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Aerodynamic Characteristics of External Store
Configurations at Low Speeds
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Istanbul Technical University, Maslak, Istanbul 80626, Turkey

Aerodynamic characteristics of external store configurations used on interceptor aircraft were investigated
experimentally and computationally. Balance measurements, flow visualization, and static pressure measure-
ments were made in a low-speed wind tunnel. The experimental and computational data revealed the global
structure of the flow around a basic configuration. Six groups of models were used in the present study. This
article discusses the results for the first and second group of models. The incompressible flow over a limited
number of models was computed by solving the Navier-Stokes equations. The solution method is based on the
Galerkin finite element discretization of space and the fractional step discretization of time. Reasonably good
agreement was observed between the experimental and computational static pressure distributions on a basic
geometry. The computational data, which revealed details of reverse flow regions, supported and supplemented

the experimental data.

Introduction

OST military stores are carried externally. External

carriages facilitate the interchangeability of a wide range
of stores and is often associated with a lower release distur-
bance than internal carriages.! An aircraft designed for ex-
ternal store carriage can be made smaller and lighter than an
aircraft with an internal carriage. However, external carriages
make a considerably large, twofold contribution to the total
drag of a loaded aircraft: in addition to a drag of their own,
external carriages cause an interference drag that depends on
the installation arrangement. Reference 2 states that fighter
aircraft designed before the 1970s tended to have very good
aerodynamic cleanliness which, regrettably, stopped at the
pylon. Today, however, aircraft manufacturers pay painstak-
ing attention to the design of stores and carriages, and also
to their compatibility with the aircraft body. Reduction of the
interference drag is accomplished through modifications of
the flow interactions between the store and the aircraft. On
the other hand, minimization of external store drag involves
selection of a proper form that eliminates major drag pro-
ducing features.

In the present study, aerodynamic characteristics of an ex-
ternal bomb carriage were investigated experimentally and
computationally. The carriage is currently used on the fighter
aircraft of the Turkish Air Force. Experiments were con-
ducted in a low-speed wind tunnel. Experimental data were
obtained by balance measurements, flow visualization, and
static pressure measurements. Thirty-four models, which were
obtained by making systematic modifications to the carriage
geometry, were used in the study. The models were divided
into six different groups. This article presents the results for
the first and second groups of models. Balance measurements
for all of the six groups of models are discussed in a separate
paper.® The incompressible Navier-Stokes equations were
solved by using the Galerkin finite element method (in spatial
discretization) and the fractional step method (in temporal
discretization). Descriptions of the computational method can
be found in Refs. 4—7. Successful test case computations by
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using the code employed in the present study are presented
in Refs. 5-7. The scope of the study was limited to the aero-
dynamic characteristics of the isolated carriage, i.e., inter-
ference with the aircraft body was not investigated.

The experimental and computational data revealed the global
structure of the flow around the carriage. Balance measure-
ments showed that aerodynamically more suitable forms of
the carriage geometry could be obtained by modifying its
major drag-producing features. Surface flow visualization in-
dicated locations of vortical flow regions whose existence was
also supported by contour plots of the measured static pres-
sure. Despite differences in the Reynolds numbers of the
computed and measured flows, reasonably good agreement
was observed between the experimental and computational
static pressure distributions on the basic carriage geometry.
The computations also exhibited details of reverse flow re-
gions and, thus, both supported and supplemented the ex-
perimental data that did not include velocity measurements.

The geometry of the basic carriage used in the present study
is not axisymmetric. There is a lack of data in the literature
on studies of external stores that have nonaxisymmetric ge-
ometries. References 8§ and 9 present data for bodies having
square and rectangular cross sections. Studies of the flow
around axisymmetric bodies show that there exist four char-
acteristic flow regimes!’-!2: “vortex-free,” ‘‘symmetric vor-
tex,” “asymmetric vortex,” and “wake-like” flow regimes are
observed with increasing angle of attack. Crossflow separation
of the boundary layer on an axisymmetric body gives rise to
formation of vortices on the lee side. Reference 10 states that
the nonlinear lift force due to these vortices can be much
larger than the lift predicted by the linear (small perturbation)
theory. References 13—15 describe studies that investigate the
effect of afterbody modifications on the drag of axisymmetric
bodies. Interference between the flowfields of stores and air-
craft bodies is investigated by Refs. 1 and 2.

