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AERODYNAMIC CHARACTERISTICS IN PITCH OF A 1/7-SCALE MODEL
OF A TWO- AND THREE-STAGE ROCKET CONFIGURATION
AT MACH NUMBERS OF 0.4 TO 4.63

By William F. Hinson, Richard A. Langhans,
and Roger H. Fournier
Langley Research Center

SUMMARY

An investigation has been conducted to determine the longitudinal stability charac-
teristics of the upper two- and three-stage combinations of a four-stage solid-propellant
unguided rocket research vehicle. The stages tested were stabilized by trapezoidal cru-
ciform fins. Test Mach number range for the three-stage configuration was 0.4 to 1.0;
for the two-stage configuration, 0.4 to 4.63. Angle-of-attack range was approximately
-4% to 14°. Reynolds number ranged from 1.5 x 106 to 3.4 x 106 per foot (4.92 % 108 to
11.14 x 106 per rneter). The general aerodynamic characteristics of normal-force,
pitching-moment, and drag coefficients as a function of angle of attack and Mach number
are presented.

INTRODUCTION

In the past decade several flight experiments have been conducted with an unguided
solid-propellant rocket research vehicle which consisted of an Honest John, Nike, and
TX-T7 rocket motors as stages 1, 2, and 3, respectively. Vehicle geometry and number
of stages above stage 3 have varied depending upon the particular flight experiment. At
present a four-stage version of the vehicle is being utilized in the Pacemaker flight proj-
ect to study spacecraft heat-shield materials. The fourth stage consists of a Recruit
solid-propellant rocket motor and spacecraft.

Several flights have been conducted in the project; two of the experiments are
reported in references 1 and 2. During these and other flights of this vehicle, some
trajectory deviations were noted during the flight of the upper three stages. These devia-
tions were not critical to the experiment but did cause some changes from the desired-
test-phase environmental conditions. Therefore, to exercise more control of the condi-
tions during the test phase for follow-on flights, it was found necessary to ignite the third
stage by ground command. Ground command procedures had to be generated by preflight
computer trajectory analysis which required the use of aerodynamic coefficients over the



particular flight regime. Experimental aerodynamic coefficients for the present vehicle
geometry in this flight regime were not available for the computer study. Since some of
the aforementioned trajectory deviations could be attributable to aerodynamic anomalies,
it was required that experimental aerodynamic coefficients be obtained for the upper
three- and two-stage configurations through the speed ranges which these stages would
experience in flight. References 3 and 4 present experimental supersonic aerodynamic
coefficients for similar configurations; however, the fourth-stage geometry differs mark-
edly from that reported herein.

A 1/7-scale model of the present upper two stages was tested over a Mach number
range of 0.4 to 4.63, the upper three stages being tested over a Mach number range of 0.4
to 1.0. Angles of attack were approximately -4° to 14°. Reynolds number, depending
upon Mach number, varied between 1.5 X 106 and 3.4 x 106 per foot (4.92 % 106 and
11.14 x 106 per meter).

SYMBOLS

The aerodynamic force and moment data are referred to the body-axis system with
the moment reference center located at body station 36 for model 1 and station 57 for
model 2. (See fig. 1.)

A cross-sectional area of model maximum cylinder diameter

Axial force

Ca axial-force coefficient (does not include CA,b), A
1%

Base axial force

Cab base axial-force coefficient,

(4 qooA
Ca axial-force coefficient at o= 0°

,0

Pitching moment /.,° + ...
Cm pitching-moment coefficient, g e
q,.Ad
Cmgy slope of pitching-moment curve through o = 0°
CN normal-force coefficient, Normal force
QoA

CNgy slope of normal-force curve through « = 0°
d maximum cylinder diameter of particular model




M, free-stream Mach number

a, free-stream dynamic pressure
o angle of attack of model center line
Xep center of pressure measured from model base,
Xcp - Xmoment reference _  Cmgy
d CNa lg=00

Fin designations:

Fq fins for rear stage of model 2, represents a full-scale area of 2.75 ft2
(0.255 m2) exposed area per panel

Fo9 fins for rear stage of model 2, represents a full-scale area of 3.25 ft2
(0.302 m2) exposed area per panel

