" : NASA Technical Memorandum 74058

Transonic Static and Dynamic
Stability Characteristics of
a Finned Projectile Configuration

Richmond P. Boyden, Cuyler W. Brooks, Jr.,
and Edwin E. Davenport

APRIL 1978

NAQM—~TN)-— /4COF

NNASN
Ay Mg A rEs

6392



NASA Technical Memorandum 74058

Transonic Static and Dynamic
Stability Characteristics of
a Finned Projectile Configuration

Richmond P. Boyden, Cuyler W. Brooks, Jr.,
and Edwin E. Davenport

Langley Research Center

Hampton, Virginia

NNASN

National Aeronautics
and Space Administration

Scientific and Technical
Information Office

1978



SUMMARY

Static and dynamic stability tests have been made of a finned projectile
configuration with aft-mounted fins arranged in a cruciform pattern. The tests
were made at free-stream Mach numbers of 0.7, 0.9, 1.1, and 1.2 in the Langley
8-foot transonic pressure tunnel. Some of the parameters measured during the
tests were 1ift, drag, pitching moment, pitch damping, and roll damping. Con-
figurations tested include the basic configuration with (1) fins deployed,

(2) fins deflected for control, and (3) fins removed to simulate the projectile
with the fins folded within the body. The finned projectile was statically sta-
ble at low angles of attack, but the stability decreased and became neutral or
slightly unstable as the angle of attack was increased. The model had positive
damping in pitch for a free-stream Mach number of 0.7, but there were regions

of negative damping at the other Mach numbers for the various model roll orien-
tations. The finned projectile generally had positive damping in roll. Theo-
retical estimates showed a lack of agreement with experimental pitching-moment
and normal-force derivatives for the fins-on configuration; however, good agree-
ment was obtained for the roll damping case.

INTRODUCTION

In cooperation with the U.S. Navy, the NASA Langley Research Center has
measured experimentally the static and dynamic stability characteristics of a
finned projectile in the transonic speed range. The projectile was designed
to be gun launched with the fins folded within the body. After the projectile
is launched, the fins fold out and damp out the rolling motion which is imparted
to the projectile by the helical grooves in the gun barrel. The fins are then
used as control surfaces to correct the flight of the projectile as the projec-
tile is guided toward the intended target.

Tests were made at free-stream Mach numbers of 0.7, 0.9, 1.1, and 1.2 to
measure lift, drag, and pitching moment; tests for pitch damping and roll damp-
ing followed. Other parameters measured during the tests include the oscilla-
tory longitudinal-stability parameter, the rolling moment due to roll displace-
ment parameter, the normal force due to pitch rate parameter, and the normal
force due to pitch displacement parameter. Configurations tested include the
basic configuration with (1) fins deployed, (2) fins deflected for control,
and (3) fins removed to simulate the projectile with the fins folded within
the body. A full-scale model was used for these tests.

SYMBOLS
The aerodynamic parameters are referred to the body system of axes as shown

in figure 1 except for the 1ift and drag coefficients which are referred to the
stability axes. The axes originate at the assumed center of gravity which was



located 0.381 meter aft of the model nose. The reference length used to non-
dimensionalize all of the aerodynamic parameters was the body diameter of
0.127 meter, and the reference area was the model base area of 0.01267 meter<.
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Cma = EEE, per radian
Ja

aCy X
Cmd = TRV per radian
a(a
Cma - k2Cmq oscillatory longitudinal-stability parameter, per radian
CN normal-force coefficient, Normal force
QoS
Cn = aCN , per radian
“ (%)
2V
CN. = _EEE__, per radian
q 5 qQ,Z
yv2
CNq + CNd normal force due to pitch rate parameter, per radian
CNa = %gﬂ, per radian
aCy
CNd = 3<d2 , per radian
2V
CNu - l<-2CN(.1 normal force due to pitch displacement parameter, per radian
Cn yawing-moment coefficient, Yawing moment
S
Cy side-force coefficient, §i§2_§2599
Ao
f frequency of oscillation, hertz
k reduced frequency parameter, w&/2V 1in pitch and roll, radians
J'2 reference length, body diameter, meters
M, free-stream Mach number
p angular velocity of model about X-axis, radians/second
qQ angular velocity of model about Y-axis, radians/second

q, free-stream dynamic pressure, pascals



R Reynolds number, based on reference length &£

S reference area, body base area, meters?