Methodology

Experimental Setup and Models

Experiments were carried out in a low-speed subsonic wind
tunnel having a cross-sectional area of 80 x 110 cm?. The
freestream velocity was kept constant at V., = 28.5 = 0.5 m/
s. At this flow speed, the freestream turbulence level was
0.2%. Reynolds number based on the model length varied in
the range 1.06 X 10° = Re = 1.34 x 10° On the other hand,
Reynolds number based on the maximum diameter of model
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was 1.97 x 10°. Angle of attack « was varied between —24
deg = o = 18 deg.

Thirty four models, divided into six groups, were used in
the study. Herein, experimental data will be presented for
the first and second groups of models whose schematic de-
scriptions are presented in Figs. L and 2. All of the dimensions
are in millimeters. Model 1E represents the carriage geometry
complete with four bombs and twin rocket-launchers. 1E is
a one-quarter scaled-down model of the actual carriage used
on aircraft. Models 1C and 1D are obtained by removing the
bombs and rocket-launchers, respectively, from model 1E.
1A is the basic carriage geometry without bombs and rocket-
launchers. Model 1B, which is an axisymmetric form of model
1A, is obtained by eliminating the step of model 1A at the
end of the paraboloidal forebody. Model 1F is formed by
using the paraboloidal forebody as an afterbody on model
1B. Rocket-launchers are hollow cylinders with a wall thick-
ness of 0.5 mm and radius of 10 mm. A positive angle of
attack a corresponds to a rotation of models in the clockwise
direction in Figs. 1 and 2. The second group of models are
generated by attaching seven different afterbodies on model
1A. The trailing-end thicknesses of the afterbodies are 25 mm
for models 2A—-2C, and 34 mm for models 2E-2G, respec-
tively. The afterbody of model 2D is one-half of the parab-
oloidal forebody. The values of the boat-tail angles g for all
second group models are given in Fig. 2.

Geometry of the paraboloidal forebody can be described
by the following fourth-order polynomial with an accuracy
better than 1%

(R/IR,) = —0.0436n"* + 0.3155%°
— 0.9625%* + 1.5079n + 0.0028 (1)
where R is the radial location of the forebody surface in the

symmetry plane, R, (50 mm) is the maximum radius of the
paraboloidal forebody, and 7 is the normalized axial distance
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Fig. 1 Schematic drawings of the first group of models.

measured from the tip of model (n = X/R,). An attempt was
made to trip the boundary layer on the forebody by placing
wires of 0.5 and 1.5 mm in diam at X = 20 mm. However,
the trip-wires did not cause any observable effect on the static
pressure distributions over the models. Therefore, it can be
hypothesized that the laminar boundary layer developing on
the forebody becomes transitional or turbulent before it reaches
the step located at X = 116 mm.

Experimental Technique

Prior to making modifications for drag reduction, flow vis-
ualization results were obtained for the basic model 1A at
three different angles of attack, namely @ = — 15, 0, and 15
deg. Topology of the friction lines on the model (i.e., sepa-
ration and reattachment lines) were determined by the ker-
osene-lampblack technique, !¢ which produced better results
than the traditional surface oil flow visualization method. A
video camera (SONY CCD-V600E) was used to record the
skin-friction line patterns during tunnel runs. Topological
interpretations of the skin-friction line patterns were made
after careful and repeated examinations of the recordings.
Additionally, information about the direction of the fimiting
streamlines were obtained by observing tufts attached to the
model surface.

