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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

DYNAMIC-STABILITY TESTS OF AN AIRCRAFT

E'3CAPE MODULE AT MACH NUMBERS

FROM 0.40 to 2.16

By Edwin E. Davenport and Robert A. Kilgore
Langley Research Center

Hampton, Virginia

ABSTRACT

Wind-tunnel measurements of the aerodynamic damping and oscillatory

stability of a model of a proposed escape module for a military aircraft

have been made using ^.. small-amplitude forced-oscillation technique in

pitch and yaw at Mach numbers from 0.40 to 2.16 and in roll at Mach num-

bers from 0.40 to 1.20. The results in pitch indicate regions in the

angle-of-attack range where the model exhibits large and rapid changes

in both damping and stability with angle of attack, probably caused by

vortex flow over the fins. There was no pronounced effect of change in

angle of attack on damping in yaw. Except for the highest Mach number,

negative damping in roll was produced at high negative angles of attack.
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SUMMARY

Wind•runnel measurements of the aerodynamic damping and oscillatory

stability of a model of a proposed escape module for a military aircraft

have been made using a small-amplitude forced-oscillation technique in

pitch and yaw at Mach numbers from 0.40 to 2.16 and in roll at Mach num-

bers from 0.40 to 1.20.

The results in pitch indicate regions in the angle-of-attack range

where the model exhibits large and rapid changes in both damping and

stability with angle of attack, probably caused by vortex flow over the

fins. There was no pronounced effect of change in angle of attack on

damping in yaw. Except for the highest Mach number, negative damping

in roll was produced at high negative angles of attack.

INTRODUCTION

One of the requirements for supersonic military aircraft is pro-

vision for a safe ejection of the crew should the aircraft become dis-

abled. Biomedical studies of the escape phase of air combat missions

flown by NATO forces reported in reference 1 have shown a very high

injury rate during conventional pilot-parachute ejections. The concept

of an escape module which would provide the protection needed during a

supersonic ejection, has bt, n studied during the development program

of a supersonic military air r_ 	 and as part of this study it was

necessary to determine the dynamic-stability characteristics of the
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escape module at various attitudes which might be encountered during

deployment from the aircraft.

Therefore, longitudinal and lateral dynamic-stability characteris-

tics have been determined for 0.045-scale models of the proposed escape

module. Data was obtained in pitch, yaw, and roll at Mach numbers from

0.40 to 1.20 in the Langley 8-foot transonic pressure tunnel and in

pitch and yaw at Mach numbers from 1.50 to 2.16 in the Langley Unitary

Plan wind tunnel. The tests were made, using a forced oscillation

technique, at an oscillation amplitu4e of about 1 0 for the tests in pitch

and yaw and about 2.5 for the tests ;.n roll.	 Two models were tested

with various offset angles with respect to the support sting in order

to provide a wide range of angle of attack. Tests were made to determine

the effects of removal of fins, rockets, and spoiler.

The results of these tests, obtained during 1971 and used during

the design studies of the proposed escape module, are published herein

to provide a contribution to the aerodynamic data base for future studies

of similar configurations.

COEFFICIENTS AND SYMBOLS

Measurements were made and are presented herein in the International

System of Units (SI). Details concerning the use of SI, together with

physical constants and conversion factors, are given in reference 2.
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The aerodynamic parameters are refe ,.enced to the body-axis sysiems

as shown in figure 1. These axes origi. *.e at the center-of-gravity

location of the model as shown on figure 2. The equations which were

used to reduce the dimensional aerodynamic parameters of the model to

nondimensional aerodynamic parameters are presented in the section on

"Measurements and Reduction of Data".

