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~‘OMENCL A TURE

A lt re fe rence altit ude

AR aspect ratio

a1, a2 time non— dimensionalizing terms

b wing span

C side force

C
D 

drag coefficient

CD drag coefficient due to control inputs
C

CD drag coefficient for zero lift
0

CD drag coefficient due to angle of attack

CD drag coefficient  due to rate of change of
c~z angle of attack

CD drag coefficient due to elevator deflection
6
e

CD increment of drag coefficient due to flap
extension

C
D 

increment of drag coefficient due to landing

g 
gear extension

c.g. center of gravity location

reference center of gravity location

C1 lift coefficient

CL 
lift coefficient due to control inputsI

S .
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V

C
L 

maximu m l i f t  coef f i c i en t
max

C
L0 

lift coefficient at zero angle of attack

CL 
lift coefficient due to angle of attack

C
L 

lift coefficient due to rate of change of
& angle of attack

C lift coefficient due to elevator deflection
L6
e

C
L 

increment in lift coefficient due to flap
extension

CL 
lift coefficient due to pitching velocity

q

C1 
rolling moment coefficient

C
1 

rolling moment coefficient due to control
c deflection

C
1 

rolling moment coefficient due to rolling
p velocity

rolling moment coefficient due to aileron
6 deflection
a

C pitching moment coefficient

C pitching moment coefficient due to control
m deflection

C pitching moment coefficient at zero angle
of attack

C pitching moment coefficient due to pitching
mq velocity

C pitching moment coefficient due to angle
a of attack
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V vi.

C pitching moment coefficient due to rate of
Ifl

~ change of angle of attack

C pitching moment coefficient due to elevator
156 deflect ion
e

C increment in pitching moment coefficent
due to flap extension

C increment on pitching moment coefficent due
to landing gear extension

c wing aerodynamic chord

C force coefficient along the X axis
x

C force coefficient along the 2 axis

D drag

e wing efficiency factor

g acceleration of gravity

I moment of inertia about the X axisx

I moment of tnertia about the Y axis
y

I moment of inertia about the Z axis
z

I product of Inertia in the ZX planezx

L rolling moment

lift

lift due to cont rol Inputs

M p itching moment

m . sit a i r c r a f t  mass , weight

N yawing moment
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v i i

p rol l ing ve loc i ty

q p i t ch in g veloci ty

q d y namic pressure

r yawin g ve loc i ty

R/C rate of climb

S wing area

T t hr ust

u X velocity

V ai rspeed

v Y veloc i ty

w Z veloci ty

X ai rc ra f t  axis, positive forward

X’ ae rodynamic force in X direct ion

Y airc r a f t  axis , positive along righ t wing

‘0 aerod ynamic fo rce in Y direction

Z a i rc ra f t  axis , positive d own

aerod ynami c force in Z direction

a angle of a t tack of the zero—li f t  line

a absolute ang le of attackabs

angle of attack

rate of change of angle of a t t ack

side sl ip  angle

6 aileron deflection angle
a

6 elevator deflection anglee



v i i i

o f f l a p  ex te nsion an gle

gea r state ; 0 up,  1 down

flight path angle

A wing sweep angle

o p i tch ang le

p densit y

• bank angle

4, heading angle

period

w undamped natura l frequency

da mp ing ra t io

(
~

) firs t derivative with  respect to time

(“)  second derivative w i t h  respect to time

Subscripts

~ ~o’ ~ ~e ref erence con di t ion , s teady—state  condition

~ Earth axi s reference frame

wind axis reference frame

( ) body axis refe rence frame

~ ~ph phugol d mode

( ) sho r t pe ri od mode

~ ~r roll mode
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1. INTRODUCTION

In today ’s sophis t ica ted air craf t , much emphas is has been p laced on

acquiring and disp laying more and more complex information to the pilot.

This trend has resul ted in ever increasing pilot workloads , an undesir-

able si tua t ion because it increases the marg in of pilot error and lowers

the probability of mission success.

It is posaible that a computer system can provide mathematicall y

sound , evaluated decisions which could reduce p i lo t workload and pilot

error. ’ Th e pilot t hen begins to funct ion as a system manager r a the r

than a system component. Unfortunately this reasoning does not app ly to

critical high work load periods . Conventional automation tends to present

more data to the p i lo t and requires hi m to key in reques ts for  spec if i c

information. Hence , while automation tends to lower workload during

cruise and other simi lar workload periods , it tends to increase workload

du ring cri t ical  times suc h as close combat or terminal  area navigation .2

Two studies of ad van ced cock p i t s an d p r ocedu res b y the U. S. Air  Force ,

the Integrated Information Presentation and Control System (IIPACS)
3 
and

the Information Management Aspects of Integrated Avionics (IMS)
4
, have

tended to confirm the above predictions .

The Coordinated Science Laboratory (CSL) and the Aviation Research

Laboratory (ARL), a f t e r a join t study of the TIPACS and IMS documents ,

feel t ha t  a sol ut ion to  the pr ob t ern ( I f  In  f o rma t  ion  over load mig ht  be

found by considering systems wi th  program intelligence. Such a system

can carry out optimum decision—making tasks according to preset

- 4



2

guidelines under a variety of circumstances and , therefore , possibly

lower workload and improve safety in flight operations.

The purpose of the Computer—Aidc~d Decision—Maker (CADM) project Is

to provide documentation and techniques for developing such a program

intelligence . The hardware and software developed , as well as the experi-

ence gained in the construction and operation of a prototype CADM , are

being used to su ggest methods of reducing pilot workload in both high and

low workload areas .

An intelligent system needs an environmer t to interact with: to

operate on and acquire data from. The purpose of the work discussed in

this thesis is to provide the aircraft environment for the CADM. Figure 1

illustrates the interaction of the aircraft , the man , and the CADM.

Figure 2 shows how such a computer could interact with the aircraft ’s

systems (avionics , sensors , displays , etc.), the pilot , and the environ-

ment.

The nature of the CADM and the limits imposed by the availability of

computer facilities define the form of the simulation . The necessity for

a real—time aerodynamic simulation and the limited computer space avail-

able require that the aerodynamic model used be a simple one, yet not so

simple that it is not a realistic reflection of the parameters that the

CADM needs to manipulate in an actua l aircraft. Thus, a complex aero-

dynamic model , while desirable for an accurate simulation , is not

operationally practical.

More important to the simulation is the subsystem model. The more

complex this model is, the better a test of the CADM ’s capabilities we

- 4 - - - -- — - --- - - - - ---——-- --~~-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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AIRCRAFT SYST EMS & DYNAM I CS
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4
can achieve. The ability of a failure in one subsystem to affect the

other subsystems and the aerodynamic model is of paramount importance ,

not only as a test of the CADM’s decision making abilities , but also in

testing the ability of a pilot to work effectively with the CADM. The

wide range of failures in the subsystems can tax the CADM and the pilot

to any degree desired.

