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TECHNICAL MEMORANDUM X-373

FREE-FLIGHT MEASUREMENTS OF STATIC AND DYNAMIC STABILITY
OF MODELS OF THE PROJECT MERCURY RE-ENTRY CAPSULE
AT MACH NUMBERS 3 AND 9.5

By Simon C. Sommer, Barbara J. Short, and
Dale L. Compton

SUMMARY

Experimental measurements of the dynamic stability of scaled models
of the Mercury re-entry capsule in free flight at constant altitude were
made at Mach numbers near 3 and 9.5. It was found that the capsule is
dynamically unstable at these Mach numbers, and that the flow conditions
over the afterbody have a strong effect on the dynamic-stability
characteristics.

Static stability and drag were measured at Mach numbers from 3 to 1kL.

It was found that the capsule is statically stable throughout the angle-
of-attack range tested and the total-drag coefficient is invariant with
Mach number.

INTRODUCTION

After orbiting the earth, the Project Mercury capsule will re-enter
the earth's atmosphere on a shallow-angle trajectory with zero 1lift.
Studies of the oscillatory behavior of nonlifting vehicles entering the
earth's atmosphere have indicated that divergent oscillations can begin
near the altitude at which dynamic pressure is a maximum (ref. 1).
Whether divergent oscillations will or will not begin at this altitude
depends on the aerodynamic damping of the vehicle.

In support of Project Mercury, an investigation was conducted to
determine the static- and dynamic-stability characteristics of the
re-entry vehicle at two supersonic Mach numbers, approximately 3 and 9.5.
The Reynolds numbers were nominally full-scale values. In addition to

*Title, Unclassified
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the stability of the capsule, the drag was also investigated. The
investigation was conducted in the Ames Supersonic Free-Flight Wind
Tunnel and Ames Pressurized Ballistic Range. The results of this
investigation are presented herein.

cg

SYMBOLS

frontal sarea, sq £

dri%, dimensionless

©0

drag coefficiant,

lift-curve slope, per radian

pitching-moment coefficient, pltchlngﬁoment’ dimensionless
0

pitching-moment-curve slope, per radian

Xn  , _ Cm
dq(a/v)  adala/v)’

dimensionless

damping-in-pitch derivative,

maximum body diameter, ft

transverse moment of inertia, mo=, slug-ft2
constants in equation (1), deg

mass of model, slugs

Mach number, dimensionless

roll nate

T radians/ft

roll parameter,
angular pitching velocity, radians/sec

free-stream dynamic pressure, 1b/sq ft

Reynolds number based on maximum diameter, dimensionless
velocity along flight path, ft/sec

distance along flight path, ft

axial distance from model nose to center-of-gravity
position, ft
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a angle of pitch (in the vertical plane), deg
Oy initial value of maximum-angle envelope, deg (see sketch (a))
Sming initial value of minimum-angle envelope, deg (see sketch (a))
e value of maximum-angle envelope at end of flight, deg
(see sketch (a))
B angle of yaw (in the horizontal plane), deg
B damping exponents in equation (1), £t~ *
J
A wave length of pitching oscillation, ft/cycle
0 free-stream air density, slugs/cu ft
o transverse radius of gyration, ft
W rates of rotation of vectors which describe the model pitch-
4 ing motion, radians/ft
%?: reduced frequency, dimensionless
£ dynamic-stability parameter, Cp - Gk (Cp - + Cmd)(d/c)z,
dimensionless 4
Superscript
S first derivative with respect to time
EXPERIMENTS

All of the data presented in this report were obtained by firing
scaled models through enclosed free-flight facilities and recording the
model motions. The basic data required for stability and drag evaluation
are angle-of-attack and time-distance histories which are recorded by
spark shadowgraphs and chronographs. The static and dynamic stability
were obtained from the angle-of-attack histories which were analyzed to
define the wave length of oscillation and the growth or decay of the
pitching motion. Total-drag coefficients were computed from deceleration
data obtained from the time-distance histories. Two facilities were
utilized for the tests, the Ames Pressurized Ballistic Range and the Ames
Supersonic Free-Flight Wind Tunnel. The ballistic range is equipped with
24 spark-shadowgraph stations located at various intervals along its
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203-foot length. Chronographs record the time intervals between
shadowgraphs taken as the model passes each station. The wind tunnel is
similar to the range except that the models are fired through a counter-
current air stream. The test section of this wind tunnel is equipped
with 9 spark-shadowgraph stations spaced at 3-foot intervals. The wind
tunnel is described in more detail in reference 2.