f	 frequency of oscillation, hertz

k	 reduced-frequency parameter wk , radians
2V

Z	 reference length, 0.142 m

M	 free-stream i?t̂ ch number

p	 angular velocity of model about X-axis, rad/s

q	 angular velocity of model about Y-axis, rad/s

q.	 free-stream dynamic pressure N/m2

R	 Reynolds number based on R

r	 angular velocity of model about Z-axis, rad/s

S	 reference area of model, .0113 m2

V	 free-stream velocity, m/s

C	 rolling-moment coefficient, Rolling moment
k	 q.SR

C	 3 CR
RpF

-V

per radian
3

C	 a cQ
ks	 - per radian

t2_7)
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r
CR + C. sina	 damping-in-roll parameter, per radian

p	 B

C R sina - k2CR	effective-dihedral parameter
S	 p

Cm	 pitching-moment coefficient, Pitching moment

ac
Cm	per radian

q	 a 2V

DC
C	 m per radianmq	 H
Cm + Cm	damping-in-pitch parameter, per radian

q	 a

ac
Cm	 as per radian
a

DC
Cm

a 	
(ak per radian

a1 2V

Cm - 
k2  m^	

oscillatory-longitudinal-stability parameter, per radian

a	 q	 ii

C	
Yawing moment

n	 yawing-moment coefficient,	
q.SZ

ac
Cn	 rR per radian	 a

r	
ar2V^

5



ac
Cn	n	 per radian

	

r	
^4V2)

C  - Cn, Cosa	 damping-in yaw parameter, per radian

	

r	 S

ac
Cns	 asn per radian

ac
Cns	 n per radian

a(2V^
C Cosa + k 

2 
C	 oscillatory-directional-stability parameter, per radian

	

n$	nr

a	 angle of attack, degrees or radians or mean angle of

attack, degrees

angle of sideslip, radians

W	 angular velocity, 2nf, rad/s

A dot over a quantity indicates a first derivative with :respect to time.

The expressions Cosa and sina appear in the lateral parameters since

these parameters are referred to the body system of axes.
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MODELS AIiD APPARATUS

Models

The geometric characteristics of the 0.045-scale model of the pro-

posed escape module are presented in figure 2. In order to allo,, for

a large angle-of-attack range without encountering excessive support

interference effects,the models were designed to allow the sting entry

angle to be changed so as to keep the sting in the model wake through-

out the angle-of-attack range. A photograph of one of the models

mounted on the oscillatory roll mechanism is shown in figure 3.

The models were machined fror. aluminum alloy and were provided with 	 —

removable tails, leading-edge spoilers, and separation rockets. Plates

were provided to cover unused sting-entry cavities. A 0.32 cm wide

transition strip of number 60 carborundum grit was applied to the leading

edge of the model as shown in figw ,e 2a.	 j

a

Wind Tunnels

Two wind tunnels were used to obtain the data presented herein.

Common to both tunnels is the ability to control relative humidity and

total temperature of the air in the tunnel in order to minimize the

effects of condensation shocks and the ability to vary total pressure

in order to vary the test Reynolds number.

i
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The data for Mach numbers from 0.4u to 1.20 were obtained in the

Langley 8-foot transonic pressure tunnel. The test section of this

single-return wind tunnel is at:.,t 2.2 meters square with slotted upper

and lower walls to permit continuous operation through the transonic

speed range. Test-section Mach numbers from near 0 to 1.30 can be ob-

tained and kept constant by controlling the speed of the tunnel-fan

drive motor. The sting-support stru t, is so designed as to keep the model

near the center line of the tunnel through a range of angle of attack

from about -30 to about 22° when used in conjunction with the oscilla-

tion-balance mechanism that was used for these tests.

The data for Mach numbers of 1.50, 1.80 and 2.16 were obtained in

test section number l of the Langley Unitary Plan wind tunnel. This

single-return tunnel has a test section about 1.2 meters square and about

2.1 meters long. An asymmetric bliding block is used to vary the area

ratio in order to vary the Mach number from about 1.47 to 2.87. The

angle-of-attack mechanism that was used for these tests has a total

range of about 30° when used in conjunction with the oscillation-balance

mechansim. A more complete description of the Langley 8-foot transonic

pressure tunnel and the Langley Unitary Plan wind tunnel is given in

reference 3.

