Tl b Hi mm ‘Mdmwwnh,.gm:, =i mm

28000

=
=

[~
=
& 2
5]

{1334} 30NLILTY JIHLAWOHVE

4-10

o
),

168

160

162

144

120

Ne7216

RANGE {NAUTICAL MILES}

Figure 4-9



paoLilr

(]

_:____
1l ____

RANGE {NAUTICAL MILES}

400

360

280

{SLONM) 9334581V Qa1vuaITvD

4-11

716-7218

Figure 4-10



2.3

AL E I TN N O T T Y
g et AP J [
et RS £ 1L 0 WA A T [ |
AN ERRERN
i L LN I __l
sl....w.u m.l.___l_.|wl___|.h..
iy IR T R R A TR
LT 4 L .ﬁ_.
B flp= e da gt == ]
R fade T [
et [T f ot [T
_nm.dlll.hm.—l |||..||. |H|
i —f-, fre= fo T |-
N R
SOy ey S L TR R B
F=g TRt fiede
s mﬂchn_mr_ﬂ 1
COFHL B .“n_wu...:.__..n__._ .
LT R TR L T iy
IR TR I L (A
T ! 1 ol 1 gl -
Bl T
e P e A s e e T C
rv,ﬁu‘;-$3¢an*ﬁ. el 2z
kAT TH et B ey ef w.r...".....
1-~M¢”-H+.m.dx+.r -4 i w.....
i 4 | 1 T i
R Sl L e o
el FL 11 13 L. =
A AT ERED P e e
T s e R H P
oA AT F i
T s MU wALE :
bt ] ﬂﬂ,.._m.ﬂﬁ it | -
L T L LR |
b A B u.“..r-_u.ﬂw..*..ﬁ.ﬂ_ ::._ d
st Rk (DI e TTHSH
L R e Bt oE 1
L TSR T, i
e nr Ak FR IR
efHre EH A T
T T
ey FLrn.htérz_T
bl TR R Y
L f 1 m._ _ _
1 [ DTS P At
oo TN FIRSe) G 0 A SN
S o (s e
XTI § I RN S R
el i sl T T R T
bR Bty
paaioREs Sy LN
! |m._.nm e ___.L.Lrh _—r _
sRinEy T
Hlal Fd bl
G i ML O M L R
Hedr|dd :_:
A1e] Ly I
e Ly
B
__ ____ —___:____._.______
Jo ____
i

(SLONM) Q334SHIV G3LYHEIIVD

4-12

RANGE {NAUTICAL MILES)

1167217

Figure 4-11



due to holding 340 and 250 knots on pitch. The aircraft slows to the
approach speed while holding altitude before capturing the glade slope.

Figures 4-12 and 4~13 show the Mach number versus the range for both the
cYimb-out and descent., For a constant airspeed, the Mach number increases
with altitude. This 1s the reason for the near-linear sloping regions during
climb~out and descent corresponding to the regions where the calibrated

alrspeed 1s being held on pitch.

The flight path angle versus the range during climb-out i1s shown 1in
Figure 4~14. Tt should be noted that the scale 1s somewhat exaggerated, the
full width of the plot being only 10 degrees. The depressions centered
around 5 miles and 16 miles are due to the autopilot holding a vertical speed
of about 600 feet per minute 1n order to increase the airspeed to 250 and 290
knots, respectively. Sloping regions following the depressions occur when
the calabrated airspeed is being held on pitch. About 62 miles into the
flaght, the cruise altitude is captured and the flight path angle goes to

ZEer0a.

Figure 4-15 shows the flight path angle versus the range for the descent
into Los Angeles., After the point of descent, the autopilot holds 340 knots
CAS on pitch. The flight path angle decreases to -3.5 degrees and 18
relatively constant between 145 and 172 miles. One hundred seventy-four
miles into the flaight, the autopilot begins to slow the aircraft to 250 knots
by increasing the f£light path angle. The autopilot captures CAS at 188 mailes
and the flight path angle again decreases. Approach altitude 1s reached at
207 m1les and the flight path angle goes to zero. Spilkes at 210, 211, and
216,5 miles are due to the flaps being deployed to 15, 22, and 50 degrees,
respectively. At 211 miles, the glide slope 1s captured and the flight path

angle drops to the nominal value of -2.7 degrees.

Fuel consumption per unit distance, Fp, for the climb-out versus the
range 1s shown in Figure 4-16. During the take—off ground roll and the
initial climb-cut, Fp 1s high because the throttles are against the N; limit
and the airspeed is relatively low. The value of Fp decreases as the speed

