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Preface

My objective in this study was directed primarily toward the take-
off and landing analysis of the Advanced Medium STOL Transport (AMST)
aircraft, the YC-14 and YC-15, designed by the Boeing Company and the
McDonnell-Douglas Corporation, respectively, The data presented,
however, does not represent either of the AMST candidates. The data
is normalized in a purely arbitrary manner where the normalizing
function changes from configuration to configuration and also para-~
meter to parameter. To further confuse the matter, the configuration
designator also changes from parameter to parameter. The purpose is
so that prediction method may be compared to actual aircraft per-
formance but the actual aircraft may not be compared at this time
because of the competition sensitive status of the AMST program.

My appreciation is extended to Dr. C. Philip Poirier for his
diligent efforts in providing the necessary computer programming and
for his valuable counsel. I would also like to express my appreciation

to my wife, Diana, for her encouragement and assistance.

DAVID P. LFMASTER
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Abstract

A numerical technique based on known methods was developed to pre-
dict the takeoff and landing performance characteristics of powered lift
aircraft. Two-degree-of-freedom equations of motion treating the air-
craft as a point mass are integrated using numerical techniques based
on Euler's method of forward integration. The analysis includes the
calculation of all engines operating takeoff distance, critical field
length, landing distance and climb capability. Predictions were made
for aircraft with externally blown flaps and upper surface blown
flaps and compared with the performance quoted by the respective air-

frame manufacturer. Good correlation was achieved.
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AIRPORT PERFORMANCE ESTIMATION
FOR

POWERED LIFT AIRCRAFT

I. Introduction

Problem

Estiﬁation of an aircraft's airport performance; i.e., takeoff and
landing characteristics, is a difficult problem because it involves not
only the aircraft's physical and dynamic characteristics but also the
atmospheric and runway conditions in which the aircraft must oﬁ&rate as
well as the variations caused by the different piloting techniques.
Compounding the problem is the fact that when the exact force equations
are written, the equations of motion are not integrable in closed form.
Powered 1ift aircraft further aggravate the problem with the inter-

dependence of the propulsive and aerodynamic forces.

Background

Operational considerations for both civil and military transport
aircraft have caused increased emphasis on the ability to operate from
shorter airfields than the current generation of jet transports.

Although no specific definition exists for Short Takeoff and Landing
(STOL) performance, the U. S. Air Force rcquirement (Ref 5) is stated as
the capability to operate into and out of a 2,000 ft airfield which
represents about a 50 percent improvement in takeoff and landing perform-

ance.



The runway required for a given aircraft gross weight can be reduced
by: (1) increasing the ai;ctaft thrust; (2) increasing the aircraft wing
area; or, (3) reducing the takeoff and landing speeds through improved
high 1ift devices. This is, however, not easily ac:omplished because
simply increasing the thrust and/or wing area results in tco great a
penzlty in the aircraft's cruise performance and the available mechanical
flap systems are just not capable of producing the maximum 1ift coef-
ficient required. Engine augmented high lift systems appear to be a
poscible solution. Several powered lift concepts have been built and
tested with varying degrees of success. Two of the more promising con-~
cepts, upper surface blown flans (Ref 4) and externally blown flaps (Ref 1),
have recently (1973-77) been built and flown ir the USAF's Advanced Med-
ium STOL Transport (AMST) prototype program.

Many solutiomns, such as Houghton (Ref 2; 184-190), are published
where simplifying assumptions are used to reduce the equations of motion
inco a closed integrable form. These solutions, however, dilute the
computational precision such that it is not possible to differentiate,
as is required in a technical evaluation, among the capabilities of the
competing bidder's configurations. Other solutions, such as Jansen (Ref 3),
using numerical methods for integration have been developed for conven-
tional aircraft. Unfortunately, these solutions are not applicable to
powered 1ift aircraft because they cannot accomodate the engine power
contribution to the 1lift force. In addition, powered 1lift aircraft are
particularly sensitive to design parameters such as flap deflection
schedule, pitch rate, minimum control speed, etc. Consequently, many
parameters which were either neglected or linearized for conventional

aircraft must now be modeled for powered 1ift aircraft.




Objective

The objective of this study was to develop an analytical technique,
using numerical methods to integrate the equations of motion, for the
parametric analysis of the takeoff and landing characteristics of air-

craft using an engine powered high lift system.