Models and Test Conditions

A sketch of the model is shown in figure 1. The center of gravity
of the models was located at either 35 percent or 51 percent of the
diameter from the nose. The forward center-of-gravity position corre-
sponded to the center-of-gravity location of the full-scale vehicle
design at the time the tests were started. The noses of the models were
machined from phosphor bronze, while the afterbodies were machined from
7075-T6 aluminum. With the strong possibility that the center-of-gravity
location in the full-scale vehicle would be shifted aft, it was desirable
that a model with a more rearward center-of-gravity location also be
tested. The models for these tests were machined from titanium, with the
center of gravity located at the center of volume. The front faces of
all models except one were polished to a maximum surface roughness of
about 20 microinches. The spike shown on the back of the model (Tig. 1)
was an aid used in measuring the angular orientation of the model from
the shadowgraphs. The screw threads were used to hold the model in the
sabot during launching. Figure 2 is a photograph of two models in their
sabots. The nylon sabots were made in two pieces so that they would
separate from the model at the gun muzzle. The model axes were Amedsined
to the sabot axes with angles from @ to ho, which induced angles of
attack to the model from 2° to 2L4°, The larger model shown in figure 2
had a 1.65-inch diameter, and the smaller model had a 0.45-inch diameter.

The larger models were used for the Mach number 3 tests which were
conducted in the ballistic range. These models were launched from a
1.75-inch-diameter smooth-bore gun through still air. The static pres-
sure in the ballistic range was 11.8 psia which resulted in a nominal
Reynolds number of 2.2%10%® based on free-stream conditions and model
diameter. The average velocity of the models in the test section was
3200 feet per second. A typical variation of Reynolds number and Mach
number with distance along the flight path is shown in figure 3(a).

The smaller models were used for the higher Mach number tests in
which the models were launched upstream through a Mach number 3 air
stream in the wind tunnel. Mach number 9.5 was obtained by launching
the models with an average velocity of 4200 feet per second from a 0.50
caliber smooth-bore gun. The nominal Reynolds number of these tests
was 1.4x10°. A typical variation of Mach number and Reynolds number with
distance along the flight path for these tests is shown in figure 3(b) .
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A limited number of tests were conducted at a Mach number of 14. This
Mach number was obtained by launching the models with an average velocity
of 7500 feet per second from a 37-mm shock-heated helium gun (ref. 3).
The nominal Reynolds number for these tests was l.9x106.

Stability Data Reduction

Stability data were obtained from analyses of the pitching and
yawing motions of the models. The growth or decay of the motion is a
measure of the dynamic stability, whereas the wave length of oscillation
is a measure of the static stability. Stability parameters were obtained
by fitting the following equation to the measurements of o and g of
each flight,

(n.-iw )x ivn

i X
(ny+i,) +Eel2 2" 1 Ke (1)

B+ion=Kle

Equation (1) is the solution of the linear differential equation of
motion as given in reference 4 and rewritten here in the nomenclature of
this report. This equation includes the effects of model spin and trim
angle on the motion.

The dynamic stability was determined from the constants i and 7
by means of the relation =

A
Ay R & -gemj £ (2)
where
£ = Cp - O+ (Cmg + Cmy) (/) (3)

It has been shown in references 5, 6, and 7 that £, in the form shown
in equation (3), is a convenient parameter which describes the dynamic
stability of a vehicle in free flight at constant altitude. The values
of E& presented in this report were calculated with the assumption of a
linear system over the angle-of-attack range covered by any one flight.
Each value of ¢, therefore, is the dynamic-stability parameter of an
equivalent linear system whose amplitude of oscillation would grow or
diminish in the same way as that experienced by the model.
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The static-stability derivative was computed from the wave length
of oscillation by means of the following relation (ref. 6),