4 - -
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~--1
.‘ . AERODYNAMIC SIMULATION

The aircraft being simulated i’~ I single seat , twin jot , variable

geometry , fighter airc raft. The eI I ,’ i , I ’s develop 15,000 pounds of thrust

each and the wings have five sweep sett lng; 15, 25, 35, 50, and 70 degrees.

The flaps are located on the trail ing edges of the wings and can be

extended to four positions; 10, 20, 30, and 40 deg l~~~~•s . The flaps can

I ’ ~~~~~~~ - - . 1 for wing sweep angles of 350 and less , onl y. The landing

gear have two positions ; f u L l y  extended and fu l l y  retracted. A complete

listing of the aircraft ’s characteristics can be found in Appendix 1.

Using standard techn iques,
6’7 as well as non—dimensional stability

derivative representation of a high performance aircraft , an aerodynamic

model was derived. Appendix 2 lists the non—dimensional stability den y—

atives and coefficients Ipsed . However, two important changes were made

from the standard development. Lateral motion was reduced to the simplest

motion ; roll being the only lateral motion allowed . 11iI~ not only sim-

plified the aerodynamic model but also eliminated the need for rudder

controls in the simulator hardware . The other change made was to consider

only those derivatives that have a m I l o r effect on aircraft stabilit y.

The resulting model Is both simple enough for real—time simulation and

complex enough to be a realist ic simulation of an actual aircraft.

The aerodynamic mode l sinnilation program is written in the FORTRAN

computer language.
8 The pr~ vranI flow begins by initializing all the

variables in the program. At t hi ; po int , the non—dimensional stabilIty

derivatives are set to zero. Afte r all the variables have been initialized ,

- 
S
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4.
the program checks the angle of the wing. The program flow is routed to

the appropriate section of the program containing the initial variable

values for that wing angle. The non—dimensional stability derivatives

are initialized to their particular values for the current wing sweep

angle.

The f i r s t  variables to be calculated are the coefficients of lift

and drag. The second task of the program is the calculation of the

aerodynamic forces and moments. Body—axis accelerations and angular

velocities are computed next . Finally, by integrating the accelerations

and velocities, the body—axis velocities and Euler angles are found.

Altitude is calculated from an initial altitude and the integration over

time of the rate of cliith. Velocity and the Euler angles are calculated

in a similar manner.

2.1 DEVELOPMENT OF THE EQUATIONS OF MOTION

Etkin
6 
gives the following set of equations of motion for an aircraft .

X’ — n ~ sinO m (~i+ qw — rv)

Y’ + mgcos 9 sln ~~= m ( ~~+ r u — p w )

Z’ + mgcos 0 cos ~‘ 
= m (~i + pv — qu)

1. — U + pq) — — t~)qr

M — 14  — 

~~~ 
— p

2) — (I — I ) r p

N I 1  — 

~~~ 
(j’ — qr) — (I — I

y
)pq

• — p + qain ~ tan 0 + ncos $ tan 0

0 qcoa $ — rain 4

.4 -
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( q s in  ‘1 + rcos 5cC 0

a = q — q sec (3 — pens a tan (3 — rsin a tan B
x x x

= r + psin i — rcos 1w x x

— peon 1 con (3 + (q — c i )  sin Ii + m m  cos (3

k... Vcos 0 cos 4w w

= Vcos 0 sin 4
E w w

I —Vsin
E w

Figures 3 and 4 define the geometry involved.

The above equations were developed using the following approxima-

tions:

1. The Earth is a sphere rotating on an axis fixed In inertial

space

2. g is a radial vector

3. The centripetal acceleration caused by the rotation of the

Earth is neglected

4. The aircraft is a rigid body and has a plane of symmetry

5. The atmosphere is at rest

6. The surface of the Earth directly under the aircraft Is

considered to be flat

7. All rotor effects are neglected

8. g is a constant.

‘*,~~

_ ,
~~~~~~~~~

.

.4 .
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As exp lained above , for the purposes of the s i m u l a l l o i c , l a i c - ral

motion is restricted to roll motion only, e.g., v = 0, 9 = 9 = 0, (3 = 0,

etc. Thus, the Dutch roll and spira l modes are suppressed . With this

restriction , the above equations of motion become :

X’ — mgsln 0 = m(Ci + qw)

where X’ = L’sin a — --Dcos ~

— mgcos 0 con 9 = m(~ — qu)

where Z ’ = —L ’cos a — Dsin a

L — I

M = I
y4

= p + qsln 4 tan o

0 = qcos 4

=

where -
~ 

= q

w — pcos a
x

The and ZF equat ion s ha ve been dropped s ince  they are not needed

for the simulation. Principal axes have been assumed.

The above equations of motion are nonlinear. However, linear approx-

imations are used for to calculat e the aerodynamic forces and moments,

i.e., linear air reactions are assumed. Lift , for example , Is considered

to be a funct ion of various other vari ab les , I . e . ,

L’ f ( a, ~~~, q, L’)

Assuming th a t  L ’ is a linea r funct ion of these vart&’les ,

.4 - - - - - _ _ _ _ _ _ _ _
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t he equat ion becomes :

L’ = f
1 
(a) + f 2 

( 1) + f
3 
(q) + AL ’

The individual f’s are defined as the dimensional stability derivatives.

Inserting the stability derivatives into the above equation we obtain:

= L’ a + L’ & + L’ q + AL ’
i abs q c

All the components of the aerod ynamic forces  and moments , X ’ , Z’, N, L,

can be expanded in this manner.

The s t ab i l i ty  derivative data for the aircraft to be simulated are

given in non—dimensional form .5 Therefore, these data must be converted

to dimensional form to be used in the equations of motion. However, the

aerodynamic moments are proportional to pV2l3, and the aerodynamic forces

a re proportional to pV 2 l2 , allowi ng a relatively simple conve rsion bet ween

the dimensional and non—dimensional equations. Thus,

X’ = C q Sx
2whe re q = ½ pV

and C = C sin cz — C cos a
x L D

The non—dimensional stability derivatives can , with appropriate con-

versions, be substituted for the dimens ional stability derivatives , e.g.,

the equation for the lift coefficient becomes

C
L 

- C
L 

5 b + CL a a 1 + C1 qa 1 + C
La 

• 
a q C

where C — C S + C 6L L e L fc e f

and a1 is the time non—dimensionalizing term .
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The equations used in the simulation are summarized below . The

equations are dimensional with linear approximations for the aerodynamic

forces and moments. Because of the omission of speed derivatives , proper

con trol and dynamics will not be simulated in the transonic speed range .

Accelerations

x
U -wq + -- — gsin 0

zw = uq + — + gcos 0 cos 9

• L

x

• H

y

Euler Angle Rates

O = qcos 4

4 = p — qsin 4 tan 0

Aerod ynamic Forces -

— C~~ q m S

Z’ = C q ~~ S

where C = C sin a — C con a
x 1. D

an d C~ — _C
L cos ci — C

D 
sin a

.4 _________________________________________
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Lift and Drag Coeffic ients

CL 
= C

L 
ci
abs 

+ C
L 

a ~~~~~
— + C

L 2V 
+ C

L
a q c

where CL 
= C

L ~ e 
+ CL 

6
c 6 6

e f

and ~~
-
~~~

--- = a
1 , 

the t ime non—dimensionalizing term

for translational or linear velocities .

