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SUMMARY

A pressure-distribution investigation has been conducted in the
Langley U4- by 4-foot supersonic pressure tunnel to determine the change
in the aerodynamic characteristics of a blunt-based body of revolution
with a fineness ratio of 8 as the position of the body is varied with
respect to a flat plate or reflection plane. Tests were made at Mach
numbers of 1.41 and 2.01, a Reynolds number, based on body length,

of 4.54 x 106, and model incidence angles with respect to the plate of o°
and 30, The data are compared with theoretical results.

For small body-plate separation distances, the body is subject to
positive chord-force increments, normal-force increments directed toward
the plate, and pitching-moment increments tending to move the model nose
away from the plate. As the separation distance is increased (within the
region of the reflected nose shock), the direction of these force and
moment increments is reversed.

The prediction of the chord-force increments and the variation and
order of magnitude of the normal-force increments is very good.

INTRODUCTION

The prediction of the mutual interference effects of wings and bodies
in combination is difficult because of the complex nature of the flow
fields involved. In the study of this problem, a knowledge of the inter-
ference phenomena for configurations where the flow fields are relatively
simple would prove to be of great value in establishing the bounds of
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validity of existing theory. Also, by a progressive increase in the
complexity of the flow fields and an application of the knowledge gained
from the relatively simple cases, a much greater insight of the fully
integrated wing-body problem may be gained. With this purpose in mind,

an investigation was undertaken to determine the change in the aerodynamic
characteristics of a body as the position of the body was varied with
respect to a flat plate or reflection plane alined with the airstream.

Pressure measurements on the body and the plate have been obtained
for several different positions of the model with respect to the plate
and for body incidence angles, measured in a plane through the body axis
and perpendicular to the plate, of O° and t3°. The tests were made in the
Langley L4- by 4-foot supersonic pressure tunnel at Mach numbers of 1.41

and 2.0l and a Reynolds number, based on body length, of 4.54 x 106. The
data are compared with theoretical results.

SYMBOLS
o) mass density of air
\ airspeed
a speed of sound in air
M Mach number, V/a
q dynamic pressure, %pV2
P free-stream static pressure
pl local static pressure
15 T
B pressure coefficient, 5
L length of body
R local radius of body
r distance normal to body axis
2
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8 body polar angle, deg (see fig. 1)

€ angle of incidence of body axis, measured in a plane through
the body axis and perpendicular to the plate, deg or radians
(see fig. 1)

s angular position of orifice row on moveable section of flat
plate, deg (see fig. 1)

S body cross-sectional area
x distance from apex of body measured along axis of symmetry
vy distance of body nose apex from flat plate
: el Secti
c section normal-force coefficient, Sesenpgombifores
n
2qR
C. section axial-force coefficient, e aleees
2gqR

CN body normal-force coefficient (positive toward plate),

Body normal force

Bpax

Cc body-pressure axial-force coefficient (positive toward base of

body ), Body axial force

ISmax
Cm body pitching-moment coefficient (about center of volume,
Bod, itching moment
x/L = 0.598), =W P =
9SmaxL

Subscript:
max maximum

DESCRIPTION OF MODEL AND TESTS

A perspective view of the test setup is shown in figure 1, and a
photograph of the model mounted in the tunnel is presented in figure 2.
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The model was a parabolic body of revolution with an overall fineness
ratio of 10. The base of the model was cut off bluntly at a distance

of 15 inches from the apex, with a resulting reduction in fineness ratio
from 10 to 8. The body was equipped with two rows of 0.043 inch (inside
diameter) static-pressure orifices located 180° apart. Each row contained
30 orifices. Provision was made in the model sting for rolling the body
about its own axis so that complete pressure coverage could be obtained.
The boundary-layer bypass plate, which served as the reflection plane for
these tests, was mounted off of the tunnel side wall. Pressure measure-
ments were obtained from a row of orifices located on a moveable section
of the plate.

Pressure measurements on the body and on the plate were obtained for
several different locations of the model with respect to the plate, from
a distance of 0.8 body diameter to that corresponding to free-stream con-
ditions. The body-plate separation distances are given in table 1. The
y-coordinate represents the distance, in inches, of the body nose apex

2
from the plate. The term iTI_EX_ET is a nondimensional form of this
- €
separation distance. In referring to figure 3 it may be noted that, for
2
a value of ————EZ——— = 1.0, the reflected nose Mach wave passes through
L(1 - eB)
the center line of the model base, regardless of Mach number or incidence
2By

angle. For values of < 1.0, the reflected Mach wave intersects

L(1 - eB)
the body center line forward of the base.