A three-component mechanical balance (Merrill) was used
to measure the drag force D, the lift force L, and the pitching
moment with respect to the balance center M. The measured
forces and moments were converted into the axial A and
normal N forces, and the pitching moment with respect to
the body-tip M, by using Eqs. (2—4), which are given below:

A =Dcosa — Lsina )
N = Dsina + L cos a (3)
M, = Mz — NXg (4)

where a is the angle of attack, and X (196 mm) is the axial
distance between the tip of the model and the center of bal-
ance. Figure 3 shows a schematic drawing of the measured
and derived forces and moments. X and X' are measured
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along the model axis and the freestream direction, respec- presented in Ref. 3. These uncertainties are given as fol-
tively. The nondimensional coefficients C,, Cy, Cyy, and the lows: AC, = =0.080, ACy = =0.095, AC,,, = £0.035, and
nondimensional pressure center location X%, are calculated AXE = =0.06.
from Eqs. (5-8), which are given as The paraboloidal forebody was instrumented with 24 pres-
sure taps that were placed S mm apart in the axial X direction.
C, = Alg.S %) The forebody could be rotated around the model axis so that
this single line of pressure taps could be used to measure the
Cy = Nig.§ (6) static pressure p all around the forebody. The backward-fac-
ing step at the end of the forebody was also instrumented
Cuo = Mylq..SI 7 with 74 pressure taps that were located S mm apart in a square
grid. There were 75 pressure taps spaced 10 mm apart in a
X&p = Xepll = (Xp/l) — (Cpp/Cy) (8) square grid on the flat bottom part of model 1A between 116
< X (mm) < 266. Static pressures were measured by means
where ¢q.. = 0.5p, V3 is the freestream dynamic pressure, and of a multimanometer for various models at « = —15, 0,
§ = wR3 is the maximum cross-sectional area of the parab- and 15 deg. Data will be presented in terms of the static
oloidal forebody. / is the total length of the model including pressure coefficient that is defined as C, = 2(p — p..)/pV32.
the afterbody. The nominal value of the freestream dynamic The uncertainty in the pressure data is Ap = =1 mm water
pressure is g. = 487 N/m?. Results presented here are the = x0.02¢g..(AC, = %0.03).
average values of the balance measurements repeated be-
tween three to four times. The uncertainties in C,, Cy, Cupo, Computational Method
and X, are calculated by using an error analysis that is The incompressible, unsteady flow of a viscous fluid is gov-

erned by the Navier-Stokes and the continuity equations. In
the absence of body forces, these are given by
aU 1

m + (U-V)U = ~-VP + EV_U 9)

V-U=0 (10)

where U is the velocity vector, Re is the Reynolds number, ¢
is time, and P is the pressure. Note that all the variables are
nondimensionalized by the freestream velocity V.. and the
model length /. For the time derivative in Eq. (9), a finite

Fig. 3 Schematic drawing of the measured and derived forces and difference representation (fractional step method) was em-
moments. loyed. For the discretization of space, an integral finite ele-
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ment formulation (Galerkin method) was used. The free-
stream values of velocity and pressure were taken as the initial
conditions. Steady flow solutions were obtained at large times
as an asymptotic state. The solution method is originally de-
scribed in Ref. 4. Successful test case computations were pre-
sented by Refs. 5-7.

The fractional step velocity is defined by

U”” 172 — Uln + st[_VPm + (1/R6)V2Um . (U'"'V)U'"]
(an

where U” and P™ are solutions at a known time level, and
8t is the nondimensional time step. The velocity and pressure
at a new time level (U”*! and P”*') are calculated from

Urn'' = Urn2 4 Vo (12)
e R (L) (13)
where ¢ is a potential function solved from
Vi = V-2 (14)

For the spatial formulation of Eqs. (11-14) the Galerkin
method was used. In this formulation eight-node isopara-
metric brick elements with trilinear interpolation functions
for velocity and potential were utilized. Application of the
Galerkin integral to the governing equations has given integral
finite element formulations for one brick element.*=7 On the
surface of the body the no-slip boundary conditions for the
velocity were given while the freestream values were retained
far enough from the body.

