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High Angle-of-Attack Aerodynamics on a
Slender Body with a Jet Plume

R. C. NeLsoN* AND E. L. FLEEMANT
Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio

This paper presents an aerodynamic analysis of data obtained from recent wind-tunnel tests on a slender body
configuration. Force and moment coefficients are presented for angles of attack up to 180°, Mach numbers up to
2.2, and Reynolds numbers (based on diameter) up to 108, The rocket exhaust plume was simulated by exhausting
cold air (ambient total temperature) through the nozzle of the model. This permitted study of the plume inter-
ference effects on the aerodynamic coefficients. The jet effects on normal force were found to be important when
the angle of attack exceeded 40° in subsonic flow and 90° in supersonic flow. Deflecting the nozzle at high angles
of attack also caused large excursions in the center-of-pressure location. Another problem associated with high
angle-of-attack flight is the appearance of large side forces and yawing moments for a symmetric flight condition.
These are due to steady asymmetric shedding of the body vortices. Data are presented which illustrate the
influence of Mach number and Reynolds number on the out-of-plane forces.

Nomenclature
" A = cross-sectional area of cylindrical portion of the body
A, = body base area
A, = planform area

C,, = cross-flow drag coefficient of cylinder, F,/(g,Al.,d)

C,. = pitching moment coefficient, M/(qAd) (positive nose up)

C, = yawing moment coefficient, N/(gAd) (positive nose to the right)
Cy = normal force coefficient, F,/(gA)

Cy = side force coefficient, Y/(gA)

ACy = CNjet on — CNjeloﬁ

d' = model diameter or circular cylinder diameter
dyr = nose tip diameter

F, = normal force

! = body length
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= cylinder length

nose length

pitching moment or Mach number

yawing moment

total pressure of the jet

total pressure of the freestream

= dynamic pressure

= cross-flow dynamic pressure

= Reynolds number based on model diameter
free-stream velocity

location of center-of-pressure from the model nose
location of center-of-gravity from model nose, 8.4d
side force

= angle-of-attack

angle-of-sideslip

nozzle deflection (positive deflection into the wind)
= cross-flow drag proportionality factor
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Introduction

Nrecent years tactical aircraft and missiles have been designed

with increased emphasis on achieving more maneuverability.
As a result of this design trend, aircraft and missiles are flying
at much higher angles of attack than in the past. In fact, there
are designs presently under consideration for missiles which will
fly at angles of attack ranging from 0°~180°. The design of such
highly maneuverable missiles has prompted a renewed interest
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in the aerodynamics of slender body configurations at high angles
of attack.

One means of achieving increased maneuverability is by use of
a thrust-vector-control system. Although there is a limited
amount of experimental data available on slender missile con-
figurations at large angles of attack, data on the influence of a
rocket exhaust plume over the high angle of attack range are
almost nonexistent.

This paper summarizes a comprehensive wind tunnel investi-
gation of a slender body at high angles of attack. The effects of
Mach number, Reynolds number and jet-plume interference on
the aerodynamic coefficients are presented.

Description of Test Facilities and Models
Test Facilities

The aerodynamic data presented in the paper were obtained
from wind tunnel tests conducted at the Arnold Engineering
Development Center (AEDC). Two geometrically similar models
were tested in four different tunnels. The smaller model was
tested in the Von Karman Facility (VKF) Tunnel A and the
Propulsion Wind Tunnel (PWT) 4T, while the larger model was
tested in the PWT 16T and 16S. These tunnels are of the closed
circuit continuous-flow type which varies Reynolds number by
increasing total pressure for a constant total temperature of
90°-150°F. VKF Tunnel A has a 40 x 40 in. test section and is
capable of operating at Mach numbers from 1.5 to 6. The
PWT-4T tunnel has a 4 x 4 ft test section with a Mach number
range from 0.1 to 1.3. The PWT-16T has a 16 x 16 ft test section
and a Mach number range from 0.2 to 1.6. The PWT-16S also
has a 16 x 16 ft test section but the Mach number range is
1.2 to 4.6. A detailed description of the tunnels is included in
the “AEDC Test Facilities Handbook.”!