T tunnel stagnation temperature, K

v free-stream velocity, meters/second

X,Y,Z body reference axes

a angle of attack, degrees or radians

B angle of sideslip, radians

Gp deflection of pitch fins, positive when trailing edge is down for

¢ = 00, degrees

deflection of yaw fins, positive when trailing edge is to left for

y
$ = 00, degrees
¢ model roll angle, degrees
W angular velocity, 2mf, radians/second

Dot over quantity indicates derivative with respect to time.

MODEL AND APPARATUS

A drawing of the model used in the investigation and some details of the
fin design are presented in figure 2. Although the model layout is similar in
the plan and side views for a roll angle of 09, the fin pair in the horizontal
plane (pitch fins) is 1.78 em farther rearward than the fin pair in the vertical
plane (yaw fins). The body of the model was made of aluminum alloy and the fins
were made of steel. A steel balance adapter was used to transfer the loads from
the model to the internally mounted static and dynamic balances.

Both the static and the dynamic tests were conducted in the Langley 8-foot
transonic pressure tunnel. The operating characteristics of the wind tunnel are
given in reference 1. A photograph of the model mounted in the tunnel for the
forced-oscillation dynamic stability tests is presented in figure 3, and a
description of the technique and the apparatus used for the small-amplitude
forced-oscillation dynamic tests is presented in reference 2. The diameter of
the sting used for the static stability tests was 3.49 cm in the vicinity of
the model while the sting used for the dynamic stability tests was 5.59 cm in
diameter.

TESTS

The static force and moment tests were conducted to determine the 1lift,
drag, and pitching-moment characteristics of the basic finned projectile as

n



well as the effectiveness of the fins when used as control devices. Both the
static and dynamic tests were conducted over an angle-of-attack range from about
-40 to 220, For the static tests, the angles of attack have been corrected for
the effects of balance and sting deflection occurring upstream of the accelerom-
eter used to measure angle of attack. All drag measurements were corrected to

a condition of free-stream static pressure acting on the base of the model.

The test conditions for both the static and dynamic tests were

Free-stream Free-stream Free-stream Stagnation Reynolds
Mach number, | dynamic pressure, velocity, temperature, number,
M. q, kPa V, m/sec T, K R
0.70 18.82 240 322 1.10 x 106
.90 25.52 300 1.24
1.10 30.20 355 1.31
1.20 31.64 380 1.32

The stagnation pressure was held constant at 76.13 kPa.

The small-amplitude forced-oscillation dynamic stability tests were made
primarily to determine the damping in pitch Cmq + Cmd and the damping in

roll C1p + CIB sin o. Other parameters determined during the course of the
investigation include the oscillatory longitudinal stability Cma - k2Cmq, the
normal force due to pitch rate CNq + CNd’ the normal force due to pitch dis-
placement CNq - kZCNq, and the rolling moment due to roll displacement

C‘B sin a - kzclﬁ. The values of the nominal amplitude of the oscillation

and of the range of the reduced frequency parameter were:

Oscillation Amplitude of Reduced frequency
axis oscillation, deg | parameter, k, rad
Pitch 1.0 0.0031 to 0.0121
Roll 2.5 0.0093 to 0.0151

No roughness was applied to the model to trip the boundary layer because
the model was a full-scale replica and the test conditions were near full scale.