F3 fins for rear stage of model 1, represents a full-scale area of 2.0 {t2
(0.186 m2) exposed area per panel

Fy fins for rear stage of model 1, represents a full-scale area of 2.5 ft2
(0.232 m2) exposed area per panel

APPARATUS AND METHODS

Models

A sketch of the models tested, the model designations, and detailed dimensions are
shown in figures 1 and 2, Model photographs are presented in figure 3. The model body
was constructed from aluminum; the fins were constructed from stainless steel. Model 1
represents the upper two stages and spacecraft of the operational four-stage solid propel-
lant Pacemaker unguided rocket vehicle. Model 2 represents the upper three stages and
spacecraft of the same vehicle. For purposes of clarity, the model stages are labeled 1,
2, and 3, stage 3 being the uppermost stage with the scaled spacecraft attached. (See
fig. 1.) The spacecraft nose is a hemisphere segment tangent to a 6° half-angle cone
- frustum which is followed by a short cylinder. The cylinder diameter is larger than the
stage 3 diameter; therefore, an inverse cone frustum with half-angle of about 3° is used



to connect the spacecraft to stage 3. Stage 3 is stabilized by a 10° half-angle flare and
is attached to stage 2 by an inverse cone frustum of approximately 50 half-angle.

Fin dimensions and designations are presented in figure 2. For stage 1 fins Fj1
and Fg were sized to represent a full-scale area of 2.75 £t2 (0.255 m2) and 3.25 ft2
(0.302 m2) exposed area per panel. For stage 2, fins Fg and Fyq were sized to represent
a full-scale area of 2 ft2 (0.186 m2) and 2.5 ft2 (0.232 m2) of exposed area per panel.
For model 2 the fins were interdigitated. Fins F1 and F3 were scaled from standard
flight fins used with the Nike and TX-77 rocket motor, respectively. The larger fins F3
and F4 were scaled from proposed full-scale fins which represents an area increase of
1/2 square foot per panel over the standard fins.

Tunnels

The investigation was conducted in the Langley Unitary Plan wind tunnel and also
in the Langley 8-foot transonic pressure tunnel. Because of model length, model 2 was
tested only in the Langley 8-foot transonic pressure tunnel. Both tunnels are variable-
pressure continuous-flow tunnels. A more detailed description of the facilities is pre-

sented in reference 5.

Test Conditions

Model 1 was tested over a Mach number range from 0.4 to 4.63. No data were
obtained between Mach 1 and 2 because the bow shock was reflecting off the tunnel wall
back to the model body in front of the stabilizing fins. Model 2 was tested over a Mach
number range of 0.4 to 1.0. Both models with various fin configurations and with no fins
were tested through an angle-of-attack range of about -4° to 14°. In all tests the models
had a fixed transition strip attached approximately 1 inch back from the nose and 1/4 inch
back from the leading edge of each fin panel. The strip was approximately 0.1 inch wide
and was composed of No. 60 carborundum grains set in an adhesive. Free-stream
Reynolds number per foot for the test range was from 1.5 X 106 to 3.4 x 106 per foot
(4.92 x 106 to 11.14 x 106 per meter). Figure 4 shows the Reynolds number range as

a function of Mach number,

Measurements

Aerodynamic forces and moments were measured by means of a six-component
electrical strain-gage balance mounted within the model shell. The balance was rigidly
fastened to a sting support which was in turn fastened to the tunnel support system.

Two base-pressure measurements were made, one approximately one-half the distance
between the sting surface and the outside of the model shell, and one close to the outside
surface of the model shell., These two measurements were averaged to obtain the base

pressure,
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PRESENTATION OF RESULTS

Figure
Longitudinal characteristics:
Effect of Mach number variation and fin sizeformodel 1. . . . . . . . . . . .. 5
Effect of Mach number variation and fin sizefor model 2. . . . . . . . . . . .. 6
Summary of longitudinal aerodynamic characteristics . .. . .. ... .. ... 7
Base axial-force coefficients for models 1and2 . . . . . . ... ... .. ... 8

RESULTS AND DISCUSSION

- The basic aerodynamic characteristics for the configurations tested are presented
in figures 5 and 6. Summarization of the basic data is presented in faired curve form in
figure 7. The pitching-moment data are presented about the balance pitch center for each
configuration which is 66.6 and 76.6 percent of body length measured from the model nose
for models 1 and 2, respectively. These pitch centers were selected to facilitate model
design and do not indicate a realistic flight moment reference; this reference would be the
flight-vehicle center of gravity which is approximately 60 percent of body length measured
from the nose.