Approach

Adrcraft performance analysis in the vicinity of the airport is
defined to include: (1) all engines operating takeoff distance;

(2) critical field iength; and, (3) landing distance as illustrated in
Figures 1, 2, and 3, respectively. Climb capability in the takeoff and
go—-around configurations is also included.

In Chapter II the equations of motion for each segment are%developed
with particular attention given to the assumptions necessary to obtain a
practical solution. The overriding assumption for all the segments is
that the forces acting on the aircraft are constant over each integration
step and thereby allows the equations to be numerically integrated.

The analytical development begins very simply with Newton's second
law of motion and uses Euler's method of forward integration to solve
the equations of motion. The aircraft is treated as a point mass with

two degrees of freedom using a coordinate system alignad with the wind

axis. The analytical treatment is general in nature allowing the analysis

to include variations in the aircraft design parameters, ambient condi-
tions, runway conditions and pilot reactions. Independent variables
included in the analytical model are: gross weight, wing area, number
of engines, gross thrust and ram draz, aerodynamic data, flap deflection
and deflection rate, fuselage ground clearance angle, taxi angle of at-

tack, thrust reverser effectiveness, spoiler effectiveness, landing gear

~a
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limit rate of sink, ambient temperature, pressure altitude, wiad velocity,

rolling and braking coefficients of friction, runway slope, and pilot

reaction times for engine failure recognition, brake application, spoiler
deployment, and thrust reverser deplovment.

Chapter III contains the results of a comparison for the AMST con-
figurations between the performance quoted by the respective airframe
manufacturer and the perforronce predicted using the method discussed
in Chapter II. Sensitivity of the predictions to the various parameters

are also discussed. Conclusions regarding the developed method are

presented in Chapter IV.

Figure 1. Takeoff Distance Schematic
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II. Development of Analvtical Solution

Since the purpose of this method is to predict the takeoff and
landing distances only and not to analyze any aircraft stability or con~
trol characteristics, the first simplifying assumption is to treat the
problem as a two degree of freedom point mass and therefore eliminate
the need to provide input data for aircraft inertias and the control
power about the aircraft axes. The second simplifying assumption is
to maintain a constant gross weight throughout the takeoff or landing.
The most significant assumption required is to assume the forces
acting on the aircraft are constant over each integration step. The
analytical treatment is then divided into three major sectioms: (1)

takeoff distance; (2) critical field length; and (3) landing distance.

Takeoff Distance

Takeoff listance as illustrated in Fig. 1 is commonly defined as
the horizortal distance to accelerate on the ground to liftoff and climb
out to a specified height., For most military applications the obstacle
height is 50 ft while for civil applications the obstacle height is 35
ft. The takeoff distance is divided into two segments: ground run and
climb out. While the ground run is defined as the distance from brake
release to liftoff, it is convenient to separate it into a constant
attitude acceleration segment and a rotation segment where the angle
of attack varies from the taxi attitude to the lift off angle of attack.

Aircraft using engine powered flap systems such as externally blown
flaps or upper surface blown flaps can be sensitive to the flap position
during the ground roll because of the turning of the thrust vector by

the flap system. As a result, an additional velocity cue, Vf is defined

8
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during the takeoff ground run as the velocity to initiate the extension

of the flaps to the takeoff position.
Ground Run. Beginning with Newton's second law of motion, F = ma ,

it can easily be shown that the distance traveled along the ground is

given Yy:

W Vg
d V9 1)

Fa

where x = ground distance
Vg = aircraft ground velocity

F = net accelerating force

]

"

g = gravitational constant
The influence of wind on the takeoff distance can easily be
accounted for by letting V=V - Vw where V is the aircraft true air-
o

speed relative to the wind and Vw is the wind velocity relative to the

ground. Substituting into eq (1) yields:

WY WV {y
=1/ Fg v - Fg (2)

The wind velocity is in general unsteady because of the randomly occur-
ring gusts in nature. However, over short periods of time the average
wind is steady. Therefore, for the takeoff and landing analyses, it is
assumed that the wind velocity is constant and the second integral of
eq (2) is simply a constant, Vw, times the integral of gy-which, when

integrated, is the time required to accelerate between the specified

end velocities. The ground distance equation then becomes:




WV dV (T) (Vw) (3)

where T = Time to accelerate from Vi to V2
Vi; = Steady wind velocity (+ = headwind)

In order to evaluate this integral, the instantaneous forces acting
on the aircraft must be determined. Because the aircraft is treated as
a point mass, the total resistance due to ground friction can be expres-
sed as one force. The individual forces acting on the aireraft are
depicted in Fig 4 where:

Fe = Engine gross thrust

D = Aircraft aerodynamic ag
DR = Engine rau drag

R = Ground resistance =}1(W—L)
L = Aircraft lift

W = Aircraft gross weight

@ = Runway slope

M = Coefficient of friction

it

D P a —Fe
<~ W DR R
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Figure 4. Forces Acting During Ground Run




These forces are defined in the terms commonly used for conven-
tional aircraft; however, the interaction of the aerodynamic and pro-
pulsion systems makes it impractical to determine explicitly the values
of gross thrust components. 1lift, and drag. Force data for powered lift
aircraft ca2n be obtained in the wind tunmel using a powered model. The
longitudinal and normal forces that are measured include the propulsion
effects and are both a function of engine power setting. The same force
vectors as shown in Fig 4 are applicable to powered lift aircraft except
that FG is no ~uger needed and is deleted. 1In this case, L is rede-
fined as the net noimal force and D is redefined as the net longitudinal
force. These forces are also nondimensionalized by dividing by the
dynamic pressure and wing reference area. Longitudinal force (drag -
thrug;) coefficient, CD’ now has both positive and negative values
where a negative drag coefficient means that the engine thrust compon-
ent is greater than the serodynamic drag. The parameter used to define
the engine power setting is thrust coefficient, CJ, which is defined as
the engine gross thrust divided by dynamié pressure and wing reference
area. The aerodynamic coefficients for powered 1lift aircraft are
presented in the general form CL = f(CJ,d ’ 5F) and CD = g(CJ,d . 6F)
as illustrated in Figures 5 and 6 where Sf‘is the flap deflection angle
and & is the aircraft angle of attack. Note that thrust coefficient is
defined with velocity in the denominator and is, therefore, undefined
when the aircraft velocity is zero. In order to prevent this, the
thrust coefficient is inverted and now goes to zero at zero velocity.

"

The force coefficients are also "inverted" by dividing by the thrust
coefficient which causes the nonlinearity as the velocity approaches

zero with the regular coefficients to become relatively linear functions

2
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Figure 5. Normal Force (Lift) Coefficient Data

Figure 6. Longitudinal Force (Drag - Thrust) Coefficient Data
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in the inverted form. For digital processing, the data is, therefore,

handled as CL/; = £(L , &, § )and =g (L ,d, &F).
cJ F cJ cJ
The net accelerating force acting on the aircraft during the ground

run can be expressed:
F = - €S ~ DR - p(WeosP - C qS) - Wsinf (4)
where F = Net accelerating force
C,.= Net longitudinal force coefficient

D

CL= let formal force coefficient

DR= Engine ram drag

q = Dynamic pressure

S = Aircraft winé reference area
W = Aircraft gross weight

p = Coefficient of friction

@ = Runway slope

Substituting eq (4) into eq (3) and writing in its form for

numerical intezration gives:

W i -
AX = E— ~CD qQS-DR-np (Wcos® - CLqS) - Wsing av (T)(V'”)(S)

The numerical integration is performed using Euler's method of
forward integration. Since this technique assumes that the forces are
constant over the integration interval, the step size, AV, must be
selected carefully to maintain the integrity of this assumption.