picks up on climb-out. At 1,500 feet AGL, the flaps are retracted and less

4-~13



26,000

14 000

S M P s T
D N e s e e i i EEHREE Mmmmm i
A T O ey e G i o
R x.num..lnunta..mh.m S Eof 312 Bl R R S Ha w” s s % T t
el T o 55317 f50 Thaof 3] fanand 3 et £ o omts i P T st 1 £ fiis 5
N A e I I M 2 N FHEHD m g i SRR i B Hhln
1 Rl = e s * b 3 Siaaaasens oa 2 2
RN e i W e
SN i G e g e S i S
3l e )l s e %mﬁ s i t i
i P S BEmMEREE i ﬁm
21 Terfe T o Hht Jereenass H -
T e e i i
Seame ST frets resets o T T i tadssns L o ! : s |
5, | Lo e e e e e e = e
HohodE A o i ety L : ;
N A R e T
T e e e e i o e mwmw
T T e EEEEER EER I "meWTN s gL
SR G s e e E ML T H 4 : g 5 < HEmn
SEETD YEEeRe ey e : mﬁm S
¥ ¥ 3 jour 3
I T A N i et B e e i1 % iz R 2 o )
S EREE e e eemee R
P ot O 5l 515 L e L R S
S T O S et e HEHER I %hmm i ﬁ mm
S R B e e LS T o) > S ph s
o ot Ealt MEX L 221t rw.wmm nmm.,rrxmmmwm i it
ERNEEE T o e i
L L Lnkeling gL UG i I s s 5 ﬂ
= 3 i T T Sieasiae H
4 T e T A AR RGO e i i &
NN e e s e S i s
z ot b : 2t e ! =
BT T e TR L e it i ; [mm : mh b L
oo R T G e nmm.ys. ; zqmmmmw
BT b f =ity 11 i HE L H HE :
I i %wm@u‘qmmmmwu i i B
T 5 T frt ; % Teeiinitie T
rnsm_ g .mv mmwm i %ﬁm 1h :::n«w.wﬂ..:n,w 2
it 1| P i i R e T i Al il
FRNIRATR R e mmmmﬁﬁ. S
vy 1 3 3 11t I 4 gt T s b 3
N T R L ol
i N e D T N R e R T :
e e e o o e I g T e : ﬁ
2arey aey e T = t o
e Y P i e B R R Emeo = !
AR A R R R T iy M,m“m%ﬁ i s
i P i1 r.ul“.nxa.m J :s"tqmﬁ iz “wm%ﬂm R ﬂﬁ@ HEH
ERREESSOEGIE 0 -
T T o e o] | b mr e
e e, il Ll T vhmwwm..w HEL R s xummmm#wu ,mmm“ !
Y g A g 1 B e
T TR e JHEHIN S S S
B b f 4 b nsk o e By £ Sremyibets 3 w 2. Huumu“
MMEE RN i W Bl i
EAEESERamEEnE T ST
; U1 T._. «;h«-m—h Jwatn Hru:ul t...ﬂt ATt m.mwm m% i s mm
: o i fiifis G : =
X i S : i
B P I - e e z
e Hrt fa:

- - Led 1 - L e 4t ;
SR IS Sl Xt = i i
= T xmu 7 mm. C..N. mm",. e & .u.m..cm ﬁ
T N 2 5
; : S B =
- i ! KR G ik
" T e P
RN o P P s e i
T i i B A ey Tl X i ;
b IRt PR TIETT T AL IR e B p S sess s T H
3 n R L .zm..arw.“ L =1 i ﬂa«.. %H»M uﬁw il

” IR R :u@%ﬁ%ﬁﬁ?ﬁﬁ

! - kg o s e

i — e 4L R T H

3 + bryeets g e § O 2

2 =T P i, ik ..“.M._k Bt %ﬂmsunm.wwmruﬂ. il

T - R ot el PO X% K W.m_,.:.h. HENLE :

(=] @ o ™~ 0w ™ - [-]

- o (=] o (~] o Q

HAgANN HOYIN

414

18,000 20,000 22,000 24 000

16 000

6,000 8000 10,000 12,000

4000

2000

THoe7218

BAROMETRIC ALTITUDE [FEET)

Figure 4-12



"l al ' | i T A R 1 T

- -1 i L i oo | s B
- R N } R _ _ T
_ _ | - i - O _ I T e T
. il oz REEE -1-0 b - [ =
I e o et aeiad il I s, S I I S O - I T e s = ok B s
st nll I A o O G Sl I ST B el I R 5 I
i i T B - =i | R P -7tV i—=
e i T - W 0 SO RSN S I =i ) Y iy
s A el B rl e i i il e e i
o A o 8 N U O - e g P s
R = e R L T S i R R = | O e D ) A B = e
e TN o - G R R
e e o I PO e " O s e S I O R N S i
el I e S S s L B S N G S I I | B O o e N S i) A
4 == N - 2 T ol | i S o R T S

- et T e T - - [ I -oi= | - T e
i s o I A s I Y L BRI sl O el il
il S = ﬁu} - I [ LR EEEES NS
S I L _,_,,- - [ I Y I I e = i
e ST I DS BT o TR . NN - R I P S
S = e ey e S I Y el I A e
i B O Y Sl o VO e NN EE IR e
— t L [-T- L s [ R L
el -7 /. RN L I~ -
R o s . i o i [ I i -1
Ry o R o W A O _ Zi -k il RS
- e T RV T T -tk =" Eme s
I I I I i NI ol N ) S I =
— =t A4ty =T ! [ =+ = It =2 -
B R - I_ /...-_.. LA A== '
-1 oy = - - _ N e - -1
LA j= 1L e N BN U S s
B T S i IR N ™ Pl P L G S Bl el R IR
i el i R B PR O e R e N N RN [
e i b R b Fob 1A ...1/"- ' _T P -1 'L
-7 el e - Ly -1 ol I = IO R I o
1= P-4 1 Fa5s - - _Iy Lo NERE R
S S S T N e S \THERNREE S
N NS s e N NN T

NS —r- N [y _f 1 I - [ I
el e e e B = I el _.u.w_-r/”u_-d:_ﬂml.- r e Es
= el NS O o G S I LI T SR B A I T I
HEEEEE NS BN RN RN N =
rrrrry = 7 et L | Py A -l q-

=T = i AL Gl O N _u. I S
|_ a1 [ - I_ ) P |I |_I __nn I— -l = - |||
L_-7= T 71l = R o e R ot e L § S O et 5 o ey I (e =
| o B il IS el s R IS S T I S L P
o e = e s et fa B i el _ e L . Dl s
S N T N T N T =
oy | [ | " RN [- i -
s i B I Jdooda- _l =15 I
1 _ I." w 1 _ 1 b | R J F -0
| _ ' _ BEEERE | | _ o
i _ i Y I I ' I ! oy | 1 =
! _ -1 _t] CoL B O I _ o7