Various sting, strut, and mounting supports were required to
traverse the 180° angle-of-attack regime. Figure 1 shows photo-

b]

Fig.1 Model and support assemblies. a) Side strut support for Model 1
in AEDC Tunnel 4T. b) Nose sting support for Model 2 in AEDC 168S.
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Tangent Ogive of Radius 6.5d

/ ¢
JLN ﬁ!._ JZ'¢:y r
g 2 .
Geometry Model 1 Model 2
d 1.375 inches 3.667 inches
2/d 14.83 14.55
2y/d 2.42 2.5
dyr/d 0.091 0 (Sharp)

Fig. 2 Sketch of model.

graphs of the models and two of the support assemblies which
were used. The jet-plume was simulated by pumping cold air
through the support system into the model and then exhausting
the air through the model nozzle.

Models

A representative sketch of the models used during the tests is
shown in Fig. 2. The models consist of a tangent ogive nose of
fineness ratio of approximately 2.5 and a cylindrical afterbody
of fineness ratio of approximately 12. The models are similar
except for differences in nose bluntness ratio and a small differ-
ence in model fineness ratio. Model 1 has a nose bluntness ratio
of 9%, whereas model 2 has essentially a sharp nose; that is,
0% bluntness. Both models were designed so that the jet forces
and moments were nonmetric (not measured). Thus the plume
interference effects on the aerodynamic coefficients could be
easily measured.

Each model was equipped with a conical nozzle which could
be deflected + 15° from the model centerline. In addition to the
main jet simulation, the larger model has four small nozzles
located near the nose in order to simulate a reaction roll control
system. Table 1 gives the geometric and aerodynamic character-
istics of the roll and main jet nozzles.

Table 1 Jet characteristics

Model 1 Model 2
Main Main Roll
Characteristic jet jet jet
Nozzle Exit Mach No. 3.14 377 3.56
Nozzle Exit Diam. (in.) 0.895 3.196 0.285
Nozzle Throat Diam. (in.) 0.406 1.083 0.117
Exit Angle (deg.) 150 154 220
Distance from Nose to 20.897 56.000 15.866
Exit (in.)
Distance from Model 0 0 1.459
Centerline to
Jet Centerline (in.)
Number of Jets 1 1 4

Aerodynamic Analysis

This section presents the normal force coefficient and center-
of-pressure location for the model configurations. Both models
were tested over an angle-of-attack range from 0° to 180°. Other
parameters which were varied include Mach number, Reynolds
number, main jet pressure ratio, main jet deflection, and roll jet
conditions.

Mach Number and Model Support Effects

Figure 3 illustrates the influence of Mach number on the nor-
mal force coefficient Cy for high angles of attack. For Mach



14 R. C. NELSON AND E. L. FLEEMAN

-—— Jorgensen
30 [ O M=0.6
O M=0.85
«1.2 <
M=l oS O Mel.2
20 L A M=2.25
Pty
& o0
10 B [#) D
®
2X10°<Req<10°
0 A 1 ] i 1 1 1 1
0 40 80 120 160

Angle-of-Attack (Degrees)

Fig.3 Effect of Mach number on normal force coefficient.

numbers of 0.6 and 0.85, the Cy curve flattens as the angle of
attack approaches 90°. This characteristic has been observed in
the past. Recently Jorgensen? was able to predict this trend in
the Cy curve based upon the following formula:

Cy = (Ap/A) sin 2o cos (&//2) + nCy {(A,/A) sin? o 0
where o = o for 0° <« £90° and o = 180° — a for 90° < a <
180°. The first term in Eq. (1) is the familiar slender body
result and the second term is the viscous cross-flow contribution.
Jorgensen attributed the flattening of the Cy curve to the strong
Reynolds number influence on the cross-flow drag coefficient
C,, Returning to Fig. 3, note that the peak Cy increases with
Mach number up to Mach 1.2 and then decreases for Mach 2.25.
This effect can again be traced to the cross-flow drag coefficient.
The cross-flow drag coefficient increases with Mach number up
to approximately Mach 1, whereupon C, decreases with increas-
ing cross-flow Mach number. Thus one would expect to have the
peak Cy near Mach 1.