Due to symmetry of the flow geometry with respect to the
spanwise direction, computations were performed for one side
of the symmetry plane where symmetry conditions*7 were
applied. The grid used in the computation of the flow around
model 1A at &« = 0 deg can be seen in Fig. 4. Figure 4a
presents a symmetry plane view of the grid. Details of the
grid near the forebody, step, and trailing edge are shown in
Figs. 4b and 4c. The computational domain extends about
one model length around the forebody and about two model
lengths downstream from the trailing edge. The front half
cylindrical part of the grid was generated by using an elliptic
grid generator. The remaining straight part is generated al-
gebraically. There were 16,596 grid points that formed 14,042
elements. A finer grid was chosen downstream of the step
and the trailing edge in order to obtain details of the recir-
culating flow regions. The computations were performed on
a personal computer equipped with a 1860 RISC processor.
The motion was started impulsively at time t = 0. The com-
putation time for one time step was about 100 s. Small time
steps had to be used in order to ensure stability of the explicit
scheme employed in the study (8t = 0.0015). Results pre-
sented here were obtained for the nondimensional time of
t = 3 (dimensional time of 3/V.). Solutions did not change
noticeably in the range of 2 <t < 5. The computation time
to reach + = 5 was approximately 90 h. The computations
were performed for Re = 1000, which corresponded to the
laminar flow regime. Turbulent flow calculations were not
attempted due to limited capabilities of the computational
facilities used in the study. Therefore, the computational and
experimental data presented must be regarded as supple-
mentary to each other in revealing the global structure of the
flow.

Results and Discussion
Balance Measurements

Figure 5 gives the variation of the axial force coefficient C,
with angle of attack « for the first and second groups of
models. Axially symmetric models 1F and 1B provide the

1.20
1.10
1.00 |
0.90

C, 080
0.70
0.60
0.50

040 S s 5 56 510 1520
a) o
1.20

00000 MODEL 1A

1.10 1 YEEEPMODEL 2A
1.00 X Yrickik MODEL 2B

< @em8a MODEL 2C

0.90 55564 MODEL 2D
C, 0.80 -

0.70
0.60 -

0.50 -
0-40 S TG Vs 16 C8 8 51618 20
b) (64

040 H e s e T8 6 5 10 1520

c) x

Fig. 5 Variation of C, with «: a) first group of medels and b), ¢)
second group of models.

minimum axial force among the first group of models (Fig.
5a). In comparison, the basic model 1A and the model with
the launchers (1C) give axial forces that become increasingly
larger for decreasing angle of attack. Even larger axial forces
are obtained for the model with bombs (1D). Contributions
of the bombs and the rocket-launchers to the axial force are
not linear. The drag and axial forces are augmented more by
the bombs than by the rocket-launchers. For small values of
a, employment of afterbodies leads to a definite reduction in
C, of the basic model 1A (Figs. 5b and 5c). At large absolute
values of angle of attack, the afterbodies become less effective
in reducing the axial force. It may be noted that for bodies
having axisymmetry (models 1B and 1F), the C, variations
are not exactly even functions of angle of attack (Fig. 5a).
However, the deviations from the symmetry are smaller than
the specified measurement uncertainties.

There exists a rough collapse of the data for models 2A-
2C (Fig. 5b), and also for 2E-2G (Fig. 5¢). This indicates
that the base height of the half-cone afterbodies has a first-
order effect on the aerodynamic characteristics. Results pre-
sented in Ref. 3 show that such a collapse of the balance data
for afterbodies of the same base height does not occur when
bombs are mounted on the models. Figure 5 shows that, for
all nonaxisymmetric models, larger axial forces are associated
with negative angles of attack. This implies existence of a
wider wake region in the plane of symmetry for these angles.
Derivative of the axial force coefficient with respect to the
angle of attack (stability derivative dC ,/da) is quite small for
the axisymmetric models (Fig. 5a). The balance data pre-
sented in Ref. 3 showed that the axial force acting on the
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basic model 1A could be reduced further by making forebody
modifications in addition to the afterbody modifications.
However, a reduction of the axial force acting on model 1E
(model complete with bombs and rocket-launchers) could not
be accomplished by the forebody modifications reported in
Ref. 3.