8n21
BERE &iges |
Cma 7\2pA,d (l")
where
X (5)

Tllustrations of the types of motions encountered in the present
tests, as viewed in the o - p plane, are shown in figure k. < Et ean be
seen that, in general, the data show precessing elliptical motions and
that the angle range through which the model oscillates differs for each
flight. The curves shown in the figure were obtained by use of equation
(1). The curves in figures 4(a) and (b) were obtained by dividing each
trajectory into two parts, each approximately 100 feet long and consist-
ing of about 2-1/2 cycles of oscillation. Equation (1) was then fitted
to the data from each half of each flight.l Every flight in the Mach
number 3 tests was divided in this manner; thus, two values of ¢ and Cmu
were obtained for each model flight in the ballistic range. This was
done to reduce the effects of Mach number and Reynolds number variations
and the effects of possible nonlinearities in the aerodynamic moments on
the parameters which were calculated with the assumption of constant
aerodynamic coefficients. It was not possible to divide the trajectories
from the wind-tunnel tests (figs. 4(c) and (d)) since these flights con-
sisted of less than two cycles of oscillation.

lFor example, the first half of the motion shown in figure 4(a) was
obtained from data from stations 1 through 13, and the second half of the
motion from data from stations 12 through 2k.
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RESULTS AND DISCUSSION

Experimental measurements of stability and drag of the Mercury
re-entry capsule are summarized in table I. The Mach numbers and
Reynolds numbers listed in the table are average values for the flight
or part of flight for which they are recorded. As was mentioned previ-
ously, the ballistic-range flights were divided into two parts; thus,
for example, the first part of flight test number 52 is recorded in
table I(a) as test number 52-1 and the last part as 52-2. The measured
aerodynamic parameters are recorded as ¢, Cy , and Cp. The angles
through which the models oscillated in each flight are indicated in the
table where the initial value of the maximum-angle envelope, Qg 5 the

final value of the maximum-angle envelope at the end of the flight, “mf’
and the initial minimum-angle envelope, Uping s 8Te recorded.’ These

angles are illustrated in sketch (a) below. The reduced frequency, wd/V,
and pertinent model measurements are also recorded in the table.

g R
Q
+
o
g
Qm;
—rCﬁ Minimum-angle envelope
aminl
!
. X
Sketch (a)
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Static Stability

Nominal Mach number 3.- The results of the static-stability
measurements at a nominal Mach number of 3 are presented in figure 5,
where the pitching-moment-curve slope, Cp , is plotted as a function of

Q

the initial value of the maximum-angle envelope, O - The model was
found to be statically stable for both center-of-gravity positions. It
can be seen that the model is more stable at the higher Mach number and
Reynolds number condition. The filled symbols in figure 5(a) are results
from tests of a rough-faced model and will be discussed later. Included
in figure 5 are values of CmOL computed from modified Newtonian impact

theory® which underestimates the measured values by about 50 percent.

The measured variation of stability with Qg seems to be

associated with the flow conditions over the afterbody. The shadowgraphs

show that at low angles of attack the flow was separated over the entire
afterbody (see fig. 6(a)), and that as the angle increased the flow

impinged on the windward side of the afterbody (see figs. 6(b) and (c)). -
(The parenthetic angles recorded in fig. 6 are the angles in the orthog-
onal plane.) At low angles of attack the stability decreases until the
angle of attack becomes large enough to cause flow impingement; there-
after, the stability is increased.

Nominal Mach numbers 9.5 and 14.- The results of the static-stability
measurements at a nominal Mach number of 9.5 are presented in figure T,
where Cp 1is again plotted as a function of ayp; . Included in the

a
figure are the two values of CmOL obtained at a nominal Mach number of

14. Tt can be seen that the model is statically stable throughout the
range covered by the tests and that the stability decreases with