Tests were made for model incidence angles of 0° and TBO with respect
to the plate, at Mach numbers of 1.41 and 2.01, and at a Reynolds number,

based on body length, of 4.5k x 106. The test procedure consisted of

setting the model roll angle and plate-orifice row angle and obtaining
data for the specified body-plate separation distances and body incidence
angles. The model roll angle and plate-orifice row angle were then
changed and the tests repeated. It should be noted that the major portion
of the interference-free data obtained at a Mach number of 1.41 was
affected by a disturbance from the leading edge of the bypass plate.
Therefore, the interference-free force characteristics which are presented
at a Mach number of 1.41 are estimated values based on corrected loading
curves. The body characteristics were not influenced by this disturbance
at any other separation distance for either Mach number.

A limited amount of data were also obtained with roughness (carbo-
rundum grains (No. 60)) added to the leading edge of the bypass plate and
to the model nose. At the test Reynolds number, however, no effect of
roughness was noted on the body or plate pressures.
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Tunnel stagnation conditions were as follows: temperature, 100° F;
dewpoint, approximately —350 F; and pressure, 12.2 pounds per square inch
absolute at M = 1.41 and 14.7 pounds per square inch absolute at
ME=S2001°

THEORETICAL CONSIDERATIONS

At supersonic speeds the prediction of the aerodynamic characteristics
of a body (identified as the primary body in the discussion that follows)
in the vicinity of a reflection plane resolves itself into the problem of
determining the characteristics of this primary body when immersed in the
flow field of an identical interfering body. The theoretical results pre-
sented in this paper have been obtained from an adaptation of slender-body
theory as developed by Moskowitz (ref. 1) and also from an analysis based
on simple buoyancy considerations. In essence, both methods are similar,
although the boundary condition of no flow through the body is not satisfied
in the buoyancy analysis.

In the method outlined by Moskowitz, the 1ift and moment (about the
nose) of the primary body are given by the equations

v Xn ik
Lift = 2q82(€ " —2> + ?-"—qf R )ax (1)
\' ' X ax
74
bng %2 5 dR .| _2 oV
Moment =- —= (Ve + ¥J B =— + B* o] x dx (2)
v X dx Ax

where the subscripts 1 and 2 refer to conditions at the apex and base of
the primary body, respectively, and the term aﬁ/ax is evaluated along
the center line of the primary body. The upwash V generated by the
interfering body was determined by the method of reference 2 and is given
bty the equations

& 2 2 e
Teog = 0:02VL ), gg2 %(1 A §>cosh Lx o= | 2L X
. L - pr Y 1F L L
2
08y 29 5.128% £ (3)
2
L L
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> > 5
__0.02 L2V 2 r° N X 2| .-l x i
6;40 2 1.68 5 3.84 > 4.8 = 1+ 2.888 oz cosh e |
2 2 r? 5 2 2 rl
X X X X
2 - g =M1.024 & - 2,56 & + 1.6 £(1 - 7.36 BT — | +
12 i 17 e L( i
2
10.24p° - (&)
L

In the buoyancy calculations, the pressure distribution throughout
the flow field of the interfering body was determined by slender-body
theory (refs. 2 and 3). The primary body was then superimposed in this
field and the additional pressures at the body surface due to the inter-
fering flow field were used to determine the interference increments in
normal force, chord force, and pitching moment. The pressure coefficient
at any point in the flow field of the interfering body is given by the
equation

2
" e 2% =)
= 0.064 u8L2 6L+1.25+2.AB = cosh Br+ .
2
—x—2--132r[6—72] -i—(aﬁ)+l+a()cosed—R-
L2 L 261‘ T dx
2\2 aNeg
o2 GL - B§> cos® 0 + (l + E§> sin® o] + o2 (5)
r r

where

Q/
>}

= L1
90 O:0CWL ) mn2 X H g6 Xleean™ 24
T L2 L Br

2 2
i .56-’-‘-2--1+.8%+2+5'1252r—_ (6)

12 2 i =

o]

For body incidence angles other than O, there is some question as to
the orientation of the body axes and nose Mach waves with respect to the
free-stream direction. This question arises because of the application, "
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at finite angles, of theoretical results derived on the basis of vanishing:
incidence angles. For the previous calculations it was assumed that the
interfering body and its Mach wave were always alined with the airstream.
(The flow field, however, was computed for the correct incidence angle.)
In the buoyancy analysis the primary body was then superimposed in the
flow at the designated incidence angle. In the application of the method
outlined by Moskowitz, however, the primary body was alined with the air-
stream in order to simplify the calculations. The resulting changes in
the force characteristics due to changes in the angular position of the
primary body were found to be negligible.