Rotation. In this phase the aircraft is rotated from its taxi
attitude to the pitch attitude at 1liftoff which requires the addition
of a new variable, rotation rate, due to the finite time of rotatiom.
In oxder to maintain precision in the computation, minimize the input

data required for the analysis and model the dynmaic response of the

11




aircraft which has in fact a large pitch moment of inertia and still

.

gf retain the point mass assumption, it is assumed that the net pitching
a

E" moment acting on tae aircraft is applied by the pilot's control input

where the pitching moments due to angular displacement and angular

A

Spia ¢

velocity are neglected as higher order terms since the total angular

displacement and maximum rotation rates are small. The pitching moment,

M, applied by the pilot is assumed constant through the first half of

the rotation segment followed by a reversal in pilot control input

during the second half of rotation in order to arrest the rotation rate

by the time liftoff is achieved. Therefore, during rotation

where Iyy & =M (6)
Iyy = Aircraft pitch moment of inertia
A = Aircraft pitch acceleration
M = Pilot applied pitching moment

Integrating eq (6) twice and applying boundary conditions of £ = 0 and

A = o(taxi at t = 0 results in
d =M t2 + dr_axi (7)
where X = Instantaneous angle of attack
o(taxi = Taxi angle of attack
t = Time

Evaluating at t = AtpoT where =0(L0, then:
A T

M =2 (D(LO -3 A taxi) (8)
21
yy ( Atgor)?
where AtROT = Time for rotation segment

Liftoff angle of attack

A 10
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Substituting sq (8) into eq ) gives

K =it + a(tax:i
(9
for A€ k< Lo
2
2
and K = -k {£- tp)"+ (10)
«
for LO
where k = 2(c’(LO -3 c&taxi)
Vi
( A tROT)

The initial value for At is estimated by assuming the time

ROT
histogram during rotation is a quadratic function of velocity,

At =a+b Vz, where the constants a and b are evaluated using the
time increments compute.~ at the rotation and liftoff velocities. This
time éstimate is uscd co compute the initial rotation rate which is

then modified using an iterative procedure using the last computed

value for ZStR until the liftoff angle of attack and liftoff velocity

oT

are achieved simultaneously.
Climb Out. The horizontal distance to climb and accelerate from
the liftoff point to the specified obstacle height and velocity is

written:

J

X . = dx dt (11)

air . it 4B dE
1

Assuming that the vertical velocity is a small compared to the hori-

zontal velocity:

2
¥V (12)

2g
~ 2
E)=¥ E"ons cos J' ;)" + hoss] (13)

where El = Aircraft energy at liftoff

i

Ey
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E2 Aircraft energy at the obstacle

VLO _ Velocity at liftoff

VOBS= Velocity at obstacle

3“2 = Flight path angle at obstacle

hOBS= Height of obstacle
and dE = V COSr(E ) (atcos ¥ - anSin ™ (14)
g
where a, = Acceleration tangent to the flight path
a - Acceleration normal to the flight path
dx =V Cos if (15}
dt

Substituting eq (l4) and eq (15) into eq (11)

= .& Ez
Xair W dE .
E, (at cos yt - a  Sin ) (16)

Assume the average acceleration a = a; +a, and an average flight path
angle )f =‘ﬁ1 +-'62 , eq (16) is integ%ated to obtain

2

_ 2 2 2
Xair = Vops 05" 8 5 - Vo + 28 B an
(2) (acos¥® -~ N,g Sin 3 )

where Nz = load factor normal to tte flight path

Critical Field Length

Critical field length as illustrated in Fig 2 is defined as the
lenztn of runway required to accelerate with all engines operating ..
the critacal engine failure speed, experience a failure of the most
critical engine, and either continue to accelerate with the engine
inoperative to liftoff or decelerate to a complete stop in the remaining
runway. The critical engine failure velocity is defined as the velocity
at which the acceleration to liftoff distance is equal to the stopping

.

14
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distance and, therefore, becomes the pilot's takeoff decision speed;
i.e., if a failure occurs before the critical engine failure speed,
the aircraft is stopped; if the failure occurs after the critical
engine failure speed, the aircraft must continue to accelerate to
liftoff. The critical field length analysis is divided into four
segments: (1) all engines operating (AEQ) acceleration to the critical
engine failure speed; (2) continued acceleration with the critical
engine inoperative (CEI); (3) rotation; and (4) stopping distance.

Acceleration Distance. The distances for the three acceleration

segments of the critical field length are computed using the same
technique described above for the takeoff ground run. Since an actual
engine failure can be anything from an explosive loss of the engine to
ruptured fuel line, the worst case is assumed and the failed engine is
modeled by setting the thrust instantaneously to zero at the engine
failure velocity. The change in flap deflection angle, if applicable,

is also initiated at the engine failure velocity.