CD
_ c  + 

L 
+ cD0 se

0
AR D

where C C 6 + C  6 + C  6
D D6 e D6 f D6 g

e f g

Aerodynamic Moments

M = C q ,, Sc

where C C + C  a + C  a — ~- — + C ~~
—

~~- - +

m m m m. 2V m 2V -
o ci a

CL 
(c.g. — C . g .

f
) + C

and C — C  ~ + C  6 + C  6
in m6 e m6 

f in
6 

g
e f g

L = C
1 

q S b

where C
1 

— C
1 

~~ + c1

and C C 61 1 e
c 6

a

and —a— = a2 , the time non—dimensionalizing term for

the rolling velocity.

.4
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;

Veloci t ies  and Ang les

=

w = 1c, dt

q = f~~~ dt

p = f f d - t

0 — f i d t

4 = f 4 d t

—l w • wa = tan — — -

U U

• c~iw - wCi
ci = 

2 2

=

Mach no. — V/A

whe re A is the speed of soun d

R/C = Vsin I

I = 0 — a

2 ,2 SIMU LATE D FLIGHT TEST AND DATA COLLECTION METHODS

The aerodynamic mode l of the CADM simulator served mainl y as a side

task for the pilot; applying various workloads on him. A simulated

f l i ght test of the model was performed for two reasons . Firs t , the

test was used to letermine that the aerodynamic model was responding to

control inputs as an actual aircraft would , and second , by analizing

the flight test data, handling qualities were determined.

- .4 
_ _ _  _ _ _ _ _ _
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4
The s t i c k — f i x e d  f l i gh t  test  method9 was chosen to evaluate the

handling qualities of the aerodynamic model. Although this method does

not exactly dup licate the flying qualities of an aircraft controlled by

a pilot , the stick—fixed modes of airc raft motion are often used as para-

meters in specifying f l y ing qualities criteria.10 Thus, through the use

of controlled tests , we obtained data that could be used to determine

how the aircraft simulator would respond under a pilot ’s control.

Although the simp lification of the aerodynamic model reduced the

number of stick—fixed modes that could be evaluated , the number of

possibl2 flight configuration s to be tested , due to the inclusion of

flaps, landing gear , and wing sweep in the model , was quite large .

Appendix 3 is a listing of the conditions tested.

The aerodynamic model was run on the Digital Equi pment Corporation

PDP 11/40 mini—computer at ARL. Because of the limitations in the

computer data collection procedures and data plotting routines, two

sepa rate method s were used in performing the simulated f l ight  test.  One

met h od was used so lel y to obse rve the effects of control inputs . The

other method was used to collect quantitative data for selected flight

conditions. In the first method , control inputs were initiated through

the use of a plasma screen touch panel . This panel also included an

attitude indicator, and numerical readouts for velocity, altitude , rate

of climb , pitch angle , and bank angle, giving immediate feedback of

results.  In the second method , control inputs  were initiated from the

computer console keyboard . Using these inputs , the simulator program

was run . Data we re collected from it and stored in the computer. The

.4 —
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data were then output to a line printer through a plotting program.

Numerical data were also output. Figure 5 shows a typical computer plot.

Every variable in each condition had its own plot.

The control inputs were a — .02 radian step input to the elevator

(forcing the aircraft ’s nose up) and a +.175 radian step input to the

ailerons (forcing the aircraft into a right roll). For each condition ,

the controls were activated when the simulator program was started.

The starting point for the simulator was the calculated steady—state

condition for that particular configuration . Two testing time periods

were used: 20 seconds for short period mode data and 480 seconds for

the phugoid and roll mode data. The initial flight condition for the

“clean” configuration was at the steady—state values of the rate of

climb and climb angle associated with an altitude of 5000 feet and a

velocity of as close to 450 feet per second as was practical , with

the exception of one condition that was run at a velocity of 300 feet

per second. Flap and landing gear tests were started at the steady—

state conditions for various other velocities. However, the Initial

altitude for all tests was 5000 feet. The initial velocities are

listed on the appropriate tables presenting these data.

Note: The initial velocities (Ve
) presented in the tables are

the equilibrium velocities before the def lect ion of the controls .

- ,-~- -~ -
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2.3 SIMULATED FLIGHT TEST RESULTS

The 25 wing sweep ang le was the onl y con f i gu rat ion fo r wh ich

complete graphical data were col lected , i . e .,  f ligh t  tests were run for

every possib le f lap angle , landing gear and c.g. position , and air~raft

weigh t configura t ion . Graphical data were also collected for elevator

and aileron step input responses for the “clean” configuration of the

remaining wing sweep positions . A “clean” configuration meant that

the flaps and landing gear were not extended , the aircraft was at gross

weight , the c.g. was at the reference position , and the airc raft was

f l ying in the steady—state condition . The remaining conditions were

run and observed on the plasma panel attitude indi cator.  Here, stability

was confirmed if no divergence occurred and some damping was observed.

All conditions tested were observed to be stable under these criteria.

It should be noted that because no provision was made in the simulation

program for  a direct relat ionship be tween the c.g.  and the C , changes

in the c.g. affected the pitching moment equation only through the

CL 
(c.g. — c.g.

f
) term.

Be fore the simulated f l igh t tests began , the basic dynamic character-

istics , I.e., w , , and t were calculated. These results were then

compared wIth hose determined in the fligh t test. Some differences

between the expe ri me n t a l  data an d the  ca lcu lated data wer e expected

since the predicted results were calculated using approximate methods .

The fo l lowing  equat ions from E tk in 6 we re used to calculate the predicted

data.

.4
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Roll Mode :

41
T
r 

= 

(p Sb
2 
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The experimental and predicted phugoid mode data for the 25°

sweep angle are presented in Table I. The data show very good agree-

ment, indicating that , at least for the long period motions , the simulator

is performing as expected. Figure 6 gives an example of the output for

the phugoid mode motions. The short period response has been omitted

for clarity.