The prediction of the variation in pressure on the reflection plane
was obtained by slender-body theory (ref. 2). The velocity potential used
in the expression for pressure coefficient was obtained by adding the
potential of the interfering body to that of the primary body.

PRESENTATION AND DISCUSSION OF RESULTS

Body and Plate Pressures

Representative pressure distributions on the body and the plate are
presented for a body incidence angle -of 0°. A more thorough pressure-
distribution analysis may be made from the data in tables 2 and 3. The
accuracy in pressure coefficient is T0.01.

The pressure distributions on the body at angular positions of max-
imum and minimum interference effects (6 = 0° and 1800) are shown in
figure L4 for different body-plate separation distances. For a separation

2By

L(1 - eB)

o
are presented in figure 5 for a range of body radial angles from Oo to 180 .
The experimental results in each case are compared with theoretical pressure
variations obtained from buoyancy considerations.

distance of = 0.35, the pressure distributions along the body

The predictions of the pressures on the side of the body nearest the
plate are fairly good, although the magnitude of the pressure increase due
to the reflected nose shock is underestimated in each case. On the far
side of the body (90° < 6 < 270°) the experimental and theoretical vari-
ations are no longer similar. Since some flow separation would exist in
this region because of induced velocities, the poor agreement might be
anticipated.

The additional pressure increases which may be noted in the experi-
mental variations at small body-plate separation distances (for example,
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Iny oS85 M B2 OIS OO, and x/L = 0.5) are caused by multiple
reflections between the body and the plate.

The pressure distributions on the center line of the moveable section
of the reflection plane (¥ = 0°) are presented in figure 6 for the dif-
ferent body-plate separation distances. A more complete distribution of
plate pressures is presented in figure 7 for a separation distance of

2
By = 0.35. The results are compared with slender-body theory.

In general, the agreement between theoretical and experimental
results is very good. In each case, however, the intersection of the nose
shock with the plate occurs forward of the point indicated by slender-body
theory. In an attempt to predict the location of this intersection point
with greater accuracy, the body was replaced with a cone of equal apex
angle, and the intersection point of the shock wave from the cone was
determined by reference 4. The results which are indicated by the small
arrow on the axis of each plot show very good agreement with the experi-
mental data except for positions off of the plate center line. 1In this
region, the data reflect the influence of a thickened boundary layer
caused by a deviation of the flow from the center of the plate.

Body Normal-Force Distribution

The normal-force loading distributions over the body as a function
of body station x/L are presented in figure 8. It should be noted from
this figure that the normal-force loading curves are distorted over the
forward portion of the body in the region from x/L =00.2° TO x/L SROTH.
This effect is more pronounced at a Mach number of 1.41 and 2.0l1. The
reason for the existence of these negative increments in the values of
section normal force is not known. This distortion of the loading curves
will cause inaccuracies in the values of the overall body forces but will
not significantly affect the incremental values due to body-plate
interference.

The normal-force loading distributions at two representative body-
plate separation distances are compared in figure 9 with the results
obtained from theoretical considerations. The loading curves obtained
by the method of Moskowitz became infinite at the point of intersection
of the Mach cone from the interfering body. The method of Moskowitz and
the buoyancy technique both fail to give an accurate prediction of the
experimental loading distribution over the body.
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Body Coefficients

The changes in the values of the aerodynamic characteristics of the
body due to interference between model and plate are presented in
figure 10 as a function of body-plate separation distance. For a con-
dition of no interference, the experimental values of the body character-
istics are presented in the following table:

M=1.41 Mo=rDEOL
com =B f e e 0] ¢ =37 el g Ble = O e =50
Cy | 0.072 0.068 | 0.073 0.08% 1 0.079 | 0.083
CN wi T el O .053 0815 “ L 60k .09k
B -.049 .001 .043 = G | gl .043

As the body is moved into the region of the reflected nose shock the
chord force decreases. Further movement of the body toward the plate,
however, reverses this trend and the chord force increases rapidly as the
- separation distance becomes small. The initial drag reduction is due to

the favorable slope of the after portion of the body. The reflected nose
shock striking the boattailed section of the body causes an increase in
pressure on this section and a decrease in overall drag. Although the
flow between the body and the plate becomes complex for small separation
| distances, the effect of the reflected nose shock seems to predominate
in determining the direction of the chord-force increments. In this
case, the shock impinges on the forward portion of the model where the
cross-sectional area is increasing and causes an increase in drag. The
experimental chord-force increments are compared with the results obtained
from buoyancy considerations, and the agreement is very good.