' ! l“.r _l_ | _ _-.I_ _ 1] _
vl Sl e o -
. ot LT ]z LT

10

06

HIEWAN HOvW

4 000 6 000 8000 10 000 12,000 14 00D 16,000 18,000 20 000 22 000 24,000 26,000
BAROMETRIC ALTITUDE (FEET)

2000

67219

Figure 4-~13



tH 1
- T
= Eat
— o Sl
- | 3l ==
= = Y
- 7 | —
o
== o ]
— = 5 I
= = Lt I

AL

|-

I

N IR TR R

9T-%

FLIGHT PATH ANGLE {DEGREES)

L

1 ll || “ II | 1|| I| |||'|'I]

PR L

1

3
= = SRERE
= = - - -
:l I
- COTE "l
= —F t
. = N Sl el S TR o ' S
= =T
- - = A=A I - |
- ) =TI |
— 1= —| -]
- - --1 F -
-1 - _ | 1 I o
- = ,.|_ - == 1 1 |

RANGE {NAUTICAL MILES)

Figure 4-14




324

Eiﬂtg

R

.

T
1

HeENTN

Tt
1
$ ot

I

216

.

il

i

Eﬁggﬁ.

4T Hits
H

Ji‘l«

208

AR

.

i)

H

BASELINE FLIGHT

1!

144

S

i

I
S

200‘

i

IELIGHT PATH ANGLE VERSUS RANGE

i i

Ti9z

ik
L

bt

LITIRRTLIRLL

HiE

Figure 4-15

RANGE (NAUTICAL MILES)

R

......

1

{3334D3Q) 31ONY HLVd IHOITL

104



H

U1s
2}

%f_.

pHy
L

5]
M DU DO o 151 i { Y _ 1 _ _ “ -
b _ L TN
T SR R A i o] 1= _{ ! .._|
3 R EAE .._l - | 11 ¢|I ]
= [T S
2 iy Jm it _ _ | u
o . -
g i e | . B 1 3 N
..‘.mh« ” u "1, T G T g u_ g i
ke b .-..P AT = Ies SNSRI T
o 1117} q.\.;. O3 T 5 R S et i o
‘.%w"l m I h o o == = = -
HIR N = ! 7
TN = ——ti | 7 -
g B !
1 mmwx“ 1} L EL - ArFa Al =g
50 & Opiia: G I = N S P ey ) o e e
ww ey .% i Lt 2 gdala W o ot W S S 1
St U e
e w wfiiii i e N e
i 4 i P SR AV A
HE MMW : i = e e HOR i LS
t fi i I T
5 m M .m. mﬁ vm mwu,w. Mhnmwn _nHu..Hl.lL Faees @
e Rl R s U
= el f ixiztil =37 m.. =
2 iuﬁmﬂ & TS HiE i P T 1o
+: T H | Eeg )
9 it DR S I L bty
4 L L il BT
¢ b s e T e I
2 e : s 4 ﬁuh.r.ma 2
e “Dv
2

sitirenf P

Lo 0 DN ¥ 41

:z:::il%“'\,[:,:

o
=

S

SESWITCH TO MAXIMUM CLIVE Nq LIMIT
H e T ﬁﬂéaﬁ

.
-

Thy

TURE CI

%‘%
i
HE
B

.......

R

HiH
e

g
£
it
EREHT
i
i

72

Eh

-

e
FEEE

B
64

it

S

]

&%&m

=

i

.....

s

e
Y

el

SE
B
i

T
I

OLD 260 KNCT.
st

4 LIMIT
+- uuiﬁ
o t‘.@g E
4322

ITTITITIT

HEES
t53e
=
i

T

e aas

24

Tt

HOLD VERTIGAL SPEED OF ~ 600 F1/MIN
«ﬂ PaTana:

BEGIN GAS CAPTURE,

SWITCH TO MAXIMUM CRUISE N

HOLD 750 KNOTS CAS ON BLT

S

- =
iR

i
i

]

180

4-18

16

Me7z22

AANGE {NAUTICAL MILES)

Figure 4-16



fuel is required to maintain an airspeed of V5 + 10 knots. Tﬁe throttles are
also set for the maximum climb N; limit and are pulled back slightly. At
3,000 feet AGL, a2 vertical speed of about 600 feet per minute 1s held while
the aircraft speed increases to 250 knots; the throttles are set to the
maximum cruise Nj limit. The airspeed overshoots so the aircraft must pitch
up slightly to slow back to speed. This causes Fp to level off at a range of
about 8 miles. The 250 knot arrspeed 1s held while the altitude increases,
which causes the groundspeed to increase and Fp to decrease. At 10,000 feet
MSL, the aircraft goes through the second vertical speed hold maneuver to
increase the airspeed to 290 knots. Once the aircraft captures airspeed, Fp
steadily decreases with increasing groundspeed. At a range of 62 miles, the
cruise altitude 1s captured and the throttles are used to hold the cruise
Mach of .83. This requires the throttles to stay against the N; lamit until
77 miles into the flight.

