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SUPPLEMENT TO BRL REPORT NO. 1078

FEBRUARY 1960
NOTES ON THE APPLICATION OF MUNK'S THEORY TO DAMPING-IN-PITCH OF
BODIES OF REVOLUTION IN SUPERSONIC FLOW

The Appendix to H. E. Maloy, Jr's report, "A Method for Measuring
Damping-in-Pitch of Models in Supersonic Flow," has some typographical
errors that need to be corrected, and also requires some explanation
to mske its meaning clear.

_ In the equation after (8), "u' should be "U". In the next equation,
“ggu should be nggﬁ. In equation (10), the first term of the right member
should be negative and the last bracket should be placed at the end of
the equation. The right member of the equation for é should be negative.
Incidentally, there is not distinction between this 3 and the o used
previously; in the main report, this angle is denoted by «.

The cross sectional area S, introduced in equation (6), is a function
of the axial distance x from the center of gravity of the body. At the
nose, X = X, and 8 = O, At the base, x = Xy and S = Sb.

The static angle of attack 1s Q- But if the axis of the body has
an angular velocity of rotation, 2, each point on the axis has an
additional velocity Qx, as shown by (7), and this produces an additional
angle of attack

a =

Qx
w U’

where U 1s the free stream velocity. The figure should show that ag
and Q are positive in a clockwise direction.
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It is assumed that the projectile oscillates harmonically, so that

. . L e 2 )
as = A ¢0s wt, as = - Ab sin ot, = - Ao cos wt.

This assumption 1s convenient, but the same result could be obtained
without it. Now, since Q = _,

2
a = -Am ?—{_- sin wt; & = - Aw
W w

cos wt.

alx

Now considering equation (10), the moment over the whole body is

X 55
o] szxd
M= pr [S(-Acnx sin wt - == cos wt)
X
n 0 .
+ (AUx cos wt - Aax~ sin wt)S' - SAwx sin @tJ dx,
where p denotes the air density, and SV = g% .

the displaced air with respect to a trans-

e
verse plane through the center of gravity is defined as

U e

[ 2
T ;pj X S dx
X

The volume of the body is

o

v=] s ax
n
Integrating by parts, we find that
(™%
‘/ x8t dx = xbsb -V,
X

Il
X ~%
b
f xgs'dx=xisb-2_£ xS dx.

P P o o 1. \
Hence, the equation for M assumes the form of equation (10).



Now the spring constant 1is

k = ot (x,8, - V),
and the damping factor is
2
B = pUbeb.
Making these substitutions and using the expressions for ag and its

derivatives, we obtain the equation

In the present connection, it is appropriate to call “das the
damping moment. However, in the theory of spinning shell, the rolling
moment and the Magnus moment also tend to damp the yaw.l Therefore, it
is preferable to call the term due to yawing the yawing moment.

Since Munk?!s theory neglects viscosity and compressibility, it
could not be expected to give reliable results at supersonic Mach numbers.
However, T. L. Smith has pointed out that the theory which was first used |
for dirigible balloons might predict the right order of magnitude of the
yawing moment coefficient Kﬁ for small angles of attack, providing the
cross-flow (normal to the axis of the shell) is subsonic. In the present
case, 1t did, although the theoretical result is less than the experimental
values, which are given in Table I of Maloy's report.

A closer estimate is obtained by the empirical formula, which was
determined from firings of projectiles from caliber 0.30 to 3Tmm at
velocities from 2000 to 3050 feet per second:

K, = 0.35 L™,

lent, R. H. "Notes on a Theory of Spinning Shell" APG: BRL Report No. 898,
1954, See Eq. (15). After Fowler, Kent uses the cumbersome name,
tyawing moment due to yawing!?.



where L is the length of the projectile in calibers.e For a 5-caliber
projectile, this formula gives Kﬁ = 3.91, which is 6% less than the mean
experimental velue at M = 3.0 and 5% more than the mean at M = 4.0.

It should be noted that the experimental values decrease with Mach
‘number. The following table exhibits the averages.

Mach No. of

No. Cbservations Kﬁ
1.75 1 5.23
2.50 1 .37
3.00 5 4,155
k.00 5 3.72
k.50 2 3.35

H. P. HITCHCOCK

2

Hitchcock, H. P. "Aer

APG: BRL Report No. 6



SUPPLEMENT TO BRL REPORT NO. 1078

FEBRUARY 1960
NOTES ON THE APPLICATION OF MUNK!'S THEORY TO DAMPING-IN-PITCH OF
BODIES OF REVOLUTION IN SUPERSONIC FLOW

The Appendix to H. E. Maloy

=

Jrts report, "A Method for Measuring
W Dkl w0 MM~ E RO o IRy oW ll A E SRS e (e e 1

Damping-in-Pitch of Models 1n Supersonic F1 has some typograph

errors that need to be corrected, and also requires some explanation

to make its meaning clear.