Qe
ai

increasing Oty - Modified Newtonian impact theory again underestimates

the measured values, approximately L5 percent at oy = 2° and about

o
25 percent at ap, = 56 s

A shadowgraph from the Mach number 9.5 tests is shown in figure 8.
The shadowgraph, typical of the quality of the shadowgraphs obtained at
this condition, is of low sensitivity and most of the flow detail is
lost in reproduction. Examination of the original shadowgraphs showed
that at low angles of attack, the flow separatedsat the corner but then
impinged on the cylindrical section. In contrast, at a Mach number of 3,
the flow was completely separated over the entire afterbody (see
fig. 6(a)). At higher angles of attack and a Mach number of 9.5, the
flow appeared to be completely attached to the windward side (no flow -
impingement); whereas at a Mach number of 3, the flow separated at the

2The stagnation-pressure coefficient behind a normal shock wave was
used in place of the coefficient 2.
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corner and then impinged on the windward side. The different variations
of e with Umy at the two Mach numbers is attributed to the difference
in flow configurations over the afterbody.

Comments on flow details at nominal Mach number 5.- Two tests were
conducted at a nominal Mach number of 5 for another investigation at the
Ames Research Center. Though it was not possible to obtain stability
data from the tests, it was felt that the flow details should be discussed.
Two different Reynolds numbers were used: 1. 8xlO6, which is comparable
to the full-scale vehicle flight value, and 3.3x10°. At the lower
Reynolds number, the flow separated at the corner and impinged on the
cylindrical section of the afterbody at low angles of attack. It will
be ‘Eeealitedithat at M = 3, R = 2. o%10°, the flow was completely sepa-
rated over the afterbody at low angles of attack. Therefore, at a
Reynolds number of about 2x106, the flow pattern changed from completely
separated to impingement on the afterbody at some Mach number between
3 and 5. Further increase in Mach number from 5 to 14 had no significant
effect on the flow pattern. For the other Mach number 5 test at the
higher Reynolds number, 3. 3xlO , the flow was fully attached to the
afterbody at low angles of attack. This is illustrated in figure 9,
which is a shadowgraph from this test. It was suspected that the
attached flow was caused by the increase in Reynolds number. However,
calculations showed that the local Reynolds number at the maximum-
diameter corner was about the same for this test and for the Mach number
3 tests where the flow was completely separated. There is a strong possi-
bility, although it could not be definitely ascertained from the shadow-
graphs, that the boundary layer was turbulent on the front face of the
model with attached flow. This is in contrast to laminar flow off the
front face of the models with separated flow. Flow attachment on or
separation over the afterbody may be a function of the state of the
boundary layer as it leaves the front face.

Attached flow at M = 3.- In order to determine whether a turbulent
boundary layer on the model front face would induce flow attachment on
the afterbody, a model with the front face roughened to promote turbu-
lent flow was tested at a Mach number of 3. An undamaged model (fig. 10)
recovered from the Mach number 3 tests had on its front face an imprint
from a wire mesh screen which covered the model catcher. Since this
roughness was considered more than sufficient to trip the boundary layer
on the front face, the recovered model was tested at a nominal Mach
number of 3 and Reynolds number of 2x10° Shadowgraphs from this test
(flight no. 123) showed that the flow was turbulent and completely
attached to the afterbody at low angles of attack. A comparison of the
flow conditions over two models at the same Mach number, Reynolds number,
and angle of attack (one model with a smooth front face, the other with
a rough front face) is shown in the shadowgraphs of figure 11. The dif-
ference in the flow conditions over the afterbody is apparent. Turbulent
flow over the front face did result in flow attachment to the afterbody
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at these test conditions. The amount of roughness required to promote
turbulence over the front face was not investigated.

The static-stability results from flight number 123 are shown as
filled symbols in figure 5(a). It can be seen that attached flow on
the afterbody did not significantly affect the static stability of this
configuration.

Dynamic Stability

The results of the dynamic-stability tests are presented in
figure 12, where the dynamic-stability parameter, &, is plotted as a
function of the initial value of the maximum-angle envelope, oy - The

model was found to be dynamically unstable at all conditions tested.