| The interference increments in body normal force also exhibit a
reversal in sign as the body is moved toward the plate. These increments
are negative at first, and then become positive as the body-plate sep-
aration distance becomes small. Thus, a body in the vicinity of a
reflection plane experiences a force toward the plate for small separation
distances with a corresponding moment about the center of volume tending
to move the nose away from the plate. As the separation distance becomes
greater, the directions of these increments are reversed. The increments
in pitching moment in this case are very small.
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The trend and order of magnitude of the experimental increments in
normal force are predicted very well by both the method of Moskowitz and
by the buoyancy technique. The prediction of the increments in pitching
moment about the center of volume, as might be expected, is not very good,
although the method used by Moskowitz seems to give a more accurate indi-
cation of the experimental values than that obtained from simple buoyancy
considerations.

It may be noted that the variations obtained from the buoyancy tech-

2By
L(1 - ep)
nose Mach wave passes through the center line of the model base at this
separation distance, it intersects the body contour forward of this point.
Therefore, the body is still subject to the action of the reflection plane
__°BY _q.0.
L(1 - €B)

nigque extend beyond a value of = 1.0. Although the reflected

at a separation distance of

CONCLUDING REMARKS

The changes in the aerodynamic characteristics of a blunt-based
parabolic body of revolution with a fineness ratio of 8 have been deter-
mined at Mach numbers of 1.41 and 2.01 as the position of the body was
varied with respect to a flat plate or reflection plane alined with the
airstream. Data were obtained for body incidence angles of 0° and 13°
with respect to the plate and for a Reynolds number, based on body length,

of 4.5k x 10°.

For small body-plate separation distances, the body was subject to
positive increments in chord force. At greater separation distances
(within the region of the reflected nose shock), these increments became
negative, indicating regions of favorable interference. The prediction
of the chord-force increments by buoyancy techniques was very good.

The variations of the increments in normal force and pitching moment
were similar to those exhibited by the chord-force increments. For small
separation distances, the body was subject to normal-force increments
directed toward the plate and to pitching-moment increments tending to
move the nose away from the plate. As the separation distance became
greater, however, the directions of the normal-force and pitching-moment
increments were reversed.
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The trend and order of magnitude of the normal-force increments were
predicted very well by both the method of Moskowitz and the buoyancy tech-
nique. The predictions of the pitching-moment variations, however, were
poor.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 19, 1954.
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TABLE 1.- BODY-PLIATE SEPARATION DISTANCES

e & 0P =5o w29
¥ . O AR __cBy
I L1~ &B) in. Bl - cp) in. Ll ~ &8)
M=1.1
9.43 1.:25 6.46 0.903 7.42 0.935
T .983 5.51 . 770 6.46 .81k
6.47 .857 .55 .636 5 e .695
5. 51 -730 3.60 -503 k.55 I
555 .603 2.64 . 369 3.60 45k
3.60 Q77 151 211 3.00 .388
2.64 .350
L+ 5% .200
M = 2.01
6.36 3.80 1.5 O k.10 6.74 357
.25 .98k 3.68 .91 5.19 1.405
3.69 .858 3.14 .803 4.6k .990
Al . T30 2.60 .665 k.10 .873
2.60 .605 2.05 .52k %.55 . 756
2.05 JETT 155k .368 3.08 655
a5k .351




TABLE 2.- PRESSURE-COEFFICIENT DATA FOR THE BODY
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TABLE 2.- PRESSURE-COEFFICIENT DATA FOR THE BODY - Continued
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TABLE 3.- PRESSURE-COEFFICIENT DATA FOR THE FIAT PLATE - Continued
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Boundary-layer bypass plate

Permanent tunnel sting-
support and angle-
of-attack mechanism

Roll-angle adjustment /\
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Model and integral sting
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(a) Perspective view of test setup.
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(b) Test model.

Figure 1.- Sketch of test apparatus. All dimensions are in inches.
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Figure 2.- Downstream view of test setup.
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Figure 5.- Comparison between experimental and theoretical pressure coef-
ficients on the body for a representative body-plate separation dis-

tance.
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Figure 6.- Comparison between experimental and theoretical pressure
coefficients on the plate for various body-plate separation dis-
tances. The arrows indicate computed shock-intersection points.
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Figure T.- Comparison between experimental and theoretical pressure
coefficients on the plate for a representative body-plate separation
distance. Arrows indicate computed shock-intersection points.
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Figure 8.- Normal-force loading distribution on the body.
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Figure 9.- Comparison between experimental and theoretical loading dis-
tributions for representative separation distances.
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Figure 10.- Variation with body-plate separation distance of increments
in the aerodynamic characteristics of the body due to body-plate

interference.
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