In the equation after (8), "u" should be "U". In the next equation,

g% should be g-'?‘- In equation (10), the first term of the right member

should be negative and the last bracket should be placed at the end of
the equation. The right member of the equation for é should be negative.
Incidentally, there 1s not distinction between this & and the o used

previously; in the main report, this angle is denoted by o

The cross sectional area S, introduced in equation (6), is a function
of the axial distance x from the center of gravity of the body. At the

nose, X = X and S = 0. At the base, x = Xy and S =

cpf)

o ole of attack 1is ¢ . Rut if the axis of the bodv has
¢ angie ol attacx Is O ut 11 The axXlg oI the body has

0

an angular velocity of rotation, Q, each point on the axis has an
additional velocity Qx, as shown by (7), and this produces an additional
angle of attack

ox
& =5

W L

where U 1s the free stream velocity. The figure should show that g
and Q are positive in a clockwise direction.

PRORERTY 67 7.8, Akl

NG *-,-»7,‘\3
[



It is assumed that the projectile oscillates harmonically, so that

a - a 2 e . 2
a, = A cos wt, as = - Ap sin wt, Q.= - Ao cos wt.

This assumption is convenient, but the same result could be obtained
without it. Now, since Q = ds,

X 2 x
(04 = =AU - sin wt d = = ‘Au\ — c0os wt.
W -~ U J © e 4V U W

Now considering equation (10), the moment over the whole body 1is

X .
b szxz
M= pU f [S(-Amx sin wt - =5— cos wt)
X
n

-
2
+ (AUx cos wt - Ao~ sin wt)S' - SAwx sin mtJ dx,

where p denotes the air density, and S' = g; .

The moment of lnertia of the displaced air with respect to a trans-
verse plane through the center of gravity is defined as

%
2
I = p./ﬂ X S dx.
cg A
n

The volume of the body is

o

\ =‘1 S dx.

n

Integrating by parts, we find that

fx‘)lbxs'dx=xbsb-v,

j;XbeS'dx=x§Sb-2fbedx.

n il

Hence, the equation for M assumes the form of equation (10).



Now the spring constant is

k = 1::U2(xb-‘3b - V),
and the damping factor is
= pU. 2Sb
Ho = PUX,RD.

Making these substitutions and using the expressions for aS and its
derivatives, we obtain the equation

M=I G +pl +ky.

g
In the present connection, it is appropriate to call pods the
damping moment. However, in the theory of spinning shell, the rolling
moment and the Magnus moment also tend to damp the yaw.l Therefore, it

is preferable to call the term due to yawing the yawing moment.

Since Munk?!s theory neglects viscosity and compressibility, it
could not be expected to give reliable results at supersonic Mach numbers.
However, T. L. Smith has pointed out that the theory which was first used .
for dirigible balloons might predict the right order of magnitude of the
yawing moment coefficient Kﬁ for small angles of attack, providing the
cross-flow (normal to the axis of the shell) is subsonic. In the present
case, 1t did, although the theoretical result is less than the experimental
values, which are given in Table I of Maloy's report.

A closer estimate is obtained by the empirical formula, which was
determined from firings of projectiles from caliber 0.30 to 3Tmm at
velocities from 2000 to 3050 feet per second:

Ky = 0.35 2,

lent, R. H. "Notes on a Theory of Spinning Shell" APG: BRL Report No. 898,
1954, See Eq. (15). After Fowler, Kent uses the cumbersome name,
'yawing moment due to yawing?'.



where L is the length of the projectile in calibers.2 For a 5-caliber
projectile, this formula gives Kﬁ = 3.91, which is 6% less than the mean
experimental value at M = 3.0 and 5% more than the mean at M = L.0.

It should be noted that the experimental values decrease with Mach
‘number. The following table exhibits the averages.

Mach No. of

No. Observations KH
1.75 1 5.23
2.50 1 L. 37
3.00 5 4,155
L.00 5 2.72
4,50 2 3.35

H. P. HITCHCOCK

2Hitchcock, H. P. "Aerodynamic Data

Data for Spinning Projectiles.”