Pitch-Yaw Oscillation-Balance Mechanism

A view of the forward section of the oscillation-balance mechanism

which was used for the tests in pitch and yaw is presented in figure 4.
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Since the oscillation amplitude is small, the rotary motion of a variable-

speed electric motor is used to provide essentially sinusoidal motion to

the balance through the crank and crosshead mechanism. The oscillatory

motion is about the pivot axis Flown in figure 4 which was located at

the model station identified as the center of oscillation position in

figure 2 except for the high angle of attack position (60 0 < a < 90") where

the oscillation center was displaced 1.27 cm in the +Z direction from the

proposed c.g. location.

The strain-gage bridge which measures the torque required to oscillate

the model is located between the model attachment surface and the pivot

axis. This torque-bridE, location eliminates the effects of pivot fric-

tion and the necessity to correct the data for the changing pivot fric-

tion associated with changing aerodynamic loads. Although the torque

bridge is physically forward of the pivot axis, the electrical center of

the bridge is located at the pivot axis so that all torques are measured

with respect to the pivot axis.

A mechanical spring, which is an integral part of the fixed balance

support., is connected to the oscillation balance at the point of model

attachment by means of a flexure plate. After assembly of the oscillation

balance and fixed balance support, the flexure plate was electron-beam

welded in place in order to minimize mechanical fricition. A strein-

gage bridge, fastened to the mechanical spring, provides a signal propor-

tional to the angular displacement of the model with respect to the sting.

Although the forced-oscillation balance may be oscillated through a

frequency range from nees zero to about 30 hertz, as noted in reference 4,

9
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the most accurate measurements of the damping coefficient are obtained

at the frequency of velocity resonance. For these tests, the frequency

of oscillation varied from 10 to 17 her-;z in pitch and from 12 to 21

hertz in yaw.

Roll Oscillation Balance Mechanism

An oscillating sting-balance system was used to determine the damping-

in-roll and effective-dihedral parameters. A 1.5-kW, variable-speed motor

was used to oscillate the sting and the model by means of an offset crank

to give a sinusoidal motion in roll with an amplitude of 2.5°. Figure 5

shows some details of the roll oscillation sting-balance mechanism. The

torsional spring internal to the sting is held fixed to the stationery

support sting at one end and is connected to the oscillating outer shaft

at the other end by a flexure diaphragm. The torsional spring provides a

restoring torque which together with the aerodynamic spring component

ta.lai,'eo the model inertial forces. The strain-gage balance, which is

forward of all the bearings and other friction-producing devices, senses

only the aerodynamic forces. A strain-gage bridge, fastened to the

torsional spring, provides a signal proportional to the angular displace-

ment of the model with respect to the sting. The oscillatory roll

balance mechanism is capable of operating at frequencies from near zero to

about 30 hertz. For these tests, the frequency ,f oscillation varied

from 11 to 16 hertz.

10
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MEASUREMENTS AND REDUCTION OF DATA

For the pitching tests, measurements are made of the amplitude of the

torque required to oscillate the model in pitch T y , the amplitude of the

angular displacement in pitch of the model with respect to the sting C, the

phase angle n between T  and C, and the angular velocity of the

forced oscillation w. Some details of the electronic instrumentation used

to make these measurements are given in reference 5. The viscous-damping

coefficient in pitch C  for this single-degree-of-freedom system is

computed as

T  si nn

CY	 WC

and the spring-inertia parameter in pitch is computed as

2 TY cowl
Ky - IYW	

0

where Il, is the torsional-spring coefficient of the system and I  the

moment of inertia of the system about the body Y-axis.

For these tests, the damping-in-pitch parameter was computed as

__ _ 2V	 _Cmq + 
Cm&	 q.SR,2 (CY ind on (Y 1wind off

and the oscillatory-longitudinal-stability parameter was computed as

F
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C	
k 2

ma -	 M. = - gmSR [(Ky - I Yw2 ind on	 - IYw2

)

 wind off

Since the wind-off value of C  is not a function of oscillation

frequency, it is determined at the frequency of wind-off velocity resonance

because C  can be determined most accurately at this frequency. The

wind-off va ue of KY - IYw2 is determined at the same frequency as the

wind-on value of KY - IYw2 since '..iis parameter is a function of fre-

quency.