The center-of-pressure location measured in calibers from the
nose is shown in Figure 4. The X ,/d appears to increase linearly
over the range of angle of attack from approximately 15° to 160°.
Below approximately 15° and above 160° the center-of-pressure
is seen to shift rapidly. For the low angles of attack the X,,/d is
near the nose, and for the extreme angles of attack it moves
toward the base of the model.

Support interference is considered to have a small effect on
data accuracy. The mismatch in Cy and X,,/d at overlapping
angles of attack for the aft sting, side strut, and nose sting sup-
ports is small, indicating negligible support interference.

Comparison with Aerodynamic Prediction Methods

Several techniques for estimating the aerodynamic coefficients
were compared with the data. In particular the methods de-

6
2X10°<Rg <10

Jorgensen §

0 40 80 120 160

Angle-of-Attack (Degrees)

Fig. 4 Effect of Mach number on X ,/d.
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Fig.5 Comparison of normal force with theory for 90° angle of attack.

veloped in Refs. 2-4 were used. Jorgensen’s? methods for com-
puting the static aerodynamic coefficients are an extension of
Allen’s cross-flow theory to higher angles of attack. Saffell et al.?
and Koshar et al.* also modified various well-known slender
body and cross-flow theories to the higher angle of attack region.

Figure 5 compares predictions of Cy with experimental data
for an angle of attack of 90° and a Mach number range from
0.85-2.2. The methods all over predict the values of Cy, particu-
larly at the transonic Mach numbers. The best agreement with
the measured Cy is given by Jorgensen’s method. All of the
methods showed good agreement with the data for X ,/d.

Figure 6 compares predictions of Cy with experimental data
for an angle of attack of 40° and a Reynolds number range of
10° to 7 x 10°. The normal force coefficient tends to decrease
in magnitude as the Reynolds number is increased, and is con-
sistent with the trend predicted by Jorgensen. Conditions where
there is a strong dependency of normal force coefficient on
Reynolds number occur for low cross-flow Mach number (less
than 0.6) with high cross-flow Reynolds number (greater than
2 x 10%). There was a negligible effect of Reynolds number on
Cy for the supersonic Mach numbers investigated. The center-
of-pressure location was found to be relatively constant with
changes in Reynolds number.

Jet Effects

As mentioned previously the effect of the rocket exhaust-plume
was simulated by exhausting cold air (ambient total temperature)

12.0p~ (o) M=0.6
o< = 40°
s+es+ Jorgensen
== Koshar
- — — Saffell
8.0]-0-0-p-0— — ——
OQOO
© [}
® o
4.0
° 1 IR N N N T I I |
10° 10

Reynolds Number
(based on body diameter)

Fig. 6 Effect of Reynolds number on normal force coefficient.
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Fig. 7 Effect of main jet on normal force coefficient.

through the model nozzle. Figure 7 illustrates the effect of the
main jet on Cy from 30°-160° angle of attack. Notice that the
main jet increases Cy for the subsonic freestream Mach number
in the 40°-120° region. However, in the supersonic case the main
jet results show a small decrease in Cy for angles of attack
greater than 120°. There was no noticeable influence observed
of jet pressure on the center-of-pressure location over this angle-
of-attack range.

Deflection of the main jet for a supersonic freestream Mach
number has a negligible effect on normal force coefficient except
at extreme angles of attack. For angles of attack greater than
140°, deflecting the jet into the wind results in a relatively small
decrease in Cy. A negative nozzle deflection (away from the wind)
results in a correspondingly small increase in Cy. But there isa
large effect of nozzle deflection on the center-of-pressure location.
This is illustrated in Fig. 8 for a freestream Mach number of
2.2. Although center-of-pressure location is not affected by nozzle
deflection for the supersonic freestream Mach number and angles
of attack less than 140°, positive nozzle deflection at large angles
of attack results in an X_,/d shift toward the nose. This occurs
because the aft portion of the model is shielded from the free-
stream by the jet. The X,,/d shift is nearly 4 calibers for the
15° nozzle deflection at 160° angle of attack. A nozzle deflection
of —15° does not significantly alter the X,,/d location from the
undefiected results.