0
APG: BRL Report No. 620, 1947. See page 13.
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A METHOD FOR MEASURING DAMPING-IN-PITCH
OF MODELS IR SUPERSONIC FLOW

ABSTRACT

A technique has been developed +to measure the damping-in-pitch of bodies
of revolution in the Supersonic Wind Tunnel over a Mach number range of 1.75
to 4.5. The angular position of the model at any time is recorded with an
oscillograph. The aerodynamic damping moments are computed from measurements
of the rate of subsidence of the angle of attack.
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DEFINITION OF SYMBOLS

diameter of model

restoring moment per unit’angular deflection
dynamic pressure

time

free stream velocity

center of gravity

moment of inertia

damping coefficient

Mach number

supply pressure

Reynolds number

supply temperature

angle of attack

air density

damping moment per time rate of change of angle of attack

angular frequency of oscillation
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Shadoggraph of flow with and without turbulence promoter at
a=0

Shadoggraph of flow with and without turbulence promoter at
a =2

Schlieren pictures of flow around model

in Tunnel No. 3 at Mach 1.73

Reproduction of an oscillograph record showing absence of flow
disturbance in Tunnel No. 1 at Mach 1.75



I. INTRODUCTION

With the increasing demand to know the damping-in-pitch of missiles
traveling at supersonic velocities it was .decided that instrumentation should
be developed for obtaining the data in wind tunnels. Several requirements
must be placed upon the apparatus in order to obtain useful data. First,
the apparatus should be able to measure small damping moments since the models
are small bodies of revolution. Second, the tare damping, i.e., all damping
moments except aerodynamic damping, should be as small as possible and
repeatable. Third, the model support should not interfere with the flow'about
the model. Fourth, the apparatus should fit within the test region with little
or no modification to the tunnel structure. Fifth, it would be desirable to
have oscillating frequencies of the model to be the same as free flight values.
Sixth, the center of gravity of the model should be located at the pivot axis.
Seventh, it would be desiresble to lock or clamp the model to a fixed support
during start-up and shut-down of flow in the tunnel. Additional requirements
were placed on the instrumentation so that the effect of model center of
gravity location and frequency of oscillation on damping could be obtained.

The model chosen for testing was the Army-Navy Spinner Rocket, which is
a spin stabilized body of revolution. The wind tunnel model was 5 calibers
long (11.25") with a secant ogive nose 2 calibers long (4.50"), a base diameter
of 2.25" and a center of gravity location of 4.45" from the model base (Figure
1). It was made of a combination of aluminum and steel parts and had a movable
weight located in the nose to position the center of gravity of the model at
the prescribed position.

This report presents a description of the appsratus and the technique
used to measure the damping-in-pitch on a body of revolution in a supersonic

airstream.




II. EXPERIMENTAL PROCEDURE

A. Model Support and Recording System

Several methods of obtalning the damping data were considered and the one
that met the prescribed requirements was a system which used a crossed flexure
assembly to support the model and to cause it to oscillate about a fixed point.
The oscillation was started and the damping-in-pitch was then determined by
messuring the rate of subsidence. This system had several distinct advantages
which are:

(1) The tare damping, which is due to internal friction of the flexures,

was repeatable.

(2) sStrain gages mounted on thin flexures were able to measure small
loads accurately and reliably if the stresses in the flexures and gages were
kept below the yield point of the material.

(3) The flexures provide the restoring moment required to return the
model to its initial position.

The system had the disadvantage that the supporting strut, which
wvas made very stiff to insure that the motion was essentially a simple

oscillation about a point, limited the length and diameter of the model which

The original flexure assembly consisted of two sets of flexures, each set
containing two flexures mounted 900 to each other with one end of the flexure
attached to the model holder and the other end attached to the supporting
strut. The thicker flexures, set A of Figure 2, which were the two outer
flexures of the assembly, provided the support and restoring force to the
model. The thinner flexures, set B, which were located between set A, were
used primarily as strain gage mounts. The ends of the flexures were fitted
into square keyways and secured to their respective pieces with screws.