Figure 4-17 shows Fp versus the range for the descent. At the point of
descent, the throttles are retarded and Fp drops to 5 pounds per mautical
mile. An airspeed of 340 knots 1s then held while the altitude decreases.
The groundspeed therefore decreases and Fp begins to rise. At 12,000 feet
MSL the aircraft goes through the slow down maneuver until the airspeed
reaches 250 knots. This airspeed 1s then held on pitch and Fp continues to
rise. The approach altitude 1s captured at 207 miles and the airspeed begins
to drop rapidly. At approximately 190 knots, the flaps are deployed to 15
degrees and the aircraft slows even more rapidly. The autothrottle 1s set to
hold the initial approach speed and tries to reduce the deceleration rate by
pushing the throttles forward. This causes Fj to rise slightly at 210.5
mrles. As the rate of deceleration decreases, the throttles are pulled back
agawn and Fp correspondingly drops. Glide slope is captured at 211 miles and
the flaps are deployed to 22 degrees. Again, the throttles are increased to
compensate for the sudden deceleration, then decreased shortly thereafter.

At 213 miles, the throttles increase to maintain the approach speed. The
flaps are deployed to 50 degrees at 1,500 feet AGL and the throttles must
increase tremendously to compensate for the extra drag; Fp increases
accordingly. Just prior to touchdown, the throttles are retarded and Fy

drops sharply. The value of Fp then increases again as the groundspeed

decreases during ground roll.

4-19
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Figures 4-18 and 4-19 show the amount of fuel consumed versus the range
for the climb-out and descent. These figures represent the integrals of
Figures 4-16 and 4-17, The fuel consumption is obviously highest during
take—off3 thus, the slope of Figure 4-18 is greatest during this segment of
the flight. At the midpoint of the flight, or 111 miles, 7,320 pounds of the
total 10,075 pounds of fuel have already been consumed. In Figure 4-19, the
slope drops drastically at the point of descent when the throttles are
retarded. The visible slope 1ncrease at 217 miles 1s due to the 50 degree

flap deployment and the resultant sharp increase in Fp.

A summary of the results of several baseline flights from Las Vegas to
Los Angeles 1s given in Table 4-1. Fuel consumption ranged from a minimum of
10,067 pounds to a maximum of 10,075 pounds, displaying an average value of
10,072 pounds with a standard deviation of 3.4 pounds. The average FD was
45.25 pounds per nautical mile with a standard deviation of .(0l; average
flight time was 39 minutes. Since an airborne hardware simulator and a data
adapter are being used, and since the simulation and airborne computers are

asynchronous, a slight deviation i1n the data is expected.

TABLE 4-1
BASELINE FLIGHT DATA
Fuel Consumed Fp Time
Flight No. (pounds) (1b/mm1) {min, sec)
1 10,067 45,23 38, 59
2 10,073 45,25 39, 2
3 10,075 45,26 38, 59
4 10,072 45,25 38, 59
Averages 10,072 45,25 39, 0

C. DELAYED FLAP APPRCACH DEVELOPMENT

Figures 4-20 through 4-24 show the fuel flow per unit distance, Fp,
versus the Mach number for various altitudes at fave different flap settings.
The flap settings are those typically used duripg a £light; they are 0, 10,
22, 35 and 50 degrees. The weight of the aireraft i1s 300,000 pounds and the

flight path angle, gamma, 15 zerc.
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Obviously, increasing the amount of flaps increases the value of Fy as
there 1s much more drag on the aircraft., The optimal Mach numﬁ%r, however,
decreases with 1ncreased flaps. For instance, at 3,000 feet and zero flaps
the optimal Mach number 1s about .4053, while with 50 degrees of flaps the
optimal Mach number is only .245.

It 1s interesting to note that as the amount of flaps increases, the Fp
curves become steeper so that the minimums become more critically defined.
This suggests that the approach speed becomes an important factor in the
conservation of fuel when the flaps have been deployed. As an example, a .02
decrease 1n Mach number from the optimal at 3,000 feet causes Fp to increase
by only .6 pound per nautical mile with zero flaps, while the same decrease
in Mach number causes a 2 pound per nautical mile increase in Fp waith 50

degrees of flaps.

Figures 4-25 and 4-26 show ¥Fp versus the Mach number for flap settings of
0 and 10 degrees, respectively, with a flight path angle of positive 3
degrees. As expected, the value of F increases with the higher gamma.
Comparison of Figures 4-20 and 4-25 shows the optimal Mach number increases
with increasing gamma. The increased gamma also tends to flattem the curves,
suggesting that the higher the flight path angle, the less critical the Mach

number for the conservation of Ffuel.

Figures 4-27 and 4-28 show Fp versus the Mach number for flap settings of
35 and 50 degrees, respectlvely: with a flight path angle of -2.75 degrees.
The effects are just opposite those due to a positive gamma. Both the value
of Fp and the optimal Mach number decrease with decreasing gamma. The
relative steepness of the curves, however, does not appear to be greatly
affected by a negative flight path angle, although the curves do exhibit some

steepening.

Figure 4-29 shows the flight path angle versus the calibzated alfspeed
with retarded throttles at various flap settings. The altitude at which
these curves were generated was 3,000 feet mean sea level while the aircraft
weight was 300,000 pounds. Of the five different flap settings used, only

zero degrees appears capable of equilibrium on a typical glide slope angle.