Stopping Distance. The stopping distance includes a segment where

the aircraft transitions from the accelerating configuration to the
decelerating configuration and a constant configuration maximum decel-
eration segment. The transition segment begins at the engine failure
velocity and is complete when all of the deceleration devices are
deployed. During this segment time delays are included for the pilot
to recognize the engine failure, chop the throttle, apply the brakes,
initiate spoiler deployment, and initiate thrust reverscr deployment.
The brakes are assumed to be applied as a step function, but the spoiler

and thrust reverser deployment are modeled with linear functions. The

engine thrust decay after the throttle chop and the reverse thrust

]
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build~up are also modeled with linear functions. The net longitudinal
force defined by eq (4) is modified to include the force components due
to reverse thrust and becomes:

F= - CDqS—DR - (w—chs + FGsln77 ) ~ FG cos'by (18)

where 17 = Reverse thrust turning angle

Flight Path Capability. The climb capability of an aircraft with

an engine inoperative in the takeoff or the landing go-around cdhfigura—
tion is frequently the limiting parameter on the allowable gross weight
or the ailowable takeoff or landing speeds. This is particularly
true for aircraft using powered lift flaps because the engine exhaust
flowing over the flaps delays the flow separation and allows the use of
larger flap deflections than the conventional aircraft. The steady
state climb angle is given by:

X‘ = sint ( €yaS - DR) (19)

W

Landing Distance

Landing distance as illustrated in Fig 3 is defined as the to*tal
horizontal distance from a specified obstacle height to a complete stop.
The landing distance is divided into two segments, air phase and ground
roll.

Air Phase. The air phase is defined as the horizontal distance
from the specified obstacle height to touchdown. For both military and
civil applications, the obstacle height is 50 ft. Normally the flight
path consists of a constant glide slope segment followed by a pilot
initiated flare or round~out to reduce the rate of sink at touchdown.

As a result, the distance traveled during the air phase is highly

dependent on the piloting technique. For STOL aircraft, thq_}anding

16




gear is stronger, allowing a larger touchdown rate of sink and the tech-
nique is to fly the constant glide slope into the ground with the only
flare or reduction in rate of sink coming from increased 1lift due to the
aircraft flying into the presence of the ground. Therefore, the air
phase is modeled by writing the energy equation, eq (16), and inte-
grating from E9 to Ej where E2 is the aircraft energy at the obstacle

and E} is the energy at touchdown yields

Xair = Vops? cos2 ' 9 - Vlz + 2ghgps (20)
(2) (3 cos ayg - Nzg sin J'yg)
where Xair = Landing air distance
Vep = Velocity at touchdown

Vops = Landing approach velocity
a = Average acceleration during aixr phase

Jravg = Average ilight path algne during
air phase

N, = Normal load factor during flare
The power setting and angle of attack required to {ly the approach

flight path is computed:

Cp = (RSOBS) (%)
(Vos) (q)S (21)
cL = w cos & app (22)
q S
Cy = (CL, Cp, &) (23)
™ = (CL, CD, & ) (24)
FGTD = (Cy) q S . (23)
where RSOBS = Rate of sink at the obstacle haight

ZpAPP = Approach flight path angle

17
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&

Ground Roll. The ianding stopping distance is calculated using

Gross thrust at touchdown

Angle of attack at touchdown

the same technique used for the critical field length stopping segment
except that the transition segment for landing also must model the
aircraft rotating from the touchdown pitch attitude to the taxi atti-
tude. 1In this case, a linear wmodel is used with the rotation rate
provided in the input data. Touchdown gross thrust and angle of
attack are assumed to be equal to that required to fly the approach

flight path.

18




IXI. Results and Discussion

The principal result of this study was the digital -orputer program,
{_' 4 ATRPORT, written using the equations developed in Chapter II. A descrip~-
tion of the program with fuactional definitions of the key subroutines is
contained in Appendix A.

The program was used to predict the takeoff and landing character-
istics of the Advanced Medium STOL Transport (AMST) aircraft, the YC-14
and YC-15. Due to the competitive nature of the AMST program, the data
cannot be presented in absolute values. For correlation of the analyt-
ical method, the field length and gross weights a~e normalized using
different factors for each parameter and powered lift configuration.