During the initial tests it was noticed that after the model oscillated several
thousands of times the damping rate had changed with no change in test con-
ditions. Upon checking the assembly it was discovered that the flexure ends
were not fitting the keyways properly in that only one surface of the flexure

10



was making metal-to-metal contact with the keyway. Thus the only force to
restrain the flexure ends from moving was the frictional force at the surface
of the flexure end and the bottom of the keywsy and this force was controlled
by the tightness of the mounting screws. Since it required checking the unit
quite often during a test a redesign of the flexure end connection was made
in which the square keyway was changed to a modified "V" groove. This type
of end connection required less checking but after several tests were com-
pleted the flexure ends would move when the model oscillated. Therefore a
nev design was developed in which the flexures were made as one unit, elimi-
nating the individual end connections. This unit, shown in Figure 3, was
clamped to the strut and model. In addition, the flexures were all made the
same thickness. All the test data in this report, however, were taken using
the original flexure assembly with the square keyway as shown in Figure 4 (the
new flexure unit was not available for these tests).

train gages which were mounted on the thinner flexures were used in
conjunction with a recording oscillograph and recorded the angle of attack of
the model with respect to time. Two straln gages were mounted on each flexure,
one on each surface. Figure 5 shows the wirlng dlagram of the assembly used.

The oscillation of the model was started by a pneumatically operated
trigger mounted within the supporting strut (Figure 4). The trigger traveled
in an arc, engaged an adjustable horn, rotated the model and then swung past
the horn, allowing the model to oscillate. The horn was adjusted to allow
the model to trip at a 3.5° angle of attack.

A mechanicsal locking device was used to prevent overstressing the strain
gages and flexures when establishing flow in the test section and to stop the
model oscillating if 1t became unstable. This device was a small cam attached
to the supporting strut and operated outside the tunnel with a wire cable.

When the cam was rotated it engaged the model, locking it securely to the strut.

The strut assembly was attached to the wind tunnel angle of attack system.

The locking cables and alr lines were brought out through a side access door of
the wind tunnel. Figure 6 shows the photograph of the assembly installed in

the wind tunnel.

11




The model was located in approximately the center of the test section
end at a mean angle of attack of zero degrees. It was given an initisl angle
of attack of 3. 59 and then allowed to oscillate about its center of gravity.
As the model oscillated a trace showing angle of attack with respect to time
was made and simultanecusly one-tenth second timing lines were recorded by a
recording oscillograph. Figure T shows a typical amplitude record made of

one test.

The model was tested at various Reynolds numbers over the Mach number
range of 1.75 to 4.5. Additional tests were made at several Mach numbers in
which most of the boundary layer of the model was made turbulent. This was
accomplished by gluing a .20 inch wide sand band on the surface of the nose of
the model located 2.25 inches from the nose tip.

B. Reduction of Data and Test Results
The motion of the body may be expressed by the linear differential equation

Ia°+p2c°x+k2a=o (1)

My c.z is the aerodynamic and mechanical damping moment; and x2 a is the
eserodynamic and mechanicel restoring moment. Thus My and k2 are expressed as
My = Mo+ 1y

ky =ky + Ky
where uo and ko are the aerodynamic terms and
ones. The solution for equation 1 is

“l and kl are the mechanical

a=a, e-)'t(cos wt+=sinwt) (2)
where
A —t%anda)z =E—2. - (i2.)2
T2 I 21
with the initial conditions of

12



The equation of the envelope curve or the gradually decreasing amplitude

i
@ =aye 2I (3)
Thus the total damping term is
a
- 2I - O YAV Y
p’e = th' J-Oge ‘a; \4)

At 18 the time interval between the two model positions of Q, and Q .

The maximum amplitudes a, ai » O ,e. @ oD the osclllograph records
were measured on & Telecordex* machine and the measurements vwhich were in
digital form were plotted on semi-logarithmic paper. However, many recofds
vere measured with a rule which had one hundred divisions per inch and accurate
data were obtained. Figure 8 shows the plot of the record shown in Figﬁre 7;

A mean strajght line was drawn through the plotted points and the slope of the

line vas used to determine the decay rate.

The aerodynamlic damping coefficient may be determ;ned after correcting for
the tare damping. The tare damping was measured by oscillating the model on
the same support system in the tunnel with no flow and at various pressures
from 76 to 3.5 cm mercury absolute and recording the motion on the éscillegrapha
The curve of the damping term My versus tunnel pressure was extrapolated to
zero pressure to obtain the tare damping., Since the tare damping varied with
model oscillatory frequency, data were obtained by changing the moment of
inertia of the model and the results are shown in Figure 9. Also it was
noticed that tare demping varied with smplitude and therefore to minimize this
effect data were obtained in the 2.25° to 1,75° amplitude range for all tests
including "flow-on" and "flow-off".

The Telecordex machine is a two channel indicating and recording instrument
and is capable of measuring the amplitude of each oscillation and presenting
this measurement in recorded digital form.