Figure 6 gives the variation of the normal force coefficient
Cy with « for the first and second groups of models. Model
1C gives practically the same normal force as 1E (Fig. 6a).
Similarly, C, curves for models 1A and 1D are not much
different. This leads to the conclusion that. the rocket-launch-
ers, rather than the bombs, play a determining role in in-
creasing the normal force. Naturally, the axially symmetric
models 1F and 1B give a symmetric variation in the magnitude
of the normal force. For the rest of the models, the variations
deviate from the symmetry and result in larger forces for
negative angles of attack. This indicates again the presence
of a relatively wider separated flow region in the plane of
symmetry for & < 0 deg. C, vs « curves for the second group
of models are displaced upwards with respect to that of the
basic model 1A (Figs. 6b and 6¢). The amount of displacement
increases slightly with increasing a.

Figure 7 shows the variations of the pitching moment coef-
ficient C,,, and the normalized pressure center location X ¥,
= Xcp/l with angle of attack for some of the models in the
first and second groups. C,,, and X &, data for all models are
presented in Refs. 3 and 17. C,, decreases monotonically
with increasing « for all nonaxisymmetric models (Fig. 7a).
The effect of afterbodies mounted on model 1A is to decrease
Cyo by an approximately constant amount. The effect of af-
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terbodies on X, is most significant at negative angles of
attack (Fig. 7b). In this case, the pressure center moves in
the upstream direction with increasing « for all models in the
second group. At the limiting angles of attack, the approxi-
mate values of the pressure center location are X§& = 0.25
(@ = —24 deg) and X, = 045 (@ = 18 deg). Indefinite
values of the pressure center X%, in the neighborhood of
a = 0deg, which are calculated as the normal force coefficient
goes to zero, are not shown in Fig. 7b.

Flow Visualization

Figures 8 and 9 show schematic descriptions of the skin-
friction line topology on model 1A at « = 15 deg and a =
—15 deg, respectively. Surface shear stress vector is tangent
to the skin-friction lines observed by surface flow visualiza-
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tion. Three-dimensional flow separation and topology of the
skin-friction lines have recently been discussed by Hung.'
The terminology of Tobak and Peake,'” who state that a nec-
essary condition for the occurrence of flow separation is the
convergence of skin-friction lines onto a particular line, is
used in this article. An attachment line is a skin-friction line
along which there exists a divergence of all other skin-friction
lines. In Figs. 8 and 9, separation and attachment lines are
indicated by thick continuous and dashed lines denoted by
letters SL. and AL, respectively. Shear stress is zero only at
the singular points of NA, SA, SS, and FS. Surfaces A, B,
and C denote the step at the end of the paraboloidal forebody,
the bottom of the carriage, and the top of the model, re-
spectively. Surface A is a half-circle, whereas surface B is a
rectangle. Surfaces A and B are flat, whereas surface C is a
half-cylinder. It should be noted that experimentally observed
skin-friction line patterns may sometimes be interpreted in
more than one unique way. The topological interpretations
given herein omit fine details and describe the salient features
of the surface flow.

Figure 8a shows the presence of a crossflow separation line
(SL1) and an attachment line (AL1) on the upper surface
(surface C) of model 1A at a = 15 deg. SL1 is a local (open)
separation line that originates from a noncritical point on
surface C. As shown in Fig. 9a, SL.1 and AL1 do not exist at
a = —15deg. For the latter case, the surface flow is deflected
downwards and separates inviscidly from the sharp edge of
surface C. SL1 and AL1 were not observed at zero angle of
attack either. According to the definition of Ref. 11, the basic
structure of the flow over axisymmetric bodies is “‘vortex-
free” type around « = 0 deg, and “‘symmetric vortex” type
in the approximate range of 10 deg < a =< 30 deg. Present
results indicate that the flow over model 1A is symmetric
vortex type at &« = *15 deg. Any concrete evidence of cross-
flow could not be found by flow visualization at &« = 0 deg.