Nominal Mach number 3 tests.- Figure 12(a) shows the results from
the Mach number 3 tests of the models with the forward center-of-gravity
position. Included in the figure are the results from models with smooth
(open symbols) and rough (filled symbols) front faces. The values of ¢
vary from about 2 to 5 with one obvious exception, about Bl i g
extremely high value of ¢ was measured from the test of the model with
a rough front face (test no. 123, table I(a)). As was mentioned previ-
ously, the flow over this model was turbulent and completely attached to
the afterbody at low angles of attack. This is in contrast to completely
separated flow over the afterbody of the model with a smooth front face.
The pitching and yawing motion of the rough-faced model (fig. 13) was
similar to most of the motions of the smooth-faced models; that is, the
motion showed thin precessing ellipses as viewed in the o - B plane.

The higher value of ¢, 1h4.4, was obtained from the first part of the
fllght where the maximum angle of oscillation increased from about 7 to
l9 in two cycles of oscillation; whereas the maximum-angle growth during
the last part of the flight (¢ = 2.7) was much slower, increasing from
about 17 to 22° in two cycles of oscillation. During the first part of
the flight the flow was attached to the afterbody at low angles of attack.
During the last part of the flight the flow was separated from the after-
body at low angles of attack. The attached flow observed during the
first part of the flight was, therefore, an unstable flow pattern. The
correspondence between unstable attached flow and high dynamic instability
has been observed on other configurations (ref. 8). It is pointed out

in the reference that with unstable attached flow, the high dynamic
instability is a consequence of a hysteresis loop in the static pitching-
moment curve. The possible presence of such a loop could not be deter-
mined from the present investigation since only the slope of the static
pitching-moment curve was measured.

CONFIDENTIAL
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The data from the smooth-faced models (fig. 12(a)) show two values
of £ which are lower than the trend of the rest of the data from this
model. Investigation revealed that the measured value of & was a
function of the angle-of-attack range through which the model oscillated
as well as the maximum angle of oscillation. The two points in figure
12(a) which fall below the faired curve were data from model motions
which were more circular than the other motions as viewed in the o - B
plane. A possible explanation of the lower values of & for the more
circular motions is as follows. Unpublished preliminary data from the
Langley Unitary Plan Wind Tunnel on tests of the Mercury re-entry capsule
(although at a somewhat lower Mach number, 2.2) show a region of high
dynemic instability near zero angle of attack. The two points in figure
12(a) which fall below the faired curve were data from model motions that
had minimum angles of about 4O as compared to lO or Jess forgthe tobher
motions (see figs. 4(b) and 4(a) and colum op; in table I(a)). If a
similar highly unstable region exists at Mach number 3, the flights with
4° minimum angles would be expected to have lower values of & than the
flights with the same maximum angles which oscillated through or near
zero angle of attack.

Figure 12(b) shows the dynamic-stability results from the Mach
number 3 tests of the models with the aft center-of-gravity position.
Also shown in the figure is the faired curve from figure lE(a). rhe
data from the first part of the range flights, at the higher Mach number
and Reynolds number, show a strong increase of instability with amplitude;
whereas the data from the last parts at the lower Mach number and Reynolds
number show a small variation of £ with amplitude. This effect of Mach
number and Reynolds number on the dynamic stability of the models with
the aft center-of-gravity position did not appear in the data for the
models with the forward center—-of-gravity position. The reason for this
is unknown but is believed not to be experimental error.

Nominal Mach number 9.5.- The dynamic-stability results of the Mach
number 9.5 tests are presented in figure 12(c). As can be seen in the
figure, the dynamic instability becomes less severe with increasing amj
at this Mach number. A comparison of these data with the Mach number
3 data (fig. 12(a)) shows that there is a strong dependence of ¢ on
Mach number as well as on amj -

The, value of E  at g = 20 is of lower reliebility than the

other data in figure 12(c). This is due to the fact that experimental
errors in measuring angles of attack have larger effects on £ 1in the
low-angle range. For example, the estimated scatter in the angle
messurements eould alter the values of & -in.tWe-higher om; range by
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+5 percent; whereas the same amount of scatter could alter the value of
g at A, = 2° by as much as #25 percent. The trend of the data,

however, (the increased instability at low angles) strengthens the
conjecture mentioned previously in connection with the Mach number 3
data of a possible highly unstable region at low angles of attack.

