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"For model 6 a value of Cmq of about -3 was calculated by

using Newtonian theory. This is about 1/3 to 1/6 of the experimental
values."

Pages 12 to 14: 1In table II, all values for Cm, and Cmq + Cmg

(columns 6 and 7) should be negative in agreement with figures 6
and 7.
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RESEARCH MEMORANDUM

SOME EFFECTS OF REYNOLDS NUMBER ON THE
STABILITY OF A SERIES OF FLARED-BODY AND BLUNTED-CONE
MODELS AT MACH NUMBERS FROM 1.62 TO 6.86

By Alan B. Kehlet
SUMMARY

An investigation of some effects of Reynolds number on the stability
of a series of flared-body and blunted-cone models at Mach numbers from

1.62 to 6.86 has been conducted in three Langley wind tunnels. The
Reynolds number range covered was from 0.51 X 106 per foot to 24.0 x 106

per foot. The results showed that Reynolds number had a pronounced
effect on the static stability of the flared-body models at the lower
Mach numbers. Increasing the flare length increased both the static
stability and the damping in pitch. Addition of a transition strip
increased flare effectiveness. The blunted-cone models tested only at.
a Mach number of 6.86 exhibited better damping characteristics than the
flared-body models at the same Mach number.

INTRODUCTION

Some effects of Reynolds number on the stability of a series of
flared-body and blunted-cone models at Mach numbers from 1.62 to 6.86
are reported in this paper. The original purpose of these tests was to
develop an air-flow indicator suitable for use on high Mach number pilot-
less aircraft; however, since a wide range of Reynolds numbers was
covered, the data were deemed of interest as an indication of the char-
acteristics of low-fineness-ratio flared-body and blunted-cone ballistic

missiles.

During entry into the earth's atmosphere, a ballistic missile trav-
erses a wide range of Mach numbers and Reynolds numbers. It is desir-
able that the missile be statically and dynamically stable at all Mach
numbers and Reynolds numbers in order to reduce miss distances and high
local heating in regions other than the nose. Flared-body configurations
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have attracted interest because of their stability in pitch and yaw at
supersonic speeds (see ref. 1) and also because the flare offers advan-
tages from a heating standpoint over conventional fins. The data of
reference 1 show, however, that shock-wave—boundary-layer interaction
tends to separate the flow from the junction of a flare with the body
of the missile. It is known that separation affects the 1ift and static
stability of a flared-body missile (ref. 2); however, little is known
about the effect of separation on the damping.

These tests were conducted in three Langley wind tunnels by using
a single-degree-of-freedom, free-oscillation technique and covered Mach
number and Reynolds number ranges of 1.62 to 6.86 and 0.51 X 10°

to 24.0 x 106, respectively. These results are limited in that force
data were not obtained and, therefore, center-of-pressure locations
cannot be determined.

SYMBOLS
A base area of model 1, sq ft
i moment of inertia, in pitch or yaw, slug-ft2
P period of oscillation, sec
R Reynolds number per foot
Tl/2 time to damp to one-half amplitude, sec
v velocity, ft/sec
Cl . center of gravity
d base diameter of model 1, ft
q dynamic pressure, lb/sq ft; pitching velocity, radians/sec
t time, sec
o angle of attack, deg
B angle of sideslip, deg
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C static stability parameter about center of gravity,
"o 2
b I, per radian
qAdP
C + €, damping-in-pitch parameter about center of gravity,
m ms
ad  a -5
av 2v _ M Oé 2 V, per radian
gAd Tl/2

A dot over a symbol denotes the derivative with respect to time.
MODELS, TEST TECHNIQUE, AND TEST FACILITIES

Models

gide-view drawings of the models (bodies of revolution) are shown
in figure 1. The flared-body models consisted of an ogive or a hemi-

spherical nose section, a l%— caliber cylinder, and a cone frustum tail

having a semiangle of 20°. The cone frustum varied in length from about

l% to l% calivers. The diameter of the cylindrical section was 1 inch.
One of the cone-shape models consisted of a blunted 10.7O cone; the
others, an ogive nose section followed by a cone frustum having a semi-

angle of about 8°.