However, the computational results indicated that the flow
over model 1A is not of vortex-free type, even at zero angle
of attack.

The boundary layer developing on the paraboloidal fore-
body of model 1A separates inviscidly from the sharp edge
of the step denoted as surface A. The separating flow reat-
taches on surface B along the attachment line ALS that is
shown in Fig. 8b. Comparison of Figs. 8b and 9c shows that
topology of the skin-friction lines on surface B varies with
angle of attack. There exist two separation lines (SL2 and
SL3)and three attachment lines (AL2, AL3, and AL4), which
are all parallel to the model axis, on surface B at « = —15
deg. The model axis on surface B becomes a line of reat-
tachment (AL2) for the flow separating inviscidly from the
sharp corner of surface C (Fig. 9¢c). Due to adverse pressure
gradients on surface B, the crossflow separates along SL2 and
SL3, and reattaches along AL3 and AL4. The secondary flow
vortices generated by these viscous separations are smaller
than the primary vortices formed by inviscid separation from
the sharp edge of surface C.

As a increases from —15 to 0 deg, SL2, SL3, AL3, and
AL4 approach the sharp edge of surface B and disappear.
The topology of the skin-friction lines on surface B does not
change in the range of 0 deg = @ = 15 deg. Figures 8b and
9c show that on surface B the reverse flow approaching the
step separates along SL4, which is a global separation line
originating from a saddle-point singularity. It may be hy-
pothesized that FS singular points are footprints of tornado
vortices that rise perpendicularly to surface B before they
bend 90 deg and become longitudinal vortices.

Figure 9b shows the skin-friction line pattern on the step
(surface A). This pattern involves a global separation line
(SLS) and two attachment lines (AL6 and AL7). AL7 lies in
the plane of symmetry. Due to very small magnitude of the
shear stress levels on surface A, the skin-friction line topology
at @ = 0 and 15 deg could not be determined with sufficient
accuracy. The symmetrically positioned FS singular points on
surface A are presumed to be the footprints of two counter-
rotating vortices.

Figures 10a and 10b give the postulated crossflow stream-
line patterns near the trailing edge of model 1A at ¢ = 15
degand a = —15 deg, respectively. These patterns are com-
patible with the flow visualization results and must be con-
sidered as time-averaged streamline patterns. For the sake of
clarity, the tornado vortices that originate from surfaces A
and B are not shown in Fig. 10. S1, S2, F1, F2, F3, and F4
are the singular points of the crossflow velocity field. Saddle
and focus points are denoted by S and F, respectively. The
vortices at points F2 and F4 are generated by viscous sepa-
ration of boundary layers developing on the model. On the
other hand, inviscid separation of the flow from the sharp
corner gives rise to the formation of the vortices at F1 and
F3. Since the separating flow must be approximately tangent
to the body during the formation of F1 and F3, the wake
region of crossflow must be larger at « = 15 deg than that
at a = —15 deg.

Static Pressure Measurements

Figure 11 shows the variation of the calculated and mea-
sured C, along the axis of model 1A at ¢ = 0 deg. X* =
X/l is the normalized distance measured along the line of
symmetry. C, decreases steeply as the flow accelerates on the
paraboloidal forebody. The experimental data show the pres-
ence of an adverse pressure gradient region in the range of
0.15 = X™ = 0.28. The pressure distributions given by Ref.
20 also reveal adverse pressure gradient regions on the ellip-
soidal and spheroidal forebodies of axisymmetric objects. For
X" = 0.3, C, does not change significantly with X*. Despite
the differences in the Reynolds number, the agreement be-
tween the experimental and computational results is generally
good. This result is not surprising because the flow is stream-
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lined and viscous effects are minimum on the upper surface
of model 1A at & = 0 deg.