Figure 7 shows the effect of elevator deflection on equilibrium

flight for two initial flight conditions, one well above the speed for

min imum th rust requi red an d the other ju st below the speed fo r mi n imum

thrust required . For the 250 wIng sweep angle conf igura t ion , the speed

for minimum thrus t required is 317 feet per second. The two speeds

chosen are 450 feet per second and 300 feet per second. The results

of this comparison are presented in Table 2. The graphical data show

that the simulator is performing as an aircraft should. The ci and q

variables settle to the same points. The rate of climb for the 450 fps

condi t ion shows an increase from the steady—state value wh i le the R/C

for the 300 f ps condition shows a decrease , even though s l ight .  In

both cases , the ai rspeed decreases as expected.

Figure 8 presents a comparison of the phugoid mode data for various

sweep angles. Table 3 is a presentation of the experimental and predicted

.4
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TABLE 1

Phugoid Mode Results

V 4SO fpse 
Experimental Calculated

A = 2 5°

r ,sec 59.5 62.1ph

C 0.0918 0.106ph

rad/sec 0.1058 0.1012
ph

_ _
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TABLE 2

Phugold Results , A = 25°

V , fps r Experimen tal , see t Calculated , sece ph ph

450 59.5 62.1

300 41.92 41.4

v , fps 
~ Experimental , rad/sec ~ Calculated , rad/sece ‘
~ph 

“ph

450 0.1058 0.1012

300 0.1502 0.1518

v f ps 
~ Exper imental  r, Calculatede ph ph

450 0.0918 0.106

300 0.0664 0.0845
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TABLE 3

Phugoid Results

A , deg t
1 

Experimental , sec Calculated , sec. V ,fps

15 58.56 61.69 447

25 59.5 62.1 450

35 60.8 61.69 447

50 60.4 61.41 445

70 60.4 61.27 444

A , deg U) Experimental , m d/sec :o Calculated , rad/sec
ph ph

15 0. 1079 0.1018

25 0.1058 0.1012

35 0.1041 0.1018

50 0.1042 0.1023

70 0.104 1 0.1025

A, deg ‘ph 
Experiment al

15 0.107 0.123

25 0.0918 0.106

35 0.0872 0.106

50 0.0636 0.0889

70 0.0511 0.0719

.4 _ — _
~- .~
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dat a. Again , good ag reemen t between ti le two is shown. in a l l  cases , the

phase rela t i onshi ps between 0 and ci , 0 and q, and 0 and u are correct.

Also , the final values of t correspond to the values calculated from the

non—dimensional stability derivatives. For example ,

A = 25°

C = —1.6/rad

C = — - 8/rad 
-

ma

C

A ci C -(—1.6)where , in the steady—state A 
~e 

= 
C 

— 
— .8 

= —2.0

thus, if 6 = — .02 rad or (—1.144°) ,  the ct increase shou ld be

(—1 .144) (—2.) = 2.288°

The experimental data yields a Aa of .04 rad or 2.288°. Similar agree-

ment is shown for all the phugoid conditions tested.

Table 4 presents the predicted and experimental results for the

other conditions tested for the 25~
’ wing sweep ang le. Because no

unexpected motions or data appeared in these test s , the data is not

presented in graphical  form.

The short period mode results for the 25
0 sweep angle are shown in

Figure 9. The agreement between the exper imenta l  and predicted data

for all wing angles , as shown in Table 5, is very good.
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TABLE 4

Phugoid Results , Vari ous Cond it ions

A = 25°

6 6 wt , e.g., r Experinental , sec I Calculated , sec V . fpsg lb ch ord ph ph e

20 0 55K .35 45.76 43.61 316

40 0 55K .35 51.52 50.65 367

0 1 55K .35 59.84 61.65 446.7

0 0 35K .35 58.24 61.93 44~ .75

0 0 55K .30 60.48 61.63 446.6

0 0 55K .40 59.20 61.96 449.1

1S
f 

6 wt , c.g., I~I Expcrimen tal ,rad/sec w Calculated ,rad/secg lb chord “ph “ph

20 0 55K .35 0.1377 0.1441

40 0 55K .35 0.1223 0.1241

0 1 55K .35 0.102 7 0.1019

0 0 35K .35 0.1018 0.1012

0 0 55K .30 0.1002 0.1019

0 0 55K .40 0.1005 0.1014
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TABLE 4 (continued)

6 wt , & . . g . , 
~ h E xPe~~

met3ta1 r~ 1 ca lculated
deg 

g lb %cii ord p.’

20 0 55K .35 0.0755 0.0874

40 0 55K .35 0.0798 0.0943

0 1 55K .35 0.1152 0.125

0 0 35K .35 0.1329 0.147

0 0 55K .30 0.0869 0.106

0 0 55K .40 0.848 0.106

.4 .:
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TABLE 5

Short Period Results

A , deg r Experimental ,sec i Calculated , sec V
e 

fps

15 3.97 4.54 447

25 3.72 3.86 450

35 3.36 3.48 447

50 3.20 3.30 445

70 2.92 3.06 444

A , deg w Exper lment a l , rad/sec w Calculated ,rad/sec
sp sp

15 1.58 1.654

25 1.79 1.897

35 1.96 2.064

50 1.96 2.050

70 2.14 2.144

A, deg ~ Experimental c Calculatedsp sp

15 0.535 0.548

25 0.503 0.516

35 0.472 0. 486

50 0. 3(,6 0. 373

70 0 .279 0.283
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+ Table 6 gives the results of aircraft response to a +.175 rad step

aileron input . This table compares the time to half amplitude for the

roll mode . Agreement between the experimental and predicted results is,

again , fairly good. The roll response of the simulator , a flying qualities

paramenter , is give n in Table 7. These data indicate a quite fast roll

response. This response is, perhaps , not as fast as it should be for a

fi ghter—type aircraft , but it is very acceptable for the p ur poses of the

CADM project.

Figu re 10 presents the roll mode results in graphical form . As is

to be expected , the p and ~p data correspond very well. The most interest-

ing result of these tests is that the roll response for the 350 
sweep

angle is the slowest, followed by that for the 25° sweep and then that

for the 150 sweep angle.  This would indicate that  roll respOnse in cruise

(25 and 35 degree angles) is lowe r than that for slow speed flight (15°)

and high speed fl ight (50 and 70 degrees). This is not , however, an

unexpected result since the size of the C~ derivatives for the various
p

wing sweep angles indicate this result.

Overall, the results of the simulated flight test are quite good.

Predicted and experimental data show good agreement in all conditions

and modes. From the results of the various tests we can be sure that

the simulator is responding as an acLual aircraft should. The phugoid ,

short period , and roll mode data also give enough information to indicate

that the simulator has satisfac tory handling qualities In all modes.” 

a- - - .