The all engines operating takeoff ground run data is presented in
Fig. 7. The difference in the ATIRPORT predicted ground run as compared
to the distance predicted by the respective airframe contractors varied
from 0.5 percent to 0.8 percent for one contractor and from 0.6 percent
to 2.1 percent for the other. The overall average difference of 1.1 per-
cent is considered excellent correlation.

Figure 8 shows the comparison of the total all engines operating
takeoff distance. 1In this case, the difference with the contractor data
varied from 3.2 to 12.5 percent for one contractor and from 14.0 to 20.0
percent for the other. The average variation for one contractor was 6.9
percent wvhile the average for the other was 17.4 percent. The correlation
is not good, per s&, but it does show that the distance predicted by AIR-
PORT is reasonable. It also suggests that a disparity exists between the
contractors' prediction methods. A possible contributing factor to the
poor correlation is the assumption that the vertical velocity is small

relative to the horizontal velocity.

19




The critical field length comparison is presented in Fig. 9. The
difference for the critical field length varies for one contractor from
2.3 percent tn 5.8 percent while the variation for the other contractor
is from 0.5 to 4.6 percent. The average difference is 2.9 percent and is
considered good correlation.

Figure 10 shows the comparison of the landing ground roll and Fig. 11
shows the total landing distance comparison. The difference for the
ground roll for one contractor varied from 1.5 to 4.5 percent for an av-
erage difference of 2.9 per.ent, while the difference with the other con-
tractor varied from 4.4 to 13.3 percent for an average difference of 7.9
percent. The overall average difference for the ground roll is 5.4 per-
cent. The differences in total landing distance was approximately the
same for both contractors where the variation ranged from 0.8 percent to
5.6 percent with the average difference of 2.9 percent. Overall corre-
lation of the total landing distance and landing ground roll is good.

The sénsitivity of critical field liength to the various conditions
and parameters is often igrored because it takes a unique happening for
the takeoff to become critical-~the failure must occur very close to the
computed critical engine failure speed when the aircraft is operating at
the maximum allowable gross weight for the runway. When it does, the
results are startling. For example, for each second the pilot delays in
brake application, the critical field length would cnly increase 30 feet
for a nowinal critical field of 2000 feet. The startling part is that
once an aircraft is committed to a takeoff with a computed critical
engine failure speed of 70 knots and chen the pilot delays in the appli-
cation of the brakes, the stopping distance increases at the rate of 120
feet per sccond of delay. The critical field length dces not show a

significant increase because the field lensth balances at a lgwer critical




engine failure velocity.

The quadratic model for takeoff rotation described in Chapter II
was compared to a model where angle of attack changed linearly. The
difference in the computed rotation distances was on the order of omne
foot for the all engines operating case and from one to three percent
—for the engine inoperative case. The change in critical field was about
one percent. However, for the case where the aircraft is rotated too
rapidly and reaches the liftoff angle of attack before the liftoff ve-
locity is reached, the rotation distance increased 13 percent for reach-
ing the liftoff angle two knots early.

Other parameters that can be analyzed using program AIRPORT that
can have a significant effect on takeoff and landing performance are
ambient temperature, pressure altitude, runway surface, brake effective~

ness and thrust reverser effectiveness.
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IV. Conclusions and Recommendations

Conclusions

The analytical method provides a rapid means of accurately pre-
dicting the takeoff and landing characteristics for powered 1lift air-
craft.

Program AIRPORT allows the takeoff and landing analyses to include
a wide variety of parameters and thereby determine the sensitivity of the
design to the operational conditions, design parameters and pilot reac-
tions.

Recommendations

The presented technigue is derived for the unique data character-
istic of the powered lift aircraft. The digitai program, however, is
written in a modular form and can be easily modified. The method should
be investigated for application to conventional aircraft. Also, since
it has been evaluated for only the externally blown and upper surface

blown flaps, other powered lifc configurations should be evalnated.
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Appendix A

Computer Program User's Guide

This pfogram was written to provide a rapid anmalytical means of
estimating the takeoff and landing performance characteristics of
powered lift aircraft. It is designed to operate using two separate
programs, PREPORT and AIRPORT, where PREPORT serves as a preprocessor
to creste an input data file for AIRPORT. That is, PREPORT must be run
prior (v any AIRPORT runs.