4-29



| i K 3
| I | | f.. _I ___,_ H u,- M M -H_JH‘- &ul_ﬂn
]| 'R -/n _ _/-Il 4_- I/ L =
NN ] o] R dy—1 il
Ll Ly 1 _unl_ 3 lﬂu_W.I_T_” SI=RENE
o _ 1 L |._1# _ f_ 1 ||| | rlj ﬁl |||..h.| 4.H||.|IH
- _-/ A R ISk P = e
s ) _ - " } W WA S S
; _ TS B W /| ”“-mir...#..m-u.+,mwl.-u_|mm.”
ANN NN mE R S B o o DECEEE S
ENiRl . ) r-- A T YD T o e
el - FE I S T s A o e s O A
=N oz IERER _ - /. A e S T e —
- | __ MI_ ||. 1] o ”*JIH_ - — T
A A_F- __l F S I = 4= I 1 T 1
_ e e ek
e e e TR e
g o r";-“_ s ”“-mm__...w”hf._m_._mmu...,_m,mjw
= ! — | _ Y[ = |”||nr|_|||..H_\ - |||.”||I
NE | _ {1 d. g * Hw|.,-|hw- HFHW
LT Tt NN RN S I e W s
- —: _ s m e R o [ ==
S LN L 38 A Ok O N =y
.s, — : —— -u_lu ~ b “ _ R el -“h St £ | it i
A Y ol i M Tl e el i .
- | [ A1 R Hullln-lu..'m.ul.w
E LT = {=-
5 1 Wu RN ' I -
E il N - HEEE =
i SImEcll L L pT
=] s.%.z= | I I !
- sz L T e
S0 T R i
l | |= mm“ | v
| iz % 1 A
IRES I | I - || —
: I j
i L1 L L |
-1 | | ! -1 -
- _ B E [ -
_ ! LT -0 I
! _ _ 1 | -
I_i_l Il "
1 _ |
HE _ |
"’ ! | ! [ |
1 _ N _
L] 1
| 1 T . | ;
B EEE in
| | _ _ _ _.. ! ‘
e T ;
1 T L T _-_;
g o o © @

@ ™~ ~

[N T¥IILAVN B3d SANNO4) JONYLSIO LIND Y24 NOILAWNSNOD 73nd

%%HW%? PAGE g 4~30
-FU0R QUALITY,

¥

055

054

063

0R2

051

050

049

048

047

046

045

044

043

042

udgl

04y

767231

MACH NUMBER

Figure 4-25



Q52

T T T T I i A i ) W B R N M
=N = e e S ST S et
- b I R T R e A e
E T — ol -3 b -
- ] L B E PR e
AEZE i | e e
T = % A B um.m i LT e e W
=305 MR S = ol ey ™ e S T H..ual.l.u..:.ln.u.m.mw:t.ww:ahv
I ek I Ny i ..,.H..uﬁl SRR |3 s b e W ol ol e b
A g S TN e | =
o2 N e {7 o BT o
R s Er T Lo memmﬁm S8 e R m% dﬁa =
I ekdE g b A p
] S m b Fars nmmm,ﬁ ot Pﬁmw 2
S e Exwe e
s ot asd Syaioeey =3 =1 °
SEME T B e
R E e
e e e
= i g S0 et t TR =
izl [ = fa i e Hemiadin oL Tmans ©
e Mo s A m.,.m i e M
Loy HEmThee e R e s : e e N =
e DR s ek M R i e e e
X o M o T s p R Il e e it = 1 g oy et
=l xn.ﬁ%ﬂmm ShEEEeg s 9.,@#&;1 Rk i Brbs] gRiR N TR =E FEE SRR
o :..%Wlmri Fn Ko s whiG b 3 N o g IR M P
SR B e SRR LHEEEN s wind e (REE e A g
s = e e o
H b = B faoy .1:“4:‘ T thst i e fod saeres S } =
£ o 33 gt | R anf it e e A 81 o ik i SRR MR e
EE o Z S OIS e n e MU N S SR B R pl e L P
B e = s e e o B ¥ B o e ST s e e ey
SHET T cemem e i L
m ..mc.humﬂ._m it 5] i R St o N Wt £ 132 L2 T qu,me M mt.. ELEEET
S S iEi WHWH: B N i i L
e e N e R e e e e e
R £ Sl LN I Mu SRR .:wamﬂ .mmwuiﬁs Ok 1:ﬂmw§u%mnuwnﬂv”%
EEE zw 2 e e et N D SRR EipRk e po e P
RS i =S f e i o e et _,MQW e
ik ﬂlﬂlﬂmmﬂﬂmmwu HERSH SRR eyl N o g.%mm u.m.rs.ﬂ AENEEE :.....m.!,.....hmilim
b e 2 & & ont e e R e B HIEA R B e
{556 g i o355 o BT Sripn Rasas el i i b
EEEHEE 5 2 0 9 BlE T A e e EIE e
a2 £ 0 7 Vi TN ] R R T ) e L Re e
il e R [ EEirstanet t=rt b Haid A Eoos M L aitiE 2 ) ST v el Lol Dot L S S
e g p Sha S TP B e e i e
E SoeEFidEis Y [l S E ST HEETET &
Bty o 0 % S 05 e g E e R Pt I I [ e b e
ST 2 o & Wi I W e T S W RS T v FER s T
mwﬂﬂwﬂiﬁgu.ﬁﬁwﬁ“y ; O S M SHEE G RETN il by M s b
unnr.uummdwﬂﬂmnwmm 1 ligmmmwm : ;nﬂw“{@u BiSRTE &.grw..vat.” ,% e e I e L e
i T B e iR MR R T Sl o B o R P R e e e
T H =5 =3 TH gt et e e
iEHEs irkm :i...umm_m SEra %.f i i J_I.u.ﬁu; fersser) ok L...mrmmw.. g T 3T Mt .._ By R
&5 R S R HEfa e folae FEm o U o e o e e
£ e S EEE e e oS S e o s
S a$ﬂ“§§WﬁﬁE S
i g i

{;

i

It
-
o
éii

1

}i} iit )
N
i

I
it
L ﬁ“?ﬁ..
fi
I
.