.4 ~
••• ~~~~~~~~~~~~~ ~~ 0 -~~~~ 

- __________________
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TABLE 6

Roll Results

A, deg r
½
Experimental t

¼
Calculated V , ~~

15 0.29 0.332 450

25 0.35 0.407 - 450

35 0.34 0.38 3 450

50 0.61 0.644 450

70 1.44 - 1.72 450

I



TABLE 7

Fl ying Qualities Parameters , Roll Mode

0 0
deg Time to 30 , Sec A , deg Time to 60 , sec

15 1.09 15 2.05

25 1.20 25 2.08

35 1.28 35 2.16

50 1.57 50 2.59

70 1.74 70 2.66

- ~
i .
~~~~~~~

- - -
~
’ - -
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Figure 10. Roll made results , various sweep angles .
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• AIRCRAFT SUBSYSTEK SIMULATION

The aircraft subsystem model (AIRSYS) is the primary work area for

the CADM. Through it , the (ADM can investigate and act on its environ-

ment . AIRSYS provides CAUM with numerical data on various systems and

components of the aircraft and allows the CAE)M alternatives in correct-

ing failures when a system or systems malfunction(s). The aircraft sub-

systems modeled In AIRSYS are the Fuel/Engine System , the Electrical

Sys tem , and the Hydraulic System. A central prog ram controls the flow

through AIRSYS by cycling through a series of calls to subroutines

responsible for simulating the various components of the subsystems.

These part icular aircraft systems were chosen for a number of reasons.

Since the general task area of the CADM was degraded mode operations ,

AIRSYS had to simulate hardware readily identified with actual aircraft

components. The chosen hardware had to be capable of failure modes, and

if possible , alte rnate paths for  fa i lure  correction had to be provided.

Thus, included in the Fuel/Engine System were two fuel tanks, alternate

fuel flow routes, and numerous valves . Mechanically and electricall y

driven pumps were provided in the Fuel/Engine System and the Hydraulic

Systems. Hydraulic and electric activation of the flap and landing gear

was also included.

Gremlin is the program which sets failures in AIRSYS. Through

Gremlin , a failure ~an occur In any system or component . Failures occur

on two levels. A soft failure is one which can be corrected by closing

a circuit breaker or some simi lar action . A hard failure can not be
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corrected by the CADM or the p ilot. Gremlin , however, can change the

status of any leve l of f a i l u r e .

3.1 FUEL/ENGINE SYSTEM

The Fuel/Engine System is composed of two engines , two fuel tanks,

two tank drain pumps , one intertank pump , two engine—driven fuel pumps ,

two electric fuel pumps , and fou r valves. The valve and plumbing network

allows one fue l tank to feed either or both engines . In addition , the

system produces , through the Electrical Syst - en , sensor outputs and

failure characteristics for the CADM to evaluate. Figure 1.1 shows the

interconnection of this hypothetical hardware .

Any of the system components can fail. Pumps and valves can jam in

any current state. Since the center of gravity (c.g.) of the aircraft

depends on whether the fuel tanks are empty, partiall y f ull , or full ,

the c.g. can be affected by incorrect draining of the fuel tanks. The

engines produce thrust proportional to the fuel flow and the altitude .

Engine failures are as follows . The engines can catch fire and produce

reduced thrust. The engines can be destroyed and produce no thrust , or

they can flame out with no thrust produced. Fuel flow , because of

jammed valves and pumps can be cut off or continued when it is undesir-

able to do so. Sensors can jam or give erroneous readings .

Sensor outputs from this system are:

1. Fuel available in tanks

2. Fue l flow to engines

3. Measured thrust of each engine

.4
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4. Measured temperature of each engine ’s exhaust

5. Measured vibration modulation of each engine

6. Current  s t a tes  of pumps and valves.

Table 8 summarizes the activities of the Fuel/Engine System simula-

tion. The CADM , the pilot , AIRSYS, Gremlin , and the aerodynamic model

interact through a Shared Data Base (SDB). Each reads the data it needs

and writes the results of its operation back into the SDB. The method of

interaction for all AIRSYS programs and, in this case, the Fuel/Engine

System, with the SDB is the same. First , the entire SUB is read and any

failures specified by Gremlin are acknowledged by setting jam flags for

the specific components affected . Control settings set by the CADM or

the pilot are implemented if not prevented by a Gremlin set jam. For

example , the CADM may ask that a valve be closed. Reg ardless of whether

the valve has previously been closed , the valve is set “closed” if Gremlin

has not set a jam of that valve. If Gremlin has set a jam, the valve can

not be changed from its previous state and the CADM is informed that a

failure has occurred.

The fuel flow in the plumbing network is a function of four variables.

These are the availability of fuel , the state of the valves (open or closed),

the state of the fuel pumps (on or off), and the amount of demand thrust.

There are 156 possible routes for fuel flow in the network. The Fuel/

Engine System simulation determines what amo un t of fuel flow the current

plumbing network will allow, based on the valve states. A route for fuel

is feasible if there is fuel available , the pump to force the fuel is on,

and the valves controlling the path are open .

- -



41

1 I I I

I I I I I
I I i

‘Lii ~~ iw  I
I I~~ 

I F- I- I
I 1(/) 1-

I.- I I)-
Cfl I 1V)z QI— I —  iU) 2~~~~ O

~~ (fl CI) LLJ I I ~~~~~ I - < Q~~~~~~J W ~~~ U) I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
c~~ 

j (~~1~~~~dIW I W Z 1 IW~~~~~~~
Q
~~I04 L)

< D<z 1_ 4 — c~~_ D I a . w I-c~~~W — I i ~~~J D 0
Q_ a.>w Q0 0 0 0 01 0 U) 1 0Q I->F-  LL O .J

—~~

I I
I I~~~ I

- I U) ~~~~~~
I I~~

- ~~ I(s)
u) IZ ~

- I>-
U) J U )  U)

2 0 I —  > 1 (1)
Q U) 

I
~~~ ~ 

c/) 
Lii I

~~ 
~~ Z0

O z ~~~ ~~ w i~j  
l iii

S —~~.~ ..~~~F- 10 10 D 2 2
~~ ~~.. C/) $ 0 IQ $j Lii — W IL.

I I I I
_ _  _ _ _ _ _  I I _ _ _  _ _ _ _ _ _ _ _ _ _

U

S
0
-I
4J
CO
-l U)E Lii

U)S
4.I
0 (/) .1 1—p
~~ W I-.

a-
~ Cn~~~~ 0 I.—
00

00~~~~~ C_) 0
S
S

I-. I~~

S

.4 
_ _  _ _ _ _ _  -~~~~~~~__  ~~ - --~~~ - - - -- - _ _ _ _



6 ’

For the intertank fue l line , the direction of the flow is determined

by the state of the Intertank pump . The rate of flow is either zero or

the maximum rate possible for the Intertank pump . The state of the pump

is under the control of Gremlin , the CAUM , and the pilot , or AIRSYS, I f

the tank auto—leve l function is on.