. Program PREPORT reads all the propulsion and aerodynamic data and
prepares a mass storage file for use by program AIRPORT. Each data set
is identified by a ten character alpha-numeric key word which is then
used by AIRPORT to load the desired data. The propulsion data set for
each key word consists of tables of gross thrust per engine and ram
drag per engine as a function of Mach number for a single power setting.
The aerodynamic data set for each key word consists of tables of lift
coefficient and longitudinal force (drag) coefficient as a function of
flap setting, angle of attack and thrust coefficient. Both the pro-
pulsion and aerodynamic data tables are read using linearly interpolating
subroutines. An implicit assumption is made that the first aerodynamic
data set will be in free air (out of ground effect). Since program
AIRPORT requires both in ground effect and out of ground effect data,
the in ground effect is defined in one of three methods: (1) reading
a complete set oif in ground effect data; (2) preparing a data set by
analytically correcting the out of ground ef{fect data using subroutine
GROUND; or, (3) setting the in ground effect data equal to the out of

ground effect data plus input constants for incremental 1ift and drag

-8
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coefficients. Subroutine GROUND is configuration dependent and,

s T o
¥

R,
-
»

therefore, must be written, if used, for the specific aircraft being

iy
al

analyzed. After the aerodynamic data is read, the coefficients, CL,

ke

o

7

fi' CD, and CJ are redefined into the inverse form: CJ = %j" CD = %%—,
;?: and CL = %ﬁ‘. _The inverse coefficients are necessary because thrust
g% coefficient is undefined when velocity equals zero. Dividing CL and
é;; CD by CJ results in nearly linear functions of %3 « The inverted co-
.§§ efficients are then stored on the mzss storage file. The propulsion
%é* data may be printed out and the aerodynamic data may be either printed,
E‘ plotted, or printed and plotted as output data.

% Program AIRPORT is organized in three basic calculational phases:
; (1) all engines operating (AEOQ) takeoff distance to a specified

; obstacle height; (2) critical field length (CFL); and, (3) landing

é T distanﬁe from a specified obstacle height. Each phase is indepeundent

of the others and, therefere, data required for a critical field

Y.’

Cort b o
v
[ . ¥ L

length and landing distance need not be input if an all engines

[

operating takeoff is all that is being estimated. In conjunction with
the AEO takeoff and critical field length calculations, the aircraft

'i climb gradient can also be computed as a function of velocity. Climb
gradient with all engines opeiating is computed in conjunction with the
AEO takeoff distance and the climb gradient with the critical engine

3 inoperative is computed in conjunction with the CFL calculation.

5 Specifically, AIRPORT is a two-degree-of-~freedom, point mdass
solution for the equations of motiun. It consists of twenty-nine sub-
routines which perform the tasks of calculation, data hendling and
equation solving. The engine and aerodynamic data for the aircraft
configuration is read from the mass storage file created by PREPORT

by simply inputting the key words identifying each data set.k‘The

30




remaining data is read by AIRRORT for the specific calculational types:
(1) all engines operating takeoff; (2) critical field length; or, (3)
landing distance. All of the data is read in a free field format; i.e.,
the data need .wt be placed in any specific columr, however, each para-
meter must be separated by a comma.

The output data for program AIRPORT consists of input data, com—
plete segment time histories and a summary of the segment distances.
The input data and segment summaries are always printed while the time
history print out can be suppressed. The velocities are output in
knots, true airspeed, while all other units are presented in the 1b-ft-
sec system. The principal computational subroutinss are briefly
described as follows:

Subroutine AIRPORT is the main control program contaning the
logic for reading the input data, controlling the order of computation,
and printing the output data.

Subroutine AEQO computes the acceleration segment of the takeoff or
critical field length where all engines are operating znd the aircraft
is at constant attitude. For an all eangine takeoff, the final velocity
is rotation speed. The aivcraft configuration can change during this
segment by extending the flaps at a specified velocity, V¥, The final
velocity for a critical field length is the critical engine failure
velocity computed in subroutinc BALANCE. 1In this case, the flap change,
if applicable, is initiated at ihe engine rialuie veloucity,

Subroutine ALPHADT computes the initial time required for the
rotation phase by assuaning a quadratic variation of the step time with
velocity @t = a + bv?) where the initial and final points at the ro-
tation and lift-off{ velocities are kunown. This time estimate is used

-
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to compute the initial roation rate which is then modified in an
iterative procedure until the lift~off zngle of attack and velocity are
achieved simultanecusly.