Figure 12 gives the variations of C, measured on the upper
and lower surfaces of model 1A along the line of symmetry
ata = —15,0, and 15 deg. On the upper surface, the adverse
pressure gradient region is larger at « = 15 deg than that at
a = 0 deg. The adverse pressure gradient weakens with de-
creasing « and disappears at « = —15 deg. For X* = 0.3,
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Fig. 12 C, distributions measured on the upper and lower surfaces
of model 1A along the axis of symmetry at « = —15, 0, and 15 deg.

upper surface Cp values remain constant along the model and
change slightly with angle of attack. For the lower surface,
the adverse pressure gradient on the forebody is rather small.
The step on the bottom of model 1A is located at X* = 0.22.
Downstream of the step on surface B (lower surface), C, first
decreases and then increases with increasing X*. C, values
reach a maximum around the singular point of reattachment.
For larger X* values, Cp distributions approach plateau values
that do not change significantly with a. The pressure distri-
bution on surface B (lower surface), which is very similar for
a = 15 and 0 deg, changes significantly with angle of attack
as a decreases to — 15 deg. The location of maximum C,,
which is around X* = 0.46 at « = 0 and 15 deg, moves to
X* = 033 at « = —15 deg. The values of the maximum C,
downstream of the step are 0.20, 0.28, and 0.68 at & = 15,
0, and — 15 deg, respectively.

Figure 13 gives contour plots of C, measured on the fore-
body of the basic model 1A at angles of attack of « = —15
and 15 deg. Data are shown on side views of the model in
the range of 0 < X (mm) = 101. Pressure taps are located at
radial locations of R cos ¢ for all roll angles (¢), except for
¢ = 0 and 180 deg (plane of symmetry). In order to avoid
overcrowding of the measurement grid, the data for the roll
angles of ¢ = 0 deg and ¢ = 180 deg (the lee side and the
wind side, respectively, at positive angles of attack), are shown
at radial locations of R(1 + cos 15 deg), i.e., the boundary
of the forebody is displaced by R cos 15 deg from its real
position. Variation of C, between adjacent curves is 0.1. C,
is equal to 1 at the stagnation point that is located off the
model axis for nonzero angles of attack. The constant pressure
lines are roughly parallel to each other and inclined at angles
of approximately +55 deg with respect to the X axis near the
model tip. The pressure contours at & = +15 deg show a
remarkably good degree of symmetry with respect to each
other. This result indicates that the pressure field on the
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a=15°

Fig. 13 Contour plots of C, measured on the forebody of the model
1A at &« = —15 and 15 deg.
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Fig. 14 Contour plots of C, measured on surface A and surface B of
model 1A at @« = —15 deg.

forebody is not influenced significantly by the step located at
X* = 0.22. '

Figure 14 shows contour plots of the static pressure coef-
ficient measured on the step surface (surface A) and the flat
lower surface (surface B) of model 1A at o = —15 deg. C,
varies by 0.1 and 0.2 between adjacent contours on surface
A and surface B, respectively. Static pressures were measured
on one side of the symmetry plane (¢ = 0 deg) and symmetry
was assumed in plotting Fig. 14. Data are shown between 0.22

EXTERNAL STORE CONFIGURATIONS

B.19 X//l 8.31 B8.43 8.55
Max vector = 1.08V

—Oﬁ a.88 8.21 ! 8.33 8.46 8.59
5 X7/I

o =-15 Max vector = 1.08V
Fig. 15 Computed velocity vector field on the plane of symmetry near
the forebody of model 1A at angles of attack of @ = 0, 15, and —15
deg.

< X* < 0.50 on surface B. The circular contours near the
top of surface A are thought to be related to the tornado
vortices, the footprints of which are the