As indicated earlier, Model 2 was tested with roll control jets
located near the nose and used the same cold air supply as the
main jet. Roll jets were tested at a variety of jet pressures and
modes of operation (jets off, left roll, right roll, all four roll jets
on). Analysis of the data indicates that the roll jets produced
little or no change in aerodynamics.

Out-of-Plane Forces and Moments

Another interesting problem associated with high angle-of-
attack flight is the occurrence of substantial out-of-plane forces
and moments on a slender body at zero angle of sideslip (f=0).
These forces and moments have been traced to the asymmetric
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Fig. 8 Effect of nozzle deflection on center-of-pressure location.
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Fig. 9 Asymmetric flow separation.
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Fig. 10 Relative magnitude of out-of-plane forces and moments.

shedding of the body vortices as shown in Fig. 9. Various
experimental investigations *~® have been conducted to gain a
better understanding of the flow around a slender body at high
angles of attack as well as determining the factors influencing
the magnitude of the out-of-plane forces and moments.

Figure 10 shows the relative magnitude of the out-of-plane
forces and moments with respect to the normal force and pitch-
ing moment coefficients. Here we see that the side force is
approximately 409 of the normal force in the vicinity of o = 30°
and then decreases with increasing angle of attack. A similar
result was presented by Krouse.” On the other hand, the yawing
moment observed in this investigation reaches a maximum of

3.0 p~

M=0.4

L

30 40 50 60
Angle-of -Attack (Degrees)

Fig. 11  Effect of Mach number on induced side force coefficient.
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Fig. 12 Effect of Mach number on induced yawing moment coefficient.

approximately 85% of the pitching moment in the vicinity of
o = 45°,

Figures 11 and 12 show the influence of the freestream Mach
number on the side force and yawing moment coefficients. As
the Mach number is increased, both the side force and yawing
moment coefficients decrease. This trend is similar to that found
by Pick.® Results such as those presented in Figs. 11 and 12 as
well as from other investigations have given the impression that
the out of plane forces can only occur in the subsonic region.
However, Fig. 13 indicates the presence of a yawing moment at
a Mach number of 1.76. Unfortunately this particular test was
conducted primarily to obtain low angle-of-attack data. There-
fore only a limited amount of data was obtained over the
angle-of-attack range for which asymmetric vortex shedding
would occur. _

The out-of-plane forces and moments were found to be sensi-
tive to Reynolds number. Figure 14 illustrates the Reynolds
number effect on the side force coefficient for a fixed angle of
attack of 40°. Although the data exhibit considerable scatter, the
side force coefficient increases with Reynolds number up to
approximately 250,000. Further increases in Reynolds number
result in lower values of the side force coefficient. A similar
result was observed for the yawing moment coefficient.

There are many factors influencing the magnitude of the out-
of-plane forces and moments ; therefore, the reader should inter-
pret the results of this section only as qualitative information
on the influence of Mach and Reynolds numbers.

1.0 F M=1.76
Re4~190,000

-2.0 |
15 20 25 30

Angle-of-Attack (Degrees)

Fig. 13 Induced yawing moment coefficient for M = 1.76.
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Fig. 14 Effect of Reynolds number on induced side force coefficient.

Conclusions

The following conclusions were reached in this study.

1) The theoretical estimates of Cy and X_,/d were found to be
consistent with the trends of the experimental data. Jorgensen’s
prediction method had the best correlation with the data.

2) There is a strong Reynolds number effect on Cy for Mach
numbers less than one and angle of attack near 90° (Cy,,.).

3) The aerodynamic interference effects induced by an un-
deflected main jet was found to be relatively small compared to
the jet-off conditions. The roll jet produced little or no change
in the aerodynamic coefficients.

4) Deflecting the main jet into the supersonic freestréam at
high angles of attack causes a large shift in the center of
pressure.

5) The out-of-plane forces and moments associated with the
asymmetric shedding of the body vortices decrease in magnitude
as the Mach number approaches unity. However, at supersonic
Mach numbers out-of-plane forces and moments can reappear.
In addition, the out-of-plane forces and moments were found to
vary significantly with Reynolds number. The peak values of the
forces and moments occurred for cross-flow Reynolds numbers
between 140,000 and 230,000.
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