A study of the shadowgraphs from the Mach number 9.5 tests showed
that at low angles of attack the flow separated from the body at the
maximum-diameter corner and then impinged and reattached on the cylin-
drical section of the body. It was deemed desirable to determine how
the dynamic-stability characteristics would be affected 1f the ‘corner
were rounded to promote attached flow over the afterbody. One model
with a rounded corner (corner radius equal to one-tenth of the maximum
diameter) was tested at a Mach number of 9.96. It was extremely dif-
ficult to ascertain whether the flow was different from the flow over
the basic configuration. The results from this one flight at gy = M.23O

showed considerably greater instability than the basic configurations,

£ =T.78.
Drag

Drag coefficients were determined from the deceleration of the
models by the procedure described in reference 9. These total—drag
coefficients are plotted as a function of Oy in figure 14 and are

tabulated in table I. Figure 14(a) shows the data from the Mach number
3 tests for both center-of-gravity positions. It can be seen that the
drag decreases slightly with increasing Oy - Included in the figure
are values of Cy computed from modified Newtonian impact theory. The
theory is in good agreement with the measured values, about 5 percent
high at op, = 12°. Figure 14(b) shows the data from the Mach number

9.5 and 14 tests. Included in the figure are values of Cp computed from
modified Newtonian impact theory. The theory overestimates the measured
values by about 5 percent at my = 20 and about 15 percent at omg = 6%,
When these data at Mach numbers 9.5 and 14 are compared with the data at
Mach number 3 (fig. 14(a)) it can be seen that the drag is invariant with
Mach number.

CONCLUDING REMARKS

Experimental measurements of the stability characteristies of the
Mercury re-entry capsule in free flight at constant altitude have been
made at Mach numbers from 3 to 14. Results of this investigation can be
summarized as follows.
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This configuration is dynamically unstable at Mach numbers near 3
and 9.5. The values of the dynamic-stability parameter range from about
1 to 6 for the design configuration when the flow was separated over the
afterbody. At a Mach number of 3, a value of the dynamic-stability
parameter of 1Lk.4 was measured for a model with a roughened front face.
The turbulent flow caused by the roughness resulted in a completely
attached turbulent boundary layer on the afterbody. Not only was the
dynamic stability adversely affected by the attached flow, but it can be
presumed that the aerodynamic heating on both the front face and the
afterbody would also be adversely affected. At a Mach number of 9.5,
rounding the corner of a model to promote attached flow over the
afterbody also adversely affected the dynamic stability.