The drain fuel lines in the tanks have onl y one d i rection of flow :

overboard from the source tank . The state of the pump is determined by

Gremlin , the CADM , and the p ilot. The flow rate is the maximum possible

for the pump.

The direction of fuel flow to the engines is from the source tanks

to the engines. The states of the valves and pumps are determined by

Gremlin , th e CADM, and the pilot. The flow rate through the engine pump

is either zero or the rate specified for the demand thrus t by the pilot ’s

throttle position . The fuel flow rate through the plumb ing network is

either zero or the rate required by the engine pumps . If two pipes have

fuel flow into the same pump , each carries half the demand fuel load .

With the preceeding fuel network description , we can now describe

the engine simulat ion. The amount of actual thrust produced by each

engine , called measured thrust , is equa l to the  demand th ru st if no

engine failures exist. If the fuel flow is zero or the engine is

destroyed , the measured thrust is zero. A destroyed engine state Is

nonrecoverable. Only Gremlin can set an engine destroyed state. A

flame out of the engine , caused by m e l  starvation , is recoverable. The

procedure for recovery is to re—establish fuel flow to tite engine and

perform an engine restart. Either the pilot or the CADM may issue an

.4 - - _ _~~~~~ _~~~~_ : _
8

~~~~~~~
- - -
~~~~

__ -
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engine resiart commar,I. AIRSYS responds by a t t e mp t i n g  ig n l t i ’ i i  1 the

engine and resetting the eng-~ne restart function . A restart can not he

initiated if the Electrical System has failed.

An engine flame out state can be set by Gremlin. To restart the

engine , fuel flow to the engine is established by the previously described

fuel network procedures. Thus, fuel starvation can occur from pilot or

CADM blunders as well as from deliberate failure settings from Gremlin.

The measured thrus t will be half the demand thrust if the engine is

on fire. The engine fire state is set by Gremlin and is reset by turning

off the fuel flow to the engine. The engine is now In a flame—out state.

To obtain thrust again , the pilot or the CADM must start fuel flow back

Into the engine and issue an engine restart command. In this simulation ,

no penalty Is given for attempting to restart an engine after a fire .

A general clean—tip of state flags is performed at the beginning of

every AIRSYS “write ” Into the SUB and specific items for whi ch AIRSYS is

responsible are updated. Examples of su ch items from the FueJ /Engine

System are engine temperature , engine vibration , and fuel flow .

Both the pilot and the CADM have access to the information necessary

and the means to correct any soft jam caused failure through the SDB.

The number and complexity o failures to this particular system is large ,

as are the po~~;ible -~~rrect1ons . Through such comp lex mani pulat ion of

this  and the other systems of AI RSYS , we can apply varying workloads to

the pi lot and the CAUM.

.4 -~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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3.2 ELECTE [CAL SYSTEM

The Electrical System is composed of two engine driven generators ,

two fuel pumps , two hydraulic p umps , 48 circuit breakers , all sensors,

and all valve actuators . It also Includes the back—up landing gear and

flap moto rs. Some failures in this system are caused by the incorrect

opening of the individual circuit breakers for the AIRSYS components.

Other failures result from the system causing the sensors to give

erroneous readings to the pilot and the CADM.

Outputs from this system are as follows:

1. Status of electrical pumps., motors, and valves

2. Status of the circuit breakers

3. Status of sensors

4. Status of generators

5. Status of entire Electrical System.

The structure of the mathematical model of the Electrical System is

shown in Figure 12. Table 9 suninarizes the activities of this system.

The Electrical System contains two relay connected generator sub-

systems, one connected to each engine. An engine driven generator supplies

power to a distributing bus through a master circuit breaker. Each bus

distributes power to 23 AIRSYS compone n ts , each of which is connected to

the bus through a circuit breaker. If one of the gene rato rs can not

supply power to Its bus , either through engine fai l ‘ure , fat lure of the

generator ftself, or jamming of the master circuit I’r~aker in an open

position , the other  generator can supply power to both buses with no
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reduction in current to any component , but only if the i n te rbus relay is

closed. If the relay will not close , the components connected to the

failed generator ’s bus will fail.

Fai lu re of the ent i re  Electrical  System results in the loss of most

of the components in the AIRSYS s imula t ion .  Howeve r , depending on the

status of the components at the t i me of f a i l u r e , such a loss need not be

fa ta l  to the a i r c r a f t .

Again , both the pilot and the CADM have access to all outputs from

thi s syst em , and the  me ans to correct any failure with the except ion of

one caused by a hard j am.  G remlin h as acces s to all parts of the

Electrical System and can set failures in any component.

3.3 HYDRAULIC SYSTEM

The Hydraulic System is composed of one hydraulic fluid reservoir ,

two engine driven pumps , two electrically driven pumps , one accumulator

pressure tank , eight valves , and t he mechan isms fo r activating the wing

sweep, landing gear , and f laps . The s t ructure  of the Hy d r a u l i c  System is

shown in Figure 13. The act ivi t ies  of this system are listed in Table 10.

Fa i lures of components in th is  system can cause the landing gear, flaps ,

and wing sweep to be j anined in their current states. Also, the wing

sweep can he Jammed because of reduced pressure in the accumulator

pressure tank. Even wi th  reduced pressure , howeve r , the landing gear and

flaps can still be operated hydraulically . Leaks can develop in any of

the hydraul ic  l ines , forc ing  the shu t—do ~n of the components fed by that

line. A leak also reduces the amo un t of fluid in the reservoir tank.

.4
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Total system failure can come from the loss of the pumps , 1.i ~s of

pressure , jamming of valves , or the loss of hydraulic fl~iid because of

leaks . Ne i the r  the la nding gear nor the flaps can operate asymetricallv ,

although the electric motors can be used to activate one or more elements

while the Hydraulic System activates the other(s). Valves and pumps

operate in a network much like that of the Fuel/Engine System. Sensor

data from the components of this system ar e provided fo r t he pi lot and

the CADM through the Electrical System . Commands from the pilot and

CADM to this system are also carried b y the E 1~ ctrical System.

The major component of the Hydraulic System is the accumulator

pressure tank. Two engine and two electrically driven pumps pressurize

this tank. The electric pumps work only when the engine driven pumps are

off. If both pumps on one side are off , the pump on the other side can

not pressurize the tank to maximum pressure . Without  maximum pressure

in the acc umulator tank , the wing sweep mechanism will  not function .