PRESENTATION OF RESULTS

The experimental results are presented for the various parameters by figure
number as follows:

Effect of -
Fins on Deflection Deflection Deflection
Parameters and off{Model| of pitch | of yaw fins of pitch
at - roll |[fins at - at - and yaw
angle fins at -
¢ = Q° ¢ = Q0 ¢ = 0° ¢ = 90° ¢ = 450
CL, Cpy Cp -« « « ¢« v « « 4 5 6 7 8 9
Cl, Cn, CY s e e e e e s » 10
- k2 .
Cmq + Cmd’ Cma k Cmd .. 1M 12 13
- k2Cy.
CNq + CNg» ONy - K CNq ..o 14 15 16
Cip + Cig sin a,
C ina - k2Cy. o .o v .. 1 18 1
1g Sin 15 7 9

RESULTS AND DISCUSSION
Static Tests

The results from the static force and moment tests of the finned projectile
model are contained in figures 4 to 10. The effect of the fins on the static
longitudinal characteristics of the model is shown in figure 4. The body with
the fins on is seen to be statically stable over the low angle-of-attack range,
but the stability decreases and becomes neutral or somewhat unstable as the
angle of attack is increased. The body without the fins is slightly unstable
for the reference center-of-gravity position.

Figure 5 shows the result of varying the model roll angle on the statie
longitudinal characteristics. Although the model layout is similar in the plan
and side views for a roll angle of 0°, the fin pair in the horizontal plane
(pitch fins) is 1.78 cm farther rearward than the fin pair in the vertical plane
(yaw fins, see fig. 2). At a roll angle of 0° the rearmost pair of fins lies in
the horizontal plane. The fin orientation for a roll angle of 45° is seen to be
the most effective aerodynamically of the various roll angles tested because it
results in the highest 1ift coefficients and provides static stability over the
largest angle-of-attack range.




The effect of deflection of the pitch fins on the static longitudinal char-
acteristics is shown in figure 6 for a roll angle of 0°. A pitch fin deflection
of -100 (trailing edge up) is seen to trim the model in the range between 8° and
109 over the free-stream Mach number range of 0.7 to 1.2. For the Mach numbers
of 0.7 and 0.9, deflection of the pitch fins becomes ineffective at angles of
attack between 12° and 16° for a maximum deflection of -10°. For a Mach number
of 1.1, the pitch fins begin to lose their effectiveness at an angle of attack
of about 19° but at M, = 1.2 the piteh fins are still effective at about 229,
the highest angle of attack tested.

The only effect on the static longitudinal characteristics of a deflection
of the yaw fins for a model roll angle of 00 is a small increase in the drag
coefficient as shown 1in figure 7.

As figure 8 shows, for a model roll angle of 909, the deflection of the
yaw fins for pitch control resulted in static longitudinal characteristics
almost identical to those achieved by the deflection of the piteh fins for 0°
model roll angle (see fig. 6). The small longitudinal separation of the two
pairs of fins did not seem to cause any dissimilar aerodynamic interference
between the fin pairs as a result of different roll angles.

Combined pitch and yaw fin deflection for a 45° model roll angle shown in
figure 9 indicates that in this position the fins are more effective as pitch
control devices than pitch fins alone at a 0° roll angle. The combined pitch
and yaw fin deflection is also effective to higher angles of attack. Thus for
the same amount of fin deflection, a higher trim angle of attack can be achieved
at a roll angle of 45° when compared to a roll angle of 0°. (Compare figs. 6
and 9.)

The only static lateral characteristics presented for the finned projectile
model are shown in figure 10. The effect of a 5° deflection of the yaw fins
with the model at a roll angle of 0° indicates that there is a large amount of
yawing moment available with very little resultant rolling moment.

Dynamic Tests
The test results for damping-in-pitch parameter Cmq + Cmd and the oscilla-
tory longitudinal-stability parameter Cma - k~2cm(.l are shown in figures 11 to

13 for the various configurations. A comparison for the fins on and off is con-
tained in figure 11. This figure shows that the fins-on configuration has posi-
tive damping 1in pitch (negative values of Cmq + Cmd) for the subsonic free-

stream Mach numbers. There are regions of negative damping for the Mach numbers
of 1.1 and 1.2 above a 109 angle of attack for the fins-on configuration. The
fins-off configuration had positive damping in pitch over the entire ranges of
both angle of attack and Mach number. The oscillatory longitudinal stability is
seen to decrease above an angle of attack of 49 for the fins-on configuration;
and, except for M_ = 1.2, there were some regions of negative oscillatory lon-
gitudinal stability (positive values of Cp, - kZCmd). With the fins removed,



the body has negative oscillatory stability in pitch at all test conditions
except at the highest angle of attack for Mach numbers of 1.1 and 1.2.