Each model was mass balanced so that the center-of-gravity station
corresponded to the pivot line of the sting mechanism. The static~-
stability and damping-in-pitch data presented herein are referenced to
the center-of-gravity position shown in figure 1. Mass characteristics
of each model are given in table TI.

Test Technique

A photograph of a typical wind-tunnel setup is shown in figure 2.
Measurements of angle of attack and angle of sideslip were made by
mounting the various models on the sting mechanism of a standard NACA
air-flow-direction pickup (ref. 3). This mechanism allowed the models
to oscillate in both the angle-of-attack and the angle-of-sideslip
planes. The tests were analyzed by using a single-degree-of-freedom,
free-oscillation technique. At each test condition, the model was held
in an out-of-trim position in the angle-of-attack plane and then
quickly released. From the resulting motions, the static stability CmOL
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was determined from the periods of the oscillations and the damping in
pitch Cmq g Cm& from the time to damp to one-half amplitude. (See

section entitled "Symbols.")

Recording equipment consisted essentially of standard NACA FM
telemeter components. The variable-inductance pickoff coils of the
pickup channels were connected to an oscillator; the oscillator output
was heterodyned and fed into a frequency discriminator connected to a
recording oscillograph.

Test Facilities

The models were tested in three Langley wind tunnels at Mach num-
bers of 1.62, 2.62, 4.06, and 6.86 with Reynolds number variations at
each Mach number. The model test ranges for each Mach number are given
in table IT.

Tests at Mach numbers of 1.62 and 2.62 were conducted in the Langley
9-inch supersonic tunnel. This tunnel is a continuous-operation complete-
return type in which the absolute stagnation pressure may be varied and
controlled from about l/lO atmosphere to about 4 atmospheres. The stag-
nation temperature and dewpoint may also be varied and controlled. The
Mach number is varied by interchanging nozzle blocks which form test
sections approximately 9 inches square.

Tests at a Mach number of 4.06 were conducted in the Langley 9-
by 9-inch high Mach number jet. A description and a calibration for
this facility are given in reference k.

Tests at a Mach number of 6.86 were conducted in the Langley 1ll-inch
hypersonic tunnel. This tunnel is equipped with a single-step two-
dimensional nozzle which is constructed of Invar and operates at an
average Mach number of 6.86. There exists no published calibration for
the Invar nozzle. More detailed information concerning this test facil-
ity may be found in reference 5.

ACCURACY

The probable uncertainties in the test data due to the accuracy
of the recording equipment and to the technique used in each tunnel
are listed in the following table:
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Mach Accuracy
number
M R per foot a, 1b/sq ft, percent
1.62 +0.01 £0.01 X 106 4]
2.62 01 Ok 3.
4.06 .04 .30 3
6.86 a0 .30 10

Because of the original purpose of the investigation, only qualita-
tive results were required from the tests conducted at M = 4.06 and 6.86.
Tests at these two Mach numbers were made before the Mach number and
settling-chamber stagnation temperature had stabilized; hence, the poor

accuracy .

From the periodic calibration of the sting mechanism during the
tests, the absolute value of angle of attack and angle of sideslip is
estimated to be 0.20° at all Mach numbers.

RESULTS AND DISCUSSION

The test results for each model at all Reynolds numbers tested are
given in table II. Representative parts of the data are presented in
figures % to 7, and schlieren photographs of some of the tests are
shown in figures 8 to 10.

General Data Characteristics

Examples of the resulting motions for which the damping parameter
Cm + C_. was obtained and those for which it was not obtained are
q
shown in figures 3 and 4, respectively. In figure 3 only the angle-
of-attack data are shown, since, throughout the test time, the angles
of sideslip were zero. Values of Cmq + Cm& were not obtained from the

model motions shown in figure 4 because of either undamped oscillations
or motions in both planes. The reason for the motions in both planes

is unknown. At Mach numbers and Reynolds numbers at which this type

of motion occurred, it may be that at angles of attack the flow along
the body was no longer axially symmetric and a vortex type of flow was
established. Releasing the models at lower initial angles in some

cases reduced or eliminated the motions in the sideslip plane. Release-
mechanism and internal-sting interferences are also possible causes.
Calculating the resultant of the two motions resulted in most cases in
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a "beat" type of damping with little or no change in frequency. The
frequency of the angle-of-attack oscillation was used to calculate static
stability when results as shown in figure 4 were obtained.