The model is statically stable at Mach numbers from 3 to 14. The
static stability was found to be a function of the flow conditions over
the afterbody as well as the maximum angle of oscillation.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., April 19, 1960
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TABLE I.- TEST CONDITIONS AND FINAL DATA
2
L -8 c “mys| Ymps| Fmings| o4 | Xeg | a, Iyx10°
number M Rx10 g g ‘D deg deg deg e in. % sll‘}fg(-fté
(a) Nominal Mach number of 3, forward center-of-gravity position
52-1 3.23 2.45 | 2.60 | -0.247} 1.53| 4.90| 5.89| 1.01]0.018 0.347| 1.650 | 6.88 2.59
52-2 2.61 1.98 | 2.85} -.2221 1.53| 5.99( 7.48| 1.37| .018 .347 | 1.650 | 6.88 2.59
53-1 32 2.4h 1 k.13] -.263f 1.52| 8.75| 11.82 1.13| .019| .3M8 | 1.650 6.88 2.59
53-2 2.58 1.96 | 4.75 | -.267} 1.52 11.71| 17.07 70| .019| .348| 1.650 | 6.88 2.59
54-1 3.20 2.42 | 2.68 -.258 1 1.5 L.hlh| s5.48 A5 .019 .348 | 1.650 | 6.96 2.58
54-2 2.62 N8 3.250 ] —i230 sk 5. 380 C 6 img .38 | .018| .348 | 1.650| 6.96 2.58
61-1 31T 2.39 | 2.13| -.248) 1.51| 10.46| 12.45| 3.53| .019| .38 | 1.650 6.98 2.58
61-2 2.57 1.9% | 3.89 | -.259| 1.51| 12.19| 16.02 | k.4o 019 .348 | 1.650 | 6.98 2.58
123-1 3.14 2.34 114.38 | -.229| 1.48 | 7.21| 19.57| 2.15| .018 .348 [ 1.650 | 6.98 2.58
123-2 2.53 1.88 | 2.71 | -.256| 1.48 | 17.70| 21.74 | 1.60| .o19 .348 | 1.650 | 6.98 2.58
(b) Nominal Mach number of 3, aft center-of-gravity position
89-1 3.02 218 | 2.52 | -.216|1.53| 5.32| 6.45 -03 [ .0l7| .508 [1.650 | 6.43 2.88
89-2 | 2.35 | 1.90 | 5.15 [ ~-.192}1.53 | 6.33| 9.37 07 | .016f .508 | 1.650/ | 6.43 2.88
90-1 2.96 2.37 F 1.97 | --255}1.55 | 2.97( 3.8 <30 | 018} 508 1.65L1 | 6.42 2.89
90-2 2.35 1.89 | 5.06 | -.201|1.55| 3.53| 5.60 90 [ «016 | 508 | 1651 11602 2.89
91-1 3.00 2.39 | 4.58 | -.225|1.51( 6.59| 9.03| 1.18| .o17| .509|1.650 | 6.41 2.89
91-2 2.39 1.90 | 5.74 | =.227| 1.51 | 9.56 | 14.86 97 | 1017 | 3509 sl c6508 6 it 2.89
98-1 3.03 2.39 | 5.00 | -.239|1.52 | 7.78 | 11.14 | 1.96| .017| .513|1.651 6.34 2.94
98-2 2.48 1.97 | 5.05 | -.239[1.52 |10.7h | 15.82 | 2.52 | .017| .51312.651 6.3k 2.94
(c) Nominal Mach number of 9.5, forward center-of-gravity position
479 9.58 144 | 1.34 | -.239 {1.54 | 6.28| 6.71| 1.08 013 | .359| .450 | 6.94 3.93
480 9.32 iho 1 3. o0u |~ 207 | 152 K961 130,18 641 L0121} .360 | .450 | 6.95 3.88
501 9.80 1.44 | 0.86 | -.179 [ 1.4k [21.11 |21.72 <TOsf sl = (3R Chisod] MELal 3.92
506 9.22 | 1.35 | 4.86 | -.26L |1.56 | 1.88 | 2.38 | 1.23| .013| .358 | .450 | 6.80 3.97
518 9.54 1.38 | 1.60 | -.240 |1.50 [ 5.38 | 5.89 | 2.70| .012 .361 | .450 | 6.87 3.94
(d) Nominal Mach number of 1k, forward center-of-gravity position
573 3T 1.94 - -.177 | 1.43 |24.00 - 4.00 | .010| .358 | .451 | 6.87 3.96
576 13.89 1.94 - -.190 | 1.52 |12.30 - 4o | .o11) .358 | .450 | 6.89 3.96
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Figure 2.- Photograph of models and sabots.
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Figure 3.- Typical Mach number and Reynolds number variations.
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(a) M= 3 (Ballictir_ranne test #53) T

Figure L4.- Typical pitching and yawing motions.
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Figure 4.- Continued.
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Figure 5.- Static-stability results at a nominal Mach number of 3.
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(a) Separated flow, o = 0.7° (B = 0.9%), M = 3.4, R = 2.62x10°.

Figure 6.- Typical shadowgraphs from ballistic-range tests at a nominal Mach number of 3.
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(b) Flow impingement, o = 6.3° (g = 9.2°), M = 3.03, R

Figure 6.- Continued.
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Figure 7.- Static-stability results at a nominal Mach number of 9.5; xcg/d = 0.36%
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Figure 10.- Photograph of model with rough front face
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(a) Separated flow (smooth-faced model), a = 2.0° (p = 0.9%), M = 3.28, R = 2.50x10°.

Figure 11.- Comparison of flow details for smooth- and rough-faced models at the same test conditions.
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(b) Attached flow (rough-faced model), o = 2.4° (B = 0.90), M = 3.28, R = 2.4kx10°.

Figure 1ll1.- Concluded.
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Figure 12.- Dynamic-stability results.
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Figure 13.- Pitching and yawing motion of rough-faced model (test no. i T
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Figure 14.- Drag results.
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