The effect of the roll angle of the model on the damping in pitch is shown
in figure 12 for roll angles of 0°, 45°, and 90°. The results for the roll
angles of 09 and 900 generally appear to be similar except for some differences
at the higher angles of attack, and the trends for the 45° roll angle results
with the fins oriented in an "X" configuration tend to be different from the
other two roll angles. For example, for a free-stream Mach number of 0.9 the
459 roll angle configuration had negative damping in pitch above a 16© angle of
attack, whereas the 0° and 90° configurations had positive damping in pitch
over the entire range of angle of attack. The increased effectiveness of the
fins for the roll angle of 459 is evident for angles of attack between 6° and
120 in the oscillatory longitudinal stability results shown in figure 12.

The effect of deflecting the piteh fins -5° (trailing edge up) is contained
in figure 13. For the Mach numbers of 0.7, 0.9, and to a lesser extent 1.1, the
data appear as though they had been shifted U4© to 5° in angle of attack as a
result of the pitch fin deflection of -59. The effect is noticeable in both the
pitch damping and the oscillatory longitudinal-stability results.

Presented in figures 14 to 16 are the results for the normal force due to
pitch rate parameter CNq + CNd and the normal force due to pitch displacement

parameter CNa - k2CNq for the same configurations shown in figures 11 and 13.

The basic finned body has positive values of the normal force due to pitch rate
over the entire range of angle of attack and free-stream Mach number. The body
with the fins removed had small positive and negative values for CNq + CNd‘

The results for the different roll angles shown in figure 15 generally have the
same trends with angle of attack.

The results for the damping in roll parameter Clp + CIB sin @ and for the
rolling moment due to roll displacement parameter CIB sin a -~ kzclb are shown

in figures 17 to 19. Generally the damping in roll is larger for ¢ = U459 than
for ¢ = 0° up to an angle of attack between 8° and 100; above this angle

range the 0° roll angle configuration had more roll damping. Negative damping
in roll (positive Clp + CIB sin a) occurred for the U45° roll angle at M_ = 0.9

at angles of attack near 120 to 15°. Figure 18 shows that the damping in roll
did not fall off as much for Gp = =50 as it did for &8, = 0° in the 6° to 129
angle-of-attack range for Mach numbers of 0.7 and 0.9. his difference in roll
damping is a result of the lower effective angle of attack of the pitch fins.

In figure 19, a 59 deflection of the yaw fins resulted in slightly more roll
damping over most of the angle-of-attack range.




Theoretical Estimates Compared With Static and
Dynamic Experimental Results

A vortex-lattice computer program based on the work in reference 3 was
used to make theoretical estimates of the subsonic aerodynamic stability deriva-
tives for comparison with the experimentally determined derivatives. The com-
puter program had been modified to include a provision for modeling a cylindri-
cal fuselage with up to three lifting surfaces. The projectile body was modeled
as an open-ended circular cylinder of the same length as the original projectile
body. The results of the vortex-lattice program are based on the assumption of
an attached flow condition and are therefore only valid in the linear range of
the lift-curve slope.

Figure 20 contains a comparison of the vortex-lattice theoretical estimates
with the static and dynamic experimental results for the fins-on configuration
for roll angles of both 0° and 45°. The stability derivatives shown in fig-
ure 20 for the static data were determined from the slope at a = 0° of a
spline fit to the experimental data, and the stability parameters from the
dynamic test are an average of the individual data points at o = 0°. Fig-
ure 20(a) is a comparison between the experimentally determined pitching-moment
parameters and the theoretical estimates. In the top half of figure 20(a), the
vortex-lattice Cmq estimates are seen to overpredict the damping in pitch

parameter Cmq + Cmd measured at subsonic speeds for both the 0° and 45° roll

angle configurations. In the bottom half of figure 20(a), the static and
dynamic results for the longitudinal stability are seen to be in good agreement.
However, the vortex-lattice results for Cma have a negative slope with free-

stream Mach number while the experimental results have essentially a zero slope
with free-stream Mach number.