042

el 1EETY:

i
il

i
(A

S

i 1T

il

13 i I
J],‘E
i
Il ™
Ti;‘ifl b
iy
el
i
4
1
i
it

T
] ﬁlm i
l§t§ i

HBim EH
HEREH T

Hi

il
i

! i__uﬁféiﬁif i T
bEe)
Eﬁt@

.

o490

-+
1
¥
Hi
I
1
i
N-’.;ii
L

e

ki
e
111 H

1

{TTouits

T ™ ki
;g

= HERE 2ot
£ n;ﬁ s 35
_HW jassd 'wm.:l}r e § Sa8e L] 10T b d
Bmmoaee o s e =
et e e o °
e S e e L wﬂ. S L
o s o e e e e s
e - it 53 ,nﬂumum-.
[ fiat]

t 11?" 1
I
i

et bl LRt T
%ﬁ
I
o
i
i

i
i
i

e

it
N

039

e

S q.vhui S i “_u th 5 W

(371W TYILLAYN H3d SAONNOJ} IINV.LSIC LINO HId NOILIWNSNOD 13nd

ORIGINAI PAGE IS

OF POOR QUALITY
4-31

7167232

MACH NUMBER
Figure 4-26



035

Y T \ i B L NI LRE TR aTEs =
i N s o . W B G R R e A Dy e v e
¥ S NN R @w%

h §_ Iﬂ. N T u.._:rmwrw {EiHtin g

A R 55 e

4 O
3l
]
i

"
i
|
i

¥
:; i 33

033

032

039

029

0z7

026

0.24

0.22

0.20

N 7 3 R L. | 23 v.r.:. CELY J.-...: il e b i = > HME
P g M: t;luﬂm liﬂ “I SW.V &u.ﬂz.rmw R o 2 P STth ﬁl ruffﬂ.wmm‘MM$ = MM
~ - HEE L bl e Rl B TR TR & o
EFAERRAED SlerREe
- Jadll 0 [ 0 e o he BEEN L e R i HENE i A
o O G e e e e S ; ﬁ N N
O e T e S e e e g R
& s e g G 2ot : Rl
R e i i i Y I e e e N R
Al S O O B g - B e
o Tt e e e s ek EEREEnEEmEE
“ Ol T N o o Ty o s e ERE i s he
T T T o e = i TR
N L e Ciok S
=N P ERES s e e T AETEE T
TN R SN G RS S B s M M s s I tteh T;ﬂﬂﬂ“ﬂﬂfﬁn« EIHH
gl ol e SO O O 11 iy s P rﬂmmﬁ Sl = i it HiE
E* 1 E e I O I O SR i o 15z ] it vt it i «Iu.mm*.ﬁ iEER T
= T i e R = e St T .u_mm =
= -1k ol I ol O oy =0 et M um.tm : i g
L 0 S o 0 T P s ey - iy o ool ERE BEIf g T )
=1 13 F o bl el bR At i LS St T
L 1 L ..:uﬂiuu.xhuu.m..hu...ﬂf R ] £ o %H b & "
. 7 e i s o S m Wm EifEe
- T Az I (R g =y HE
Bt = usnmeynv Al i
= .. - 1= 2L T e ST £ i t
mnt ...ll.: = = 5L ”m uvl.mhww-al:lr%mmxz_lmm :mm%nn m H; I M
=R I R R R o a5 [ e g s SEERIEIE
It e s R IR HiEq-LE R % i H
[T I ) TR~ FLEOF = e g 1 AT 0 gt T e 2
Sl s eedemie B e
Eoric Dl ety sar il i) ﬁ M%ﬁﬂhw H uw.mnn
EEEROR R e e o e e e i i
55 i iz L 5 i )
I e ol e o 1 S e, } et
S i gt £ I o e o Y ot g i o £ PR i z
Stenmarde BEmEEeen m
gt o 12 ] B i
S T T G U TP E (s i
e M B o= O 0 B K i
ilay] febElo R P & SEEERE s i
e PRI 0 B b w SRR GRS R S
e o O M ¥ ¢ O g - Mﬂq SHESE g
b e Bl R Tle S e e Bl it
A - REEmEtEt e e ey e 3
e AT T PnL R i e B =
I s =2 OO e 1< - W o i 555 = i T
A I I e e N e e e
e A R S EHE HHMﬂWWMMFﬁﬁﬂ“RT it : HE
e e e e e i + 223t
oot I B R e N e e e i s ;
F - I T T T S o= 0 8 a!n.u.*m.nm..:.uﬁu?m.. (EI D HER AR E5as £ h“( %
PR TR 3 P S i e Teege i Slad a1 Lk BRied § bt - bae s
S O g oo PO S0u Pl youd Ml 2o it o5 o TR T 3 e 0T o l!i;mmmm_.. : T ai3es )
ESNNWEREAESE e e -
= NG e EeeE e B
e = ENERED ..“.I..uman.l JEST] FEETE ST I I e a.lﬁﬁw%
= 3:tm.d.u St LT 1 32 1 .“mmuﬁ
X - . T T N N ..ti!lmhu..l,nnw._an 7 IEs +
i - 2 T o S EEREE
— 1 o e e B . 2 SR
o ~ - e S NG WPt T e 1o iiE M MY mﬁmﬁmmmmwmmm
S Y S I - I s e - : H fr
SN S T VY e et (o3 St Fe e W RN peo SRR
R R T e e B wmm
E; L IS P g i 3 TR R M IS SR Tl £ 1 3
L Mt aiiy e DRt SR el oD EH SH ﬁmumMm
] K| 3 K et e G ll...l it bmmﬁ%ﬁnlau«e% SR o
£ - Rl o MR s _,.,ﬁm ﬁmﬁﬁm
3 MBS AR e e
] | LA e | Pl e e o e e
= a g 2 5 5 2 g 8 5 R