Subroutine ALPHALO computes the angle of attack for the given
lift off conditions, Alpha liftoff is computed exactly at liftoff
velocity while the distance computation uses an average velocity.
Therefore, the lift ferce computed for the final step in the rotation
segment will not be precisely equal to the aircraft gross weight.

Subroutine BALANCE computes the critical engine failure velocity
using subroutine RTMI to find the zero of the balanced field function
FCT(X) which is defined as f(x) = Dcont + Dyot - Dgtop , Where
Dcont is the distance for the continued acceleration with the critical
engine inoperative, Dyot is the rotation distance and Dgtop is distance
required to stop after the engine failed. The computation is limited
to twenty passes in search of the solution for the critical engine
failure velocity.

Subroutine BRAKE computes the stopping segment of the landing
distance of critical fiele length. The initial stopping velocity is
either touchdown velocity or critical engine failure velocity, as
applicable. This subroutine includes the transition segment and contains
the modeling of the configuration dynamics while the aircraft recon-
figures to the full stopping conditions. The aircraft is allowed to
continue accelerating during the initial part of the segment.

Subroutine CONT computes the distance for the aircraft to continue
to accelerate from the critical engine failure velocity to rotation
velocity with the critical engine inoperative. Angle of attack is
constant and the failed cngine is assumed to go instantaneously to zero

thrust.
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Subroutine FINDCD solves for the unique longitudinal force co-
efficient that corresponds to the computed value of 1lift coefficient and
gross thirust coefficient for the desired climb gradient calculation.
Subroutine SEARCH and function subroutine FCTCD are used to search the
aerodynamic data tables and obtain the unique solution without explicit
knowledge of the angle of attack.

Subroutine FINDCJ solves for the power setting and angle of attack
required to fly the given landing approach flight path. These para-
meters are used to define the initiasl conditions for the landing
ground roll.

Subroutine FORCE computes the summation of forces parallel anc
normal to the flight path for each integration step. The basic
assumption is that the integration step size is suwall enough to con-
sider the forces constant over the given integration step. First the
forces are evaluated at the average velocity of each step and then the
average acceleration, incremental time and distance are computed.
Subroutine FORCE is used for all computatior.al phases to compute the
forces acting on the aircraft.

Subroutine LANDING computes the total landing distance from a
specified obstacle height to a complete stop. The air distance compu-—
tation assumes the velocity is constaant and computes the distance
based on the flight path angle at the obstacle, appreach velocity,
obstacle height, and the touchdown rate of sink. The power setting at
tceuchdown is assumed to be equal to the thrust required to maintain the
initial flight path angle. Angle of attack at touchdown is assumed to
be equal to the approach pitch attitude. Landing ground roll includes
a transition phase where the configuratio; dyunamics are modeled

linearily, Subroutines FINDCJ, FIND and SEARCH are uscd to compute the
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thrust and longitudinal force for the given landing approach conditions.

‘~routine ROTATE computes the rotation segment of the takeoff
dist...e and critical field length. During this segment the aircraft
transitions from the taxi attitude at rotation velocity to the liftoff
pitch attitude at liftoff velocity. The angle of attack is assumed to
vary quadratically with time so the rotation rate is zero at each end
condition. The solution is iterative in order to guarantee that the
aircraft reaches its liftoff angle of attack at the same time it reaches
1ift off velocity.

Subroutine TAKEOFF computes the horizontal distance from liftoff
to the specified obstacle height and velocity.

Subroutine VGAMACAL computes the steady state climb gradient as
a function of velocity for the specified configuration. Ten velocity
points.are computed from the specified initial velocity and velocity
increment.

The general subroutines used for data handling and equation
solving are: CLOSMS, DECODE, NCHAR, INTERP, LOOKUP, OPENMS, READMS,
TBL2, and TBL3.

A program listing tape and operating instructions for mograms
PREPORT and ATRPORT may be obtained by contacting:

Mr. David F. LeMaster
ASD/ENFTA

Wright-Patterson AFB, Ohio 45433
Telephone: (513) 255-6834
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