The comparison for the normal-force parameters is shown in figure 20(b)
where the vortex-lattice estimates were larger than the experimental results for
both the normal force due to pitch rate and the normal force due to pitch dis-
placement. There was good agreement between the static test values of CNu and
the dynamic test values of CNa - kZqu.

The comparison of the theoretical estimates with the experimental results
for the damping in roll is shown in figure 20(c¢c), and good agreement is seen
between the theoretical and experimental values. Since all of figure 20 is
for a = 09, the second term of the experimental damping-in-roll parameter
Clp + ClB sin a should be zero.

The reason for the lack of agreement between the vortex-lattice estimates
and the experimental results for the pitching-moment and normal-force deriva-
tives is thought to be a result of the simplified modeling of the body for the
computer program. The assumption of an open-ended cylindrical body could have
affected the pitching-moment and normal-force estimates while still giving good
agreement for the roll damping.



SUMMARY OF RESULTS

An investigation has been made to determine the static and dynamic stabil-
ity characteristics of a full-scale model of a finned projectile configuration.
These tests were made at angles of attack from -4° to 22° and at free-stream
Mach numbers of 0.7, 0.9, 1.1, and 1.2. The results may be summarized as
follows:

1. The finned projectile was statically stable at low angles of attack, but
the stability decreased and became neutral or slightly unstable as the angle of
attack was increased.

2. A roll angle of U450, when compared to 0° or 90°, was the most effective
aerodynamically because it resulted in the highest 1ift coefficients and pro-
vided static stability over the largest angle-of-attack range.

3. The finned projectile had positive damping in pitch for a free-stream
Mach number of 0.7, but there were regions of negative damping at the other free-
stream Mach numbers for the various model roll orientations.

4. The model generally had positive damping in roll except between 12° and
150 angle of attack for a roll angle of U5° and a free-stream Mach number of 0.9.

5. The theoretical estimates showed a lack of agreement with the experimen-
tal pitching-moment and normal-force derivatives for the fins-on configuration.
However, good agreement was obtained for the roll damping case.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

March 6, 1978
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Figure 18.- Effect of pitch fin deflection on damping-in-roll parameter and
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71



T2

O 0
O 5
500
40.0
30.0
20.0
10.0

Clp+CLésmu 0

O

per radian
-100
CJf
o]
-20.0

'30.0 g = D U

CLBS'" a-kzclﬁ

per radian

-4 0 4 8 12 16 20

Angle of attack, g, deg

(b) M_=0.9.

[=2]

Figure 18.- Continued.

24



dp, dEQ

50.0

40.0

30.0

20.0

10.0

Clp + c;é sina
per radian

-10.0

20.0

-30.0

CLlen a- kzclﬁ

per radian 0 e * * E'ﬂ D

-4

4 0 4 8 12 16 20

Angle of attack, a, deg

(c) M =1.1.

[=+]

Figure 18.- Continued.

24

73




T4

dp, deg

500

400

300

20.0

10.0

sSIN G
clp + Clﬁ

per radian

——qo

-10.0

20,0

-30.0

Czﬁsm a-k2615 0

per radian

Y

4 0 4 8 12 16
Angle of attack, a, deg

(d) M_=1.2.

[e2]

Figure 18.- Concluded.

20

24



50.0

40.0

30.0

20.0

100

Clp + Czésm a

per radian

-10.0

-20.0 B

-30.0

Clﬁsm a- kzclﬁ

; =S¥ N

-4

per radian

-4 0 4 8 12 16 20 24

Angle of attack, o, deg

(a) M = 0.7.

=]

Figure 19.- Effect of yaw fin deflection on damping-in-roll parameter and

on rolling moment due to roll displacement parameter. ¢ = 00; Gp = 090,

75




76

50.0

40.0

300

200

10.0

Cy, +Cgsina
Hb*Hg 0 5

per radian
-10.0 S
! \a
-20.0 Q
Lo

-30.0 8—

oo

4 —3
c kg i
LBsm a-kK Clp
per radi@n 0

-4 0 4 8 12 16 20 24
Angle of attack, a, deg

{(b) M, = 0.9.