The variation of half-periods and amplitude ratios with time for
model 1 at a Mach number of 4.06 is shown in figure 5. It may be noted
that the periods and the logarithmic decrements (and therefore the static
stability and the damping parameter, respectively) are nonlinear with
angle of attack. The nonlinearity is a function of the flow separation
at the body-flare junction. The amount of flow separation of model 1
at a Mach number of 4.06 can be seen in figure 10. With pronounced flow
separation (figs. 8 and 9), the static stability and the damping in pitch
decrease as the angle of attack is increased. Tests conducted on a cone-
cylinder with a large base flare (ref. 2), show that with pronounced flow
separation, nonlinearities in normal force and center of pressure with
angle of attack occurred in the same manner as nonlinearities in static-
stability and the damping-in-pitch parameter with angle of attack occurred
in the present test.

Static Stability
The variations of the static stability parameter Cma as a func-

tion of Reynolds number at the several Mach numbers are shown in fig-
ure 6. The static stability data were calculated for the angle-of-
attack range given in table II. Reference to this range is of para-
mount importance when comparing models. Also included in figure 6 are
the flared-body-model data of references 6 to 8, interpolated to conform
to the same cylinder and flare lengths and center-of-gravity positions

as the present models, and Newtonian theory Cma for model 6. The

reference models had surface roughness applied to the nose tips to reduce
flow separation at the body-flare junction.

At Mach numbers of 1.62 and 2.62, Reynolds number (over the range
covered) has a pronounced effect on the static stability. At M = 1:62,

increasing R from about 0.5 X lO6 to 2.0 X lO6 decreases Cma to

approximately 1/5 thatwat R = 0.5 X% 106. A1l models tested were stat-

ically stable at M = 1.62 although schlieren photographs at this Mach
number (fig. 8) show extensive separation over the flare at the lowest
R tested (highest value of Cma). At M = 2.62, variations in R

produced results similar to those at M = 1.62, except that as R
decreased, C increased to a peak value and then sharply decreased.

Hoy
Tests conducted at lower values of R than shown in figure 6(b) (table II)

* TCONFIDENTE
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resulted in model static and dynamic instabilities. Schlieren photo-
graphs of models 1, 2, 3, and 5 at M = 2.62 are shown in figure 9.
It may be noted in figure 9 that at values of R for which the models
are unstable, the shock formations (except for model 1) are ragged and
do not have the M = 2.62 shock angles. Since models 1 and 5 had the
same nose shape, the reason that model 1 does not have the same shock
formation as model 5 at the low Reynolds numbers is unknown.

Addition of a transition strip to model 1 (model 2) increased the
flare effectiveness (see fig. 6(b)). Model 3 data were not faired
because of the low oscillation amplitude.

An increase in static stability with a decrease in Reynolds number
was also noted in tests conducted on an ogive~cylinder body at M = 1.98
and presented in reference 9. The tests at M = 1.98 were made at

Reynolds numbers of 1.56 X 100 per foot, and 4.68 X lO6 per foot which
are within the changing Cma range shown in figures 6(a) and 6(b).

Over the Reynolds number range covered at M = 4.06 and 6.86,
Reynolds number had little effect on the static stability. It may be
that the Reynolds numbers tested were not low enough to determine
whether C varied in a manner similar to M = 1.62 and M = 2.62;

Moy,
however, schlieren photographs of models 1 and 5 at M = 6.86 (fig. 10)
show extensive flow separation over the flare similar to the lower
Reynolds number tests at M = 1.62 (fig. 8). The blunted-cone models
(tested only at M = 6.86) were designed and built as a result of the
flared-body tests. It was believed that the cone models would be less
sensitive to Reynolds number effects than the flared-body models. The
blunted-cone model (model 6) exhibited a degree of static stability
between the short flare model (model 1) and the long flare model (model 5).
The ogive nose-cone models exhibited less static stability than the
short flare model.

It may be noted that throughout the Mach number and Reynolds num-
ber ranges, increasing the flare length increased the static stability.
At Mach numbers where comparisons could be made, the results of the
present tests and the results of references 6 to 8 are in good agreement.