15



With the tare damping moment known the aerodynamic damping moment may
be obtained. The equation is

The damping coefficient is defined as
K
kp=_9 . (5)
o™y

The coefficient nH versus Mach number for the model is shown in rlgure i0.
Included on the graph are the results of the free flight range data and a
theoretical estimate using the Zero Order Theory (presented in the appendix).

Several tests were made at Mach numbers 3.0, 4.0, and 4.50 in which the

N

Reynolds number was varied. The results are presented in an bhe

able I, As

‘0

seen there was an indication of increase of damping with increase of Reynolds
number, However, the total spread of the data was within the experimental

accuracy.

Additional tests were made in which a sand band was placed on the nose

of the model to cause the boundary layer to become turbulent. The difference

1))
'—‘-
:
4

out of four tests was less than 4 per cent which is well within the experimental
accuracy of the data (refer to Table I and Figure 10). Figures 11 and 12 are

gshadnweranh nhntne which ehnw the +vne
S80840wWgrapin pnoilee walcn 8 tne TYype

various test conditions. ©Schlieren pictures were also taken to show the

general flow over the model (Figure 13).

The test program was started in tunnel No. 3 and considerable difficulty
in measuring tl.. damping rates in the low Mach number range was encountered.

At Mach numbher 1.

73 model oscillations were induced by unsteadiness in the
flow, making it impossible to obtain reliable data. A record of such a test
is presented in Figure 14 showing the motion of the model before and after

it was tripped. As a comparison Figure 15 shows the motion of the model
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The accuracy of the data depends upon the amplitude records, moment of
inertia, and the stagnation pressure of the wind tunnel. The envelopeof an
amplitude record was measured several times by three individuals and the maxi-
mum difference in u2 was 4 percent. The moment of inertia of the model was
measured on a torsional pendulum spring electronic instrument with an accuracy
of 2 percent. The tunnel stagnation pressure was measured to within + 2 mm of

Mercury absolute of set pressure.

C. Wind Tunnel

The tests were conducted in the Ballistic Research Laboratories' Flexible
Nozzle Tunnels No. 1 and 3. They are continuous operation, closed circuit,
variable density supersonic wind tunnels with a Mach number range of 1.25 to
5.00. The test section dimensions of No. 1 tunnel are 15 inches high and 13
inches wide, for No. 3 tunnel are 13 inches high and 15 inches wide for Mach
numbers of 2.00 to 5.00 and 20 inches high and 15 inches wide for Mach numbers
of 1.25 to 2.00. The top and bottom walls of the test sections are sloped to
account for the boundary layer growth on the walls. The Mach number distri-
bution along the centerline for tunnel No. 1 are within + .008 of mean Mach
number and the flow inclination is within + .1°. For tunnel No. 3 the Mach
number distributions are within + .030 and the flow inclination is within +
.50. A schlieren optical system and a spark shadowgraph unit are used to —
make visual observations of the flow about the model.

15




III. CORCLUSIORS
1. All parts of the model which are to be used as & fixed unit should be
locked tight in order to prevent any secondary motion.

2, The mounting strut should be stiff and tight so that the motion is
essentiglly a simple ascillation about the cross points of the flexures.

3. The wind tunnel flow must be reasonably steady so that model oscil-
lations are not induced by the unsteadiness in the flow.

4. The damping coefficient is a function of Mach number and decreases
with Iincreasing Mach number for the model tested.

5. The demping coefficient 1s not very sensitive to changes in Reynolds
number or whether the boundary layer of the model is laminar or turbulent.

6. Reasonable camparisons with range data were made.

a

-

H. E. MALOY, JR.
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IV. APPENDIX

As far as the author knows no exact theory exists that predicts the

damping-in-pitch of bodies of revolution traveling at supersonic velocities.
A theory referred to as the Zero Order Theory was developed by M. Munk (Ref.

2), The following is the development of this theory:

‘.