Figure 19.~ Continued.



0o
o

50.0

40.0

300

200

10.0

Clp + Clﬁsln a

per radian 0

-10.0

200

)
o

-30.0 P—4. ¢ i J;)

CLBsmu- kzclﬁ 0 D/D\f

per radian

-4 0 4 8 12 16
Angle of attack, a, deg

(¢) M = 1.1.

©

Figure 19.- Continued.

20

24

T7



78

Clp + Clﬁ sing
per radian

CLBsm a- kzclﬁ

per radian

50.0

40.0

30.0

20.0

10.0

-100

-20.0

-30.0

dy, deg

O 0
O b
: 1
8
8 B
4=
b o L
&Na{\j 5
-4 0 4 8 12 16 20

Angle of attack, a, deg

Figure 19.- Concluded.

24



Cmq + Cm&
2
Cma'k Cmd

Dynamic test

79

fins on.

.
’

00

Cma

6]

Static test

Cmq
Cmq

Vortex lattice

Configuration

T TSR, - TEETEE TR
u 1 3 e e ROEsi ke bkt : 3
'+ 1 s 1 + H e
il i RN e i
S 35 i I3 Jiaged pecsa bt 1]
i jags SaEaetetss Ltk
o l" H »r&lfr gas b o
HEHHETS L i et aigaeeee
ity . o o
! i} i B iy i =2
; : ik i Ll i FHy ~
b 3 508 7 3 s ——
i a0 SRR i
gy T T T r2y Ly ye
Rt BRI [3 povea bai H Hirt
&l g i, T
5 LI EE _,|.n s e JEss iy
A : e . :
ik 1N 1 L Hlitehistien: 8 | Hisdis H ! =
ol ad
+ - - e . SV b
8 3 P 14 H —
] i - higdot P i !
1 1ot t g
: i o SSk i | GHEMER ;
HiT) h & JOST: N S1EaE IS
3, 1 3] rw i £ Teler
8¢ 1 i p 1.
iedtifatis iaid: St | cs M IREesa s dEsstinadlin i oo
fa533 000 H e ¥
T R SIANSE B3N LT .
A : e L] H
1 T 122 gugas rupay T
1 iy L i - i i
= i g T o + 0T : T Hih
H Rrtgti M%ZLLW i 11 HL s3es
UL S i i
TS S tnen = ; atesesies
H s 35419 I HYTE fit HE js4s H REyssRNpRERS
H _1 H M vx¢‘. !v‘ s M Janey ] IR 84 86 O
v TN 4 -1 s e o .
; hibh 3 i Y geet T
i il g i i i A S
b 8| i fhe T pe iy Ly FHIELAHA
§ i = = T 55 SRR
5 ! H i I st tice H B e 55
] il HHTHE e % b T 52
Hi 1y &304 Ir0es o8 = Sxtresei gt ts
: HH Hid nni §itt i 13 F R .nm
i i 1 H i il HihE Bebil aieecpbisacaas, thiss
" eeas: = = =
=i el SSsRit] Isi MEMEEoges 1335
11 8t ot ..*. iselati HT 1} s :
b s T
t H H $+ s I3 1t 441 T
£ fSgs i hin 5 ] : H
s T 2 RN £33 120
H gis VHIHTHY H HE] 1 Bice HitH oy
H P RS b iy ; eSants .
TR BT ST i S
] i : il :
1 1 B! 1 1 1
s N1 P ITYEE =238 3
i HETHHITHIL | s e i e o o
2 sEeSerttaTen! PART OO EDSL LK) T TR
i it e el tells 1 e thead
=4 =3 = o
B Y —
]
- [X=] o
E c - £ c
o © 02 s o ©
E=) ~N ©
5 ©F S % E
ol | —
o o =]
E &5 S
@ E @
O a o e

Mach number
(a) Damping in pitch and longitudinal stability.

Figure 20.- Comparison of static and dynamic experimental results with
vortex-lattice theoretical estimates.
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Figure 20.- Continued.
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(c) Damping in roll.

Figure 20.- Concluded.
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