Variations to model configurations were restricted to changes in fin size. The
results presented in figures 5 and 6 show that the addition of fins to the model body and/or
increasing fin areas resulted in appreciable increments of normal force and pitching
moment, In general, the normal-force data are linear up to about 2° for both models at
all Mach numbers. Above 2° in most cases, small increases occur in the slope of the
CN curve. This trend is characteristic of long slender bodies and is associated with
viscous body lift as presented in reference 6., The pitching- moment-coefficient curves
are also linear to about 2°, With model 1 in figures 5(b), 5(c), and 5(g) to 5(k) at Mach
numbers of 0.6, 0.8, and 2.0 to 4.63, the pitching-moment slope changes from negative
to positive at about o = 8%, This slope change is partly due to the placement of the pitch-
moment center too far rearward and at supersonic speeds partly due to loss of fin effec-
tiveness with Mach number increase. With model 2, figure 6 at M_ = 0.4 to 1.0, the
slope change of Cy, is due to the fins not being adequate to provide a stabilizing moment
about the balance moment center.

The slopes of Cy, and CN through o= 0° were used to compute the center of
pressure Xcp values which are presented in figures 7(b) and 7(d). For model 1 with the
fins on, the Xcp movement toward the model base was greatest at subsonic speeds. As
usual, an increase in Mach number above 1 results in a forward movement in X¢p. With
the standard fin Fg for model 1, the forward movement of xcp from 0.4 to 4.63 was
about 30 percent of the body length. (See fig. 7(b).)
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The base drag coefficient CA b (in this case the axial force) has been subtracted
from the total-drag measurements, that is, CA. As would be expected, the addition
of fins and/or increased fin area results in appreciable increases in CaA. In general,
the Cp values show a small increase with increasing angle of attack. As usual, the
Ca,o values indicate a sharp rise in the transonic region with a gradual decrease with
increasing Mach number as shown in figure 7(a) with model 1.

Base drag coefficients are presented in figure 8. The subsonic data suggest that
the fins cause boundary-layer and/or wake conditions which result in a reduction of base
drag. At supersonic Mach numbers the fins cause flow conditions which result in an
increase in base drag. In figure 8(a) with model 1, it is shown that the fin effect on base
drag diminishes with increasing Mach number.

CONCLUDING REMARKS

An investigation has been conducted to determine the longitudinal stability charac-
teristics of the upper two- and three-stage combinations of a four-stage solid-propellant
unguided rocket research vehicle. The stages tested were stabilized by trapezoidal cru-
ciform fins. Test Mach number range for the three-stage configuration was 0.4 to 1.0;
for the two-stage configuration, 0.4 to 4.63. The angle-of-attack range was approximately
-40 {5 149, Reynolds number ranged from 1.5 X 106 to 3.4 x 106 per foot (4.92 x 106 to
11.14 X 106 per meter).

The addition of fins to the body and/or increasing fin areas resulted in appreciable
increments of normal force and pitching moment, This condition also results in apprecia-
ble increases in the axial-force coefficients. In general, the axial-force coefficients show
a small increase with increasing angle of attack. The subsonic data suggest that the fins
@égﬁdundary—lﬁyer and/or wake conditions which result in a reduction of base drag. At
supersonic Mach numbers the fins cause flow conditions which result in an increase in

base drag. The fin effect on base drag diminishes with increasing Mach number.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., June 5, 1969,
709-09-00-01-23.
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Figure 2.- Model fin dimensions and designations. Dimensions are given in inches and parenthetically in centimeters.
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(a) Model 1.

(b) Model 2.

Figure 3.- Photographs of test models.
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Figure 7.- Variation of longitudinal aerodynamic parameters with Mach number. a = 0O,
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