Damping in Pitch

The variation of the damping-in-pitch parameter (Cmq + Cm-) with
Q

Reynolds number and as a function of Mach number is shown in figure 7.
Because the damping varied with amplitude in most cases and because of
possible friction effects in the sting mechanism, the results presented
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oscillations in both planes such that as o damped B diverged d

(fig. 4), no values of the damping parameter were obtained.

The friction in the sting mechanism and, consequently, the amount
of artificial damping, is a function of the model drag. Since the

differences in total drag at a constant Mach number are small for all
the models in the present test, comparisons of the damping in pitch

4
in figure 7 should be treated as qualitative data. Where there were
|
|

between the models may be made even if the absolute magnitude is in
error.

Generally, increasing the flare length on the flared-body models
resulted in increased values of Cmq + Cmd. Models 1 and 5 when tested
at M = 6.86 were instrumented in one plane only although they were
allowed to oscillate in both planes. Model 5 at M = 6.86 exhibited a
value of zero damping in pitch at the amplitude shown in table TII.
Model 1 exhibited damping in the a-plane at this Mach number, but visual -
observation indicated that the model may have been continuously oscil-
lating in the B-plane; for this reason, the damping results of model 1
at M= 6.86 are not presented. The cone models (M = 6.86) exhibited .
good damping characteristics at Reynolds numbers where the flared-body
models were believed to have zero values of damping in pitch. For
model 6 a value of Cmq of about 40 was calculated by using Newtonian

»

theory. This is from two to four times greater than experimental values.

Because of insufficient data, effects of Reynolds number on the
damping in pitch can not be ascertained. It is of interest to note that
at a constant Reynolds number, the presence of static stability does not
necessarily indicate the presence of damping in pitch; for example,
model 3 at M = 2.62 and model 5 at M = 6.86.

CONCLUDING REMARKS

An investigation of some effects of Reynolds number on the stabil-
ity of a series of flared-body and blunted-cone models at Mach numbers
from 1.62 to 6.86 has been conducted. The Reynolds number range varied

Trom Okl 106 per foot to 24.0 X 106 per foot.

Reynolds number variation had a pronounced effect on the static
stability of the flared-body models at the lower Mach numbers. At a
Mech number of 2.62, where a "critical" range of Reynolds numbers was -
covered, decreasing the Reynolds number increased the static stability
to a peak value; a further reduction in Reynolds number resulted in
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static and dynamic instabilities. At a Mach number of 1.62, over the
range of Reynolds numbers covered, decreasing the Reynolds number
increased the static stability. Reynolds number variations had little
effect on the static stability at Mach numbers of 4.06 and 6.86 probably
because of the small range covered. Increasing the flare length increased
the value of the static stability and the damping in pitch. The addition
of a transition strip increased the flare effectiveness.

Because of possible friction effects in the sting mechanism, the
damping-in-pitch results are to be treated as qualitative data. However,
since the friction is a function of model drag and at a constant Mach
number the differences in drag are small, comparisons of models at a
constant Mach number may be made. The cone models tested only at a Mach
number of 6.86 exhibited better damping characteristics than the flared-
body models at the same Mach number.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 8, 1957.
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TABLE I.- MODEL MASS CHARACTERISTICS

Model Moment of inertis, Weight,

number Slug_ftg 1b
g 0.3270 x 10~% 0.1687
2 .3280 .1709
3 .293%6 .1645
L .3495 L1687
5 L4111 TS
6 .2956 .1420
T 3272 .1702
8 .3820 Wi Sl
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TABLE II.- MODEL TEST RESULTS
(a) M= 1.62

Model R a, 12 T1/2, Cm, Der Cmg + Cmg a,

number | per ft 1b/sq ft| sec b radian |per radian deg
0.51 x 18] 104 0.058 | 0.360 | 2.45 19.43 845 0
L .98 197 0k9| .205| 1.8 18.02 5.0
1.90 38% Mol -y = Tk Tl Wi e 85,0
L 0.51 x 108|104 0.048| 0.255| 3.8% 29.%2 +4.0
.98 196 O0U1 | 155 2.79 25.60 0
5 0.51 x 100 10k 05050 |thautan o is o 845.0
1.91 %83 Toil R PN R TSI RS 8l.0