One pump can , however , supply enough pressure to operate the flaps and

landing gear.

In orde r to act ivate one of the subsystems , t he valve in the h yd raul ic

line leading to that subsystem device is opened. The pressure in that

line is checke d to indicate the presence of leaks In the l ine. If the

line is pressu r ized , the  component is ac t iva ted .  If a nt’—pressure C’ C ’ n I I I t I C , I~

Is indicated , the control l ing valve Is closed and a sIgnal  Is sent for  Lhe

back—up e lec t r ic  motor cont ro l l ing  the device to be ac t iva t ed . II  both the

hydraulic and e lec t r ic  actuators for  the part icular  device are out , the

subsystem failure f l ag  is set “on” . This prevents asymmetric act ivat ion

of the components of a subsystem.

.4
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For examp le , in the flap subsystem , when a flap activation signal

is recei ved , the p ressure in the accumula to r  tank  is  checked. Then, if

there is pressure in the t ank , the valve  to  the  l e f t  f l a p  I s  opened. I f

the line is pressurized , the flap is set fo r  a c t i v a t i o n . Then the r ight

f lap  valve is opened and the  pressur~ checked. If the l ine is at  pressure ,

the f laps open to the desire d angle.  If  e i t h e r  or both lines are unpres—

su r ized , the electric motors for the devices on the no—pressure lines are

turned on , and the f laps  open to the desired angle. Non—activation of

both the actuators on one side causes the flap subsystem to fail. The

flap subsystem failure flag is then set “on”.

Six hyd r a u l i c  l ines re turn  f l u i d  from the actuators  to the reservoir

tank. If more than three  of the lines have leaks or zero pressure , an

insufficient amount of fluid is returned to the reservoir tank to feed

the pumps pressurizing the accumulator tank. Insufficient fluid in the

reservoir tank results in total Hyd raulic System failure , as does a

no—pressure condition in the accumulator pressure tank.

Total failure of the Hydraulic System does not have the immediately

serious consequences of the total failure of the other two systems in

AIRSYS. However, total failure of the Hydraulic System can have long

range effects on mission success. A wing sweep angle of 70 deg rees

without flaps and perhaps without landing gear may not be serious in

a cruise condition , but l a te r  in the mission when a landing is necessary ,

th is  a i r c r a f t  con f igu ra t ion  can have a very serious e f f e c t  on safe

missibn completion .

.4 - - - - - - - - -- - - - - - _ _ _ _ _ _
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CADM and t he p i l o t  have access to outputs  f rom the Hydraulic System

and the means to correct any iion—hard j ammed failures. Outputs from the

Hydraulic System are as follows :

1. Accumulator tank pressure

2. Status of f laps , la n d ing gea r , and wing sweep

3. Sta tus  of pumps and va lves

4. H y d r a u l i c  l ine pressures

5. Fluid reservoir level

6. Overall Hydraulic System status.

3.4 INTERACTION BETWEEN SYST E MS

All three AIRSYS systems are heavily interconnected. Figure 14

shows how a typical command is transmitted from the pilot to an individual

component and the response of the subsystems to the command. Failures in

one system could resu l t in failures in another , increasing the complexity

of any solution to a problem. Also , because of these interaction s,

recognizing the source of a series of fa i lures  become s more d i f f i c u l t .

For example , as shown in Figure 15, the loss of an engine results in the

loss of the engine driven fue l and hydraulic pumps as well as the electric

generato r a t t ached to t hat engine. The loss of the generator can cause

the loss of many components in a l l  three systems . A l i s t  of these com-

ponents lost due to the above failure is given in Table 11. Thus, the

loss of an Indiv idua l component of one sys tem can cause the loss of com-

ponents in another system and perhaps the ent i re  system. The use of such

an arrangement taxes the abil i t ies of the pilot and the CAD M to function

separatel y and cooperatively.

.4 - - -
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k
The interaclion between systems app lies not onl y to  sys tem f a i l u r e s

but also to component hack—ups . The electric motors , In the f laps and

landing gear, back—up hydraulic actuators for those subsystems , and the

e l ec t r i c  fue l and l ,v d r a u l i c  pumps b a c k — u p  the  engine dr iven  me chan ical

pumps. Cooperation between the systems and duplication of components

offers the CA DM and the  p i lot  al tern at ives to total componen t and sy stem

failure .

4 . ~~NTROL S AND DI SPLAY S

The ph ysica l hardware of the s i m u l a t o r  includes a j o y s t i c k , two

throttles , a touchtone keyboard to input and request data , a monitor

display to disp lay cu rrent  subsystem states , and a ver tical si tua t ion

disp lay (VSD) . Figure 16 indicates the present physical hardware of the

simulator.

The monitor display is based on the hug hes Master Monitor Display

(MMD))2 The MMD presents current AIRSYS information , as well as thrust

levels and other sensor outputs  to the p ilot . It can also warn him of

a failure or impending failure in the simulation . The MMI) Is the CADM’s

principal means of communication w i t h  thn ~ p i lo t . F Igu re 17 shows the

MMD disp lay and key boa rd arrangement .  Tab~ c 12 lists the method of

calling information from the SDB.

The VSD displays airc raft p itch and bank angles through an artificial

hor izon.  Heading Is d isplayed on a compass. Ai t ~ t ude , ai rspeed , rate of

c liath , an d command Informat ion a re disp layed on t h e VS D by means of bar 

.4
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~~~~~~TOR LVSD
]

THROTTL ESI I JOYST ICK

I (U

KEYBOARD

Fi gu re 16. S imula to r  ph ys i cal hardua re.
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MAST ER MO N I TOR DISPLAY

8’.4”  --I

9 SCALE I ” = 2 ” 
-.

8
24 x 80

CHARACTER
DISPLAY DATA

DISPLAY

611 2

0 SCROLL /BRANCH

7 8 FLT PLN 9 FAILURE N
MULTI -4 5 6 FUNCTION

2 3 DISPLAY

0 SCRATCH PAD MESSAGES

~—2 ~~ —l

7 8 9

4 5 6
II

I.-

1 2 3
— -— —

TOUCH TONE KEYBOARD

FIgure 17. MMD and totichitono keybo a rd a r r a n g e m e n t .

.4 ~~~~—~~-~ ------_____________________________



p.-

59

4

TABLE 12

Keyboard Entry Coding Method

SYMBOL DEFINITION USE

CHARACTER CHOICE OF MENU

RETURN TERMINATOR

DECIMAL DELIMITER

EXAMPLES:

® ® SPECIFIES A DATA DISPLAY OPERATION

0 ® ® SPECIFIES A MULTI- FUNCTION DISPLAY
OPERATION

DATA CHANGES , FUNCTIONS IN USE, AND
MESSAGES ARE INTENSIFIED FOR A PERIOD OF TIME .