For the yawing tests, measurements a:e made of the amplitude of the

torque required to oscillate the model in ,yaw T Z , the amplitude of the

angular displacement in yaw of the model with respect to the sting IP,

II
the phase angle a between T  and w, and the angular velocity of the

forced oscillation w. The viscous-damping coefficient in yaw C Z for

this sing:, -degree-of-freedom system is computed as

sina

C	

TZ

Z 	 wy

and the spring-inertia parameter in yaw is computed as

2	 T  cosa

	

KZ - IZw	
iG

.I
I^

11

a

I

9
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where KZ is the torsional-spring coefficiento of the system and IZ is

the moment of inertia of the system about the body Z-axis.

12
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For these tests, the damping-in-yaw parameter was computed as

	C - C Cosa = - q^S2V (C)
nr
	n6	 £2wind on ( Z)wind off

and the oscillatory-directional-stability parameter was computed as

	

C Cosa + k 2 C	 = 1 [(K  - i 

w2/	

-(K - I w21
ns	 nr	 q^Sk	 Z	 Z	

ind on \`Z
	 Z	 wind off

The wind-off value of C, is determined at the frequency of wind-off

velocity resonance and the wind-off and wind-on values of KZ - IZw2 are

determined at the same frequency.

For the rolling tests, measurements were made of the amplitude of

the torque required to oscillate the model in roll TX , the amplitude

of the angular displacement in roll of the model with respect to the fixed

portion of the sting 4, the phase angle a between TX and 4', and the

angula velocity of the forced oscillation w. The viscous-dEargdng

	

coefficient in roll C 	 for this single degree of freedom system was

computed as

TX sino

	

CX	
w G

and the spring-inertia parameter in roll was computed as

13
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where KX is the torsional spring coefficient of the system and IX is

the moment of inertia of the system about the body X-axis.

For these :eats, the damping-in-roll parameter was computed as

C^ + C k • sina = _
v2 

CX	 CX
P	 S	 q^S£ ( )wind on C wind off

I

and the effective dihedral parameter
r
q

_	

CR sina - k2CQ	
1S$

[(K	

jz^

	

(KX-IXW2)

pq^	 7C	
wind on 	 wind off

As in the pitch and yaw cases, the wind-off value of C  is determined

at the frequency of wind-off velocity resonance since the value of C 

is independent of frequency and can be determined most accurately at the

frequency of velocity resonance. The wind-on and wind-off values of

Kx - IXw2 are determined at the same frequency since K X - IXw2 is a

functior 4, frequency. 	 '

TESTS AND PRESENTATION OF RESULTS

The dynamic-stability parameters in pitch were measured through a 	 y
a

range of mean angle of attack at 0 0 sideslip with the model oscillating

14
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in pitch about the body Y-axis. To measure the corresponding parameters in

yaw, the oscillation balance was rolled 90 0 within the model to provide

oscillation about the body Z axis. The oscillation amplitude for the

tests in pitch and yaw was about 10.

The model was mounted on a separate oscillatory roll balance to obtain

the corresponding dynamic-stability parameters in roll. The amplitude

of the oscillations in roll was 2.50•

Test conditions are shown in the following table:

M Tt, K q., kN/m2 R

o.4o 322 13.3 1.4o x 106

.8o 23.8

•95 26.6

1.03 27.9

1.20 30.0

1.50 328 32.8

1.80 33.0

2.16 31.9

The reduced-frequency parameter varied from 0.0103 to 0.0650 for

the tests in pitch and yaw and from 0.0139 to 0.0494 for the tests in

roll. In addition to testing the complete configuration, tests also

were made to determine the effects of various model components.