85ome B oscillations (see fig. 4).
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TABLE II.- MODEL TEST RESULTS - Continued
(b) M= 2.62
Model R a, P, T1/2’ Cm, PeT Cmq + Cm& a,
number | per ft 1b/sq ft | sec sec radian |per radian | deg
0.62 x 106 108 Statically and dynamically unstable
1 4 106 182 neutral stability at a =0
1.15 199 0.040 ® 2.70 0 +3.0
1.3k 232 .038 | 1.140 | 2.56 ‘ %.55 2.5
0.5% x 100 92 Statically and dynamically unstable
2 T 100 neutral stability at a = 0
.62 108 0.075 | 0.250 1.%2 34 .87 +5.0
1.08 x 100 187 0.034 ® 3.57 0 $1.5
3 do7 219 .030 % 3.91 0 8 1P
1.53 266 .040 | 0.120 1.81 26.40 3.0
0.46 x lO6 79 Statically and dynamically unstable
L .63 10T Statically and dynamically unstable
.97 166 0.048 | 0.940 2.40 6.43 .5
%3 539 L2 | —mmm- .97 - g
0.48 x 106 81 Statically and dynamically unstable
5 .68 116 0.059 [1.52 2.67 6.69 245.0
<97 165 .0hk2 | .81 %.T1 8.83% 3.5
AL 12 533 .038 | ~=-- 1.40 ———— az,
#Some B oscillations (see fig. L).
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TABLE IT.- MODEL TEST RESULTS - Concluded

(¢) M= 4.06
Model R iy P, |T1i/2>| Cm, Per Cmq % Cmd Gy
number | per ft 1b/sq £t | sec e L R deg
1 17,8 % 106 1700 0.030 | 0.055 0.56 10.45 +5.0
24.0 2380 .030 | .0%2 40 12.83% 5.0
2 24k.0 2380 0.040 | 0.023 0.23 Aty A +5.0
3 24 .0 2380 0.0%2 | 0.039 0.32 9.45 +5.0
5 17.2 1700 0.022 | 0.056 1.31 12.91 +5.0
24.0 2380 .021| .0%9 1.03 1%.24 5.0
(d) M= 6.86

Model R a, p, Tl/g, cmOL per Cmq B Cma a,
number | per ft 1b/sq ft| sec age radian | per radian | 9€8
1 | 3.10 x 106 k8o " | 0050 [Se--- 061 | [n e bi5.0
k.40 630 LT | mmmem 62 | —eme- 5.0

2.70 380 0.040 o 1.78 0 +5

5 3.30 480 .0%7 o 1.6k 0 6
4.50 630 .033 |  w 157 0 6

6 1.60 195 0.058 | 0.419 1.18 1795 )
3.40 490 .039 | .293 1.0k4 10.31 5

7 1.60 200 0.152 | 0.216 0.19 37.0k4 +5
3.00 485 .099 | .191 .18 17.74% 5

8 1.50 200 0.102 | 0.311 0.48 29.94 +5
3.10 k90 .067| .187 146 20.94 5

bDamping characteristics gquestionable.
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Figure 1.- General arrangement of eight models.
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Figure 1.- Concluded.
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Figure 2.- Photograph of model, instrumentation, and typical wind-tunnel setup.
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(a) Model 1; M = 1.62; (b) Model 2; M = 2.62;
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Figure .- Some time histories of motions for various models, Mach numbers, and Reynolds numbers,
for which values of damping were obtained.
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Figure 4.- Some time histories of motions for various models, Mach numbers, and Reynolds numbers,
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(b) Model 1; M = 1.62; R = 1.90 x 10° per foot.
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(d) Model 5; M = 6.86; R = 2.70 X 100 per foot.

Figure 4.- Continued.
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Figure 4.- Concluded.
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(b) Variation of amplitude ratios with time.

Figure 5.~ Variation of half-periods and amplitude ratios with time.

Model 1; M = 4.06; R = 17.2 x 100 per foot.
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Figure 6.- Variation of static stability parameter CmCL as function of Reynolds number at

M= 1.62, 2.62, 4.06, and 6.86. Reference area is base area of model 1.
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