{3TIW TVIILNYN HId SONNOd} JONVLESIA LINN ¥3d NOLLIWNSNOD Tand

432

N6-7233

MACH NUMBER

Figure 4-27



T

s ™ P o [ 20831 S TR M T S S i TR IR o T
- el e e e T L I e e
£ 3 Rl 5 N S O i, MO SO s 3 10 M I 0 ENB ot I M sy e el s Pl st e e
2 a " ™ A E I iy ok R .W.ﬂ.. o o B
i b - - RO E W A ey el oeie L L SRR ET o r=tb el e B
hy, e AN e s N I et 35 s N O R 1t e A s U 0 O
RN NS iy 0 T T e e B N o I o g o A
TSEL L AR il | ] SR e Tt et
Ewlawh NG S T W L e B
R T s R 2 e i ML R REL A RS e MG R e e
=5 - B S P O ] N e IO T S e M W 2 g o S e B M iy S oy
rr s PO LT Wﬂn % st ] Neoale i SNETHEERT R DAl ;EMT% P T m
e s TN T T 5T it o T, s i S e o o {
H TPELSENCLETER SRR xammum:hu.u Bl T B R e oo ot £ fEess s o
e N S T R N = EEae
SRS LS o R N S S N Bl = Hﬁﬁmmfgﬂ
G e Ere o0 O 2 e H: ek :
Rl e et et T W e o N T R G IR e s
- e e N N N N T e e
H ) IR B S RN G s Y G L AL {EEs b e e R e
T T T R R Ry L e NN Fis HIET MR TR SR T M Yo T TR
R 3%2 s e ;;ﬂwu;mmu, iua.wﬁrmﬂ.w LN e R N e W%
I pegr b R 3 P TTTETs oares Frye oy
SE SR R e o N e M R G T b e e
I, “u.ﬁmw..i}w HinlhamEe e N N R haa L S N R
w; L .Lﬂﬂm*n e ICEL, SITEi I ETraerans I3 Sraast %1,“”#%?%”«% it
Ry e I i R e HEmEE
[ i S e
ﬁﬁﬂd : et = F YWH ymw....wmm H T
SALLER Gl A B [ i e
B Ho Him e TS
WH =3 W?m. ﬁ,ﬁwm” 3 H t Hwnn
_ﬂx‘ P T : LEHIE
SR HH Bt
B bl WHET i L1
S = L
m.,.«! - R angs ﬁs £
it A
i

i
i

T

it

e

NIT DISTANCE VERSUS MACH NUMBER

T

9K FT

H
o

e e
iﬁ:ﬂ% b

i .g‘jj_é; HHBK FT]E
1} e :g
s

i

B
i}
i

LS
T
:B%_VH- .

HE s

Sl

i

eI a e R

3 1
'ﬁff
1T

4311

i

B

0.23

1

GaE R

UEL CONSUMPTION P

m_

= 300000 POUNDS

i
-

S
=
£

R

R

)

3

AT CONSTANT ALTITUDE
FLAPS = 50 DEGREES

L

:E-ﬁzz—ﬁ? T

tlaseriientl

i GAMMA = -2 75 DEGREES

i

aaeal ] =
i 8
= 5 &
: wamm 2u58
e

Hyiibig!
I
i h
o
i
T
F Iig,l:

e

i
HE

T

e

it
fif

i

e

..' “-.i'i;

Eik

Freisriaiele
oxd

, G
Lo

i

i R T R

BRI

{3 TYIILAYN Y3d SANNOd) IINYLESIA LINA Y34 NOILIWNSNOD 13nd

4-33

4
H

o

e
Ealgia
B e
%& = ima.ﬁuxuﬂ
{ s e
R e i e e
L e e S
 Histheles st SEE ERT R RO e )
S 2 2
= = e

030 03 032 ¢32
7167234

29

026 027 028 0

025

024

019 020 o021 0.22

018

MACH NUMBER

Figure 4-28



ye-y

FLIGHT PATH ANGLE ({DEGREES})

_i ] ] 1] N
| | I I i
0 i J IFLIGHT PATH ANGLE VERSUS CALIBRATED AIRSPEED™ |~ | |
i " =1~ 7| 7| T|ALTITUDE = 3000 FEET MSL -
0 j | [WEIGHT = 300000 PO UNIDS
N I T ! P S A -
I 1 1 | ! i
| [
I h B e T -
2T : : i ‘
- Pl | ;
__,Jf"" e | { : |
-4 - bt ) R L= 1, 1
Jf” ___"“"-n.,. | ) '"""""d-_.u__“_ I [
" T I . — T s ¥ -
P ] ! N I e Y FLAPS u 02 :
’ - g I s '
- 1 VET T H
% =
i R p— :
=1 2100 f— —|— -
i .a_,_“FLAPs 1? |
-—-4—*‘"- I e -h‘\'ﬁ_ 1 _ I LI N SN
-8 r_’»‘f o | | .
[ 1
i |
—— -— M — —_
» - h""'u,_‘_ Pl | T, | !
H Y T —
- \\-\ s, " || ] hee I | ]
10 Pl | I Pl ! 1y
= L I - — ‘\"\I e
L [, | | - ! |
N | NN ~ ]
-12 AN Pl [ FLAPS =220 ]
: ~
H ‘\\_ [ \ | _I_____
\ LY T I I !
\\ ot - __II?\ = I___I ' I
- . .
-14 kY : N ; '
; N — TN i : '

. APS=EO0, I_ i NP ! ]
' [ ] f ] '

: ! _ M i . ! 1
-16 et i Nt E i) I A
. - [N N ) 1 N B ' i [

: ! t t | : Yy ‘ | i 1 : I
K i) ] Y Y S TR N
1 0 4 H 7] ' ! L L] ! & I

100 120 140 160 180 200 220 240 260 280 200 320 340 360 380 400
CALIBRATED AIRSPEED [KNOTS) 7187235

Figure 4-29



For example, with a 3 degree glide slope, the aircraft has equilibrium points
at 230 and 160 knots. With 10 degrees of flaps, the glide slope would have
to be 3.7 degrees to maintain an equilibrium speed of 195 knots. The
required gammas for equilibrium and consequent speeds decrease with
increasing flaps. Obviously, if the aircraft i1s on a typical gliade slope,

any amount of flaps will cause the aircraft to decelerate.