X
I,") £

‘Z)‘?
7 X
X

= i
— \\ I St
~~ g

"x ox dt

wvhere u = @ X + U gin c:t8
S is cross sectionsal ares of model

T may be written

u _ ax a
U U 8
let a = A cos wt
8
W =@& = -Awsin wt and = <A ® = sin at
8 - [(\] U |
a X
F =pUsg |(Acoswt-Au)sina)t-ﬁ)S
L A
Now
A Aw

Then equation 8 becomes

- ~ 1 —
ooy 9% , 2
F, =pU E(ggs- +3-€‘9)| so O (o, + )5 +8
e
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The moment equation 1is

M =F .x (9)

s o4
Substituting for St » 3% and Fx and integrating over the entire

=

"

n

©

[as]
e

S Awsin wt dx - Icg A m? cos wt

5 r —
+p Ud A cos wt lfb Sb - voTJ
*p
e L[
- p U wA sin at lfbe S?J - TJ S x dx (10)
X
n
Iet 8 = A cos wt
5 = w A sin wt
5 = -w A cos wt
Then equation (10) becomes
(1] 2 - ],2l— '
M=I B+pUx2S dspt? |x 5 - volls
Mot Bapuxfa beot? fxs, - vl (1)

Consider the 8 term which is the damping moment of equation (11) and let

2
=0 II
L X

Putting equation (12) in coefficient form

S, (12)

2 a
93 X.b 0.
KA - o _ b
pUdL dh

where x_ = distance from base to cg
v

Sb = cross-section area of base

Thus for the model tested

Ky = 3.07
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TABLE I

A. N. SPINNER ROCKET MODEL

est No. Ma. No. ‘o* gzg
102,103 L.50 350 No
106,107 k.50 250 No
910,911 4,00 329 Ko
908,909 4,00 250 No
9k2,943 4.00 250 Yes
939,941 4.00 140 Yes
907 k.00 140 No
034,035 3,00 175 No
952,953 3.00 175 Yes

54,955 3.00 100 Yes

38,039 3.00 100 No
925,926 2.50 79.9  No
933,93k 1.75 8o No
*

(Cm. Hq. Abs.)

Re based on Model Diameter of 2.25"

N
O

-
I4

H

W
W
=

\N N
& B A

W\
[N
[¢)

\N
o
o
\N



T2

1 '9ld

NOTE:

'

5.0

2.0

ALL DIMENSIONS IN CALIBERS
| CALIBERS=2.250 INCHES

FiG. |

—| CAL.

5§ CALIBER
OGIVE CYLINDER

SUPERSONIC WIND TUNNELS, LAB.
BALLISTIC RESEARCH LAB,A.PGMD




cc

2914

—w» 400 p+— —»{ |}=— 187

- —-.042

1.09Q ————=
I

I T

1 1

W

|>

NOTE:
ALL DIMENSIONS IN INCHES

FiG.2

250— f— —{ l—.87

125 —

-.020

e——1.090
AN .
\

FLEXURES
JAN SPINNER ROCKET

SUPERSONIC WIND TUNNELS LAB.
BALLISTIC RESEARCH LAB.A.PG.MD.




7]

-——————
P

FIG.3

i

rFLEXURE UNIT

FLEXURE UNIT ASSEMBLY
DYNAMIC STABILITY
SUPERSONIC WIND TUNNELS LAB. FEB.
BALLISTIC_RESEARCH LAB,ARG,MD. | 1958

2




fe

STRAIN GAGES /—PISTON
BALANCE W’EIGHT—7 — FLEXURES / SUPPORT

_._|-
P A
m AR |MABATARRARUER VAR R AR IR

AIR SUPPLY
TRIGGERT—/

MODEL SUPPORT SYSTEM
DYNAMIC STABILITY

v'old

SUPERSONIC WIND TUNNELS LAB

FIG.4 |gaLLISTIC RESEARCH LAB.A.EG.MCr




&2

STRA
GAG

6
VOLTS

S'9ld

MODEL

=
T

IN -
E \;/\ Re ? —— STRUT
R,
< N\
§R, R -
AN
\/‘ \-FLEXURE
| CALIBRATION
BOX
R
oW RECORDING
> § G?) " 0SCILLOGRAPH
. 0 \
\—SAFETY WIRING DIAGRAM
SHUNT DYNAMIC STABILITY MODEL
.CALIBRATION _
SWITCH SUPERSONIC WIND TUNNELS, LAB.

FIG.5 |BALLISTIC RESEARCH LAB, A.PG.MD,




Fig. 6 Photograph of model installed in tunnel.
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Fig. T Reproduction of typical oscillograph record.
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Fig.8 Semi-logarithmic plot of oscillograph record.
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MACH NO.= 4.50
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Reproduction of an oscillograph record showing flow
disturbance in tunnel No. 3 at Mach 1.73 .
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Fig.15 Reproduction of an oscillograph record showing absence
of flow disturbance in tunnel No. 1 at Mach 1.75 .
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