15
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An index to the figures used to present the results of this investi-

gation is as follows:

Figure

Longitudinal-Stability Characteristics

Basic model . . . . . . . . . . . . . . . . . . . . . 	 6

Fins off	 . . . . .	 . . . . . . . . . . . . . . . . 	 7

Effect of component buildup . . . . . . . . . . . . . 	 8

Lateral-Stability Characteristics

Basic model, yaw . . . . . . . . . . . . .	 9

Basic model, roll . . . . . . . . . . . . . . . . . . 	 10

Positive damping and stability in pitch are indicated by negative

values of C
mq	ma	 ma	 mq

+ C	 and C - k2C	 Positive damping in yaw is

indicated by negative values of C  - Cno cosa while positive oscillatory
r	 B

stability in yaw is indicated by positive values of C  cosa + k2Cno.
a	 r

Positive damping in roll is indicated by negative values of C L + CQ, sing

P	 S
Positive effective dihedral is indicated by negative values of

z
C R sina - k Cam.

S	 p
Sketches have been included at the top of the data figures which show

the model-sting orientation used to obtain the various segments of the

angle-of-attack range. As noted on the sketches, for the extreme angle-

of-attack ranges the rocket nozzles were not used even for the so-called

basic configuration due to certain mechanical constraints imposed by

these particular model-sting orientations. Since the nozzles, had they

16



been present, would have been completely submerged in the forebody

wake for the lowest angle-of-attack range, it is 'believed that the

data taken without the nozzles is a fair representation of the data

which one would obtain for the complete configuration. However, in

the highest angle-of-attack, range, the presence or absence of the nozzles

would perhaps be expected to have an appreciable influence on the aero-

dynamic data. No analysis has been made to determine the magnitude of

any effect on the data due to the absence of the nozzles. The data ob-

tained in the highest angle-of-attack range should be used with dis-

cression, keeping in mind that the presence or absence of the nozzles may

have a significant influence on the aerodynamic data.

DISCUSSION OF RESULTS

Damping and Oscillatory Stability in Pitch

Figures 6 through 8 present the damping-in-pitch parameter C  + Cm
q	 u

and the oscillatory-longitudinal-stability parameter Cm - k2Cm . Compo-
a	 q

r.ent build-up data were taken from some portions of the angle-of-attack and

Mach number ranges. In the negative and low positive angle of attack

range the configuration, in general, exhibited positive damping. However

in the moderate and high positive angle of attack range some negative

damping is observed. Although the fin-off data (fig 7) is rather limited

in angle-of-attack range it does indicate that the initial negative

damping region is associated with a negative damping contributioi: from

17
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the fins. It would appear that the high positive and negative excursions

in the aerodynamic characteristics may be caused by vortex flow over the

fins and/or by fin stall.

Damping and Oscillatory Stability in Yaw

The damping-in-yaw parameter C  - Cn, Cosa and the oscil:,atory-
r	 S

directional-stability parameter Cn Cosa + k2Cn are shown in figure 9.
B	 r

No component build-up tests were made in yaw. There were no pronounced

variations of damping in yaw with angle of attack over the Mach range

investigated. The oscillatory stability in yaw appears to be varying from

unstable to stable in going from negative a to positive a with this

effect diminishing with increase in Mach number.

Damping and Oscillatory Stability in Roll

The damping-in-roll parameter C  + CR ,since and the effective-

p
dihedral parameter C Q since - k`CR . are shown in figure 10. No unusual

s	 p
excursions were seen in these areas. Except for the highest Mach number,

negative damping in roll was produced at high negative a values.

CONCLUDING REMARKS

Wind-tunnel measurements of the aerodynamic damping and oscillatory

stability o£ a model of a proposed escape module for a military aircraft

have been made in pitch and yaw at Mach numbers from 0.40 to 2.15 and in

18
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roll at Mach numbers from 0.40 to 1.20 by using a small-amplitude forced-

oscillation technique.

The results in pitch indicate regions in the angle-of-attack range

where the mode] exhibits large and rapid changes in both damping and

stability with angle of attack, probably caused by vortex flow over the

fins. There was no pronounced effect of change in angle of attack on

damping in yaw. Except for the highest Mach number, negative damping in

roll was produced at high negative angles of attack.

7
i
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