Figure 4~30 shows the calibrated airspeed versus distance for an aircraft
on a 2.7 degree glide slope with retarded throttles at various flap settings.
Obviously, the greater the flap setting, the greater the deceleration. Note
that the curves are all relatively linear except when the airspeed approaches

the stall speed of the aircraft {(or less than 120 knots).

Table 4-2 shows the slope of each curve, Ay /AX 1n units of knots per
nautical mile and knots per foot. Note that the slopes represent
decelerations. The slopes increase gradually until the flaps reach 20
degrees, at which time the slopes increase more rapidly. After the flaps
reach 35 degrees, the increase in slope tails off again. The values in Table
4~2 define a functilon dependent on flaps that will hereafter be noted as

K (5¢)s

TABLE 4-2

AV/AX FOR VARIOUS FLAP SETTINGS
THROTTLES RETARDED, <y = -2.7 DEGREES

A&y (M) Ay (.@9125)

Flaps (degrees) AX \ nm Ax \ ft
0 3.08 . 000507
4.62 .00076

10 5.77 . 00095
15 6.73 .001108
20 9.81 .001615
25 13.65 .002246
30 23.64 . 003891
35 36.67 . 006035
40 45.0 « 007406
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A second function that i1s basically a correction factor due to varying

air referenced flight path angie and weight 1s defined as:

A -
where
¥ = Time rate of change i1n velocity
fi = Time rate of change i1n altitude
K (6¢) = Deceleration with actual flap setting as defined by Table 4-2

W

it

Airceraft weight

Thais function 1s denoted as an estimate since 1t 1s obtained from measured
data, By multiplying ? (5alr, W) by the deceleration expected from the
aircraft at 300,000 pounds with 50 degrees of flaps on a 2.7 degree air
referenced flight path angle, K (6 = 50), an estimate of the expected change
in velocity for a change in altitude 1s obtained for the aircraft at its

current weight and air referenced flaght path angle.

A
Av) A (4=2)
— =Ff(y ,WK{G_=50)
(ﬂh 5f=50 air f

Similarly, AV /Ah can be estimated for flap settings of 40, 30, 20, and 10

degrees.

For a given desired change 1n velocity for a particular flap setting, the

corresponding change in altitude 1s given by:

1
. — (4-3)
(éﬁ)
Ah
6f

Desired change 1n velocity

4h = AV

where

Ay

AV
Ah fs ¢

]

]

Estimate of deceleration with altitude for a particular 8¢
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To ensure stabilization for a normal landing 500 feet above ground level,
a base altitude of 700 feet AGL 1s used as the minaimum altitude at which the
flaps will be set to 50 degrees and the throttles will be increased to hold

the approach airspeed. Table 4-3 gives the desired flap deployment schedule

and the associated changes 1n velocity for the various flap settings. The

altitude at which the flaps should be deployed to 50 degrees 1s given by:

1

h_, = 700 + 10 A

50

The corresponding changes in

1n succession yielding:

(AV)
Pa\ O PO
Sf—SO

(4=&)

altitude for the other flap settings simply add

- 1 (4=5)
by = bgo + 10 Fg)__
Ahfs _
B 5f~40
h.. =h,. + 20
30 40 (g%) (4-6)
Anf
] Bf-BO i
-
h20 = h30 + 30 ( V)
A r (4=7)
An fs 20
L _
TABLE 4-3
DESIRED FLAP DEPLOYMENT SCHEDULE
Approximate
Flap Setting V at Deployment v
. (deg) (knots) (knots)
50 b 145 10
49 155 10
30 175 20
20 205 30
10 As needed As needed
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The AV associated with the next flap deployment (10 degrees 1nitially) 1s
defined as the minimum between the actudl airspeed or 5 knots less than the

placard speed minus the airspeed for the next higher deployment - 20 degrees

in this case. Thus:

-

— L4 — — 1
Byo = hog *+ [min OV, Vg = 5) - 205] —(KW— (4-8)

A0 /5 =10

Equations (4-1) through (4-8) are computed continucusly and the flaps are
deployed whenever the computed altitude 1s reached. If the aircraft 1s going
too fast for a particular flap deployment, the flap command will remain
slightly below what the placard limit will allow. Once a particular flap
deployment 1s made, the corresponding altitude 1s no longer computed and the
next deployment altitude calculation takes the form of Equation (4-8) using
the velocity given 1n Table 4-3 to calculate the new AV. It should be noted
that the gilide slope i1is captured from above; therefore, there 1s no constant
altitude approach segment. Also, power 1s not applied untial there are 50

degrees of flaps.

D. BASELINE FLIGHT WITH DELAYED FLAP APPROACH: LAS VEGAS TO LOS ANCGELES

The only difference between the baseline flight approach and the baseline
flight with a delayed flap approach is during the descent, thus no new 