.4 ~~~~..  ..



graphs , alphanumeric symbols , and a moving aircraft synthol. Figure 18

shows the make—up of the VSD.

The joystick and throttles send signals to the SDB through an A/D

signal converter. The ae rod y n a m i c  model program reads the  SDB and ac ts

on these signals. The results of the reactions to these inputs are

returned to the SDB where the VSD and the MMD read and display them

tc the pilot. The CADM also has access to this data in the SDB.

The touchtone keyboard is used by the pilot to in put data and

requests for data into the SDB. There, the other programs can read and

act upon these pilo t inputs. The pilot sees the result of his inputs

on the MMD and the VSD. Through the keyboard , the pilot can change

the wing sweep angle , the flap angle, and the gear state. He can also

investigate or change the current state of any ttIRSYS component and can

correct a fa i lure  thro ugh the use of the appropriate co le input  to the

keyboard.

5. RE SULTS AND CONCLUSIONS

Tests on the aerod ynamic model of the CADM simulator are described

In Section 3.3 of this work. The results of these tests show tha t  the

model is responding correctly and is stab le in all a i rcraf t  configura-

tions and flight conditions. Analysis of the longitudinal and lateral

mode expe rimenta l  data  shows good corr e l a t i on w it I~ the predicted results.

The aerodynamic model was foun d to be a sui table and adequate simulation

of a variable geometry f ighter  a i rcra f t , for the purposes of the CADM

study. Flight experience wi th  the simulator indfcates that  the f ly ing

I
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task is fairly complex , with the ability to apply varying workloads on

the pilot .

Testing of the AIRSYS is accompl i she d th roug h the use o f th e MMD .

While the nature of the AIRSYS does not allow for the collection of

quant i ta t ive  data , the fun ct ion in g of the subsystems can be observed

on the MMD screen .

By implementing failures into AIRSYS and observing the actions and

reactions of the subsystem components , the functioning of AIRSYS and the

individual components was confirmed. In all cases , AIRSYS performed as

designed.

The work describe d in this thesis was performe d in support of the

CADM project. Its purpose was to provide an operating environment for

the CADM . The design, testing, and operation of the CADM was not part

of this thesis work. These aspects of the CADM project have been de-

scribed elsewhere)3 Tests on the entire system, CADM and environment ,

have ‘een very encouraging. Even when faced with the complexity of

failures possible in the s imulator , the CADM has shown its ab i l i ty  to

ope rate in an a i rcraf t  environment.

.4 
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APPENDIX 1

AIRCRAFT CHARACTERISTICS

c 9.16 f t

T/eng 15 ,000 lbs

wt , gross 55,000 lbs

wt , empty 35 ,000 lbs

Alt , max 80 ,000 f t

Mach no , max 2 .2  —

S 550 f t 2

e 0.9 —

u/s . max 100 l b / f t 2

10 20 30 40 deg

A 15 25 35 50 70 deg

AR 6.55 5.90 5.46 4 .37 3.28 —

I 70000 70000 70000 45000 45000 slug f t 2

I mm 260000 260000 260000 2 75000 275000 slug f t 2
y

I max 320000 320000 320000 335000 335000 slug f t 2
y

trim @450 fps .0745 .061 .045 .00125 — .069 rad

c.g. 25 35 37 40 50 Z chordref

a .06 .066 .0726 .0985 .1306 radtr im
b 60 54 50 40 30 f t
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APPEN DiX 1 (continued)

A , deg C
L

* V t11 
fps

15 2.0 205

25 1.8 216

35 1.6 229

50 . 1.3  254

70 1.0 290

*without flaps . Add .2 to C~ for each 100 flap

A , deg T59 , lb @450 1 ps

15 9565

25 8239

35 8240

50 6914

70 5589

~~~~~~~~~~~~~~~~~p
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APPENDIX 2

NON-DIMENSION AL STABILITY DER 1VATIVE S AN !) COEFFICIENTS

De rivative 15 25 35 50 70

C 0.1701 0.1504 0.1401 0.11995 0.10004
in
0

I.

C 2.0 1.8 1.6 1.3 1.0
L max
C —0 .6 —0.8 —1.0 —1. ? —1.4

in

C —1.8 —1.6 —1.5 —1.4 —1 .2
m ~

e

C 20.0 —25 . 0  — 2 7 . 5  — 20.0 —12.5
inq

CL 5 .7  5.4 5.1 4 .2  3.6

CL 6.0 7.0 8.0 8.25 5.0

C 1.0 1.0 1.0 0.9 0.8

e

CL 3.0 3.0 3.3 3.0 2.8

CL —0.0015 —0 .0024 —0.00026 —0 .000175 -0.00004
0

C —4.0 —4.0 —5.0 —5.5 — 6.5
a

CD 0.06 0.05 0 .05 0.04 0.03

C 0.029 0.029 0.029 0 .027 0.028e
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APPENDIX 2 (cont Inued )

C —0 .085 —0.085 —0.085 —0.0775 —0.0575
a

C1 —0.4 — 0.4 —0.5 —0 .3 —0 .2
p

C 1.1428 1.1428 1.1428 0 0

CD 0.012 0.011 0.010 0 0tSf

C 0.011 0.011 0.011 0.011 0.011
g

C —0.024 —0.021 —0.02 . 0 0

C -0.05 —0.05 -0.05 -0.05 -0.05a6
g

~~~~~~~~~

.4 ------- ----- -- - -~~~~
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APPENDIX 3

SIMULATED FLIGHT TEST CONDITIONS

LONGITUDINAL MOTION

CONDITIONS VARIABLES NOTES

1— 5 A A = 15, 25, 35, 50, 70 deg

6—9 . A = 15 = 10, 20, 30, 40 deg

10—13 6f A = 25° S
~ 

= 10, 20, 30, 40 deg

14—17 . A = 35
0 

~ 
= 10, 20, 30, 40 deg

15—19 A = 15, 25, 35, 50, 70 deg

i5g = 1 (extended)

20—22 c.g. A = 15° cg = .20, .25, .30 chord

23—25 c.g. A = 25° cg = .30, .35, .40 chord

26—28 c.g.  A = 35
0 

cg = .32, .37, .42 chord

29—31 c .g.  A = 50
0 

cg = .35, .40, .45 chord

32—34 c.g. A = 70
0 

cg = .45, .50, .55 chord

35 -39 wt , A A = 15, 25, 35, 50, 70 deg

wt = 35000 lb

LATERAL MOT ION

CONDITION VARIABLE NOTES

l 5  A A = 100 A = 15 , 25 , 35 , 50, 70 deg

6 8  A = ‘25 , A —  1
0
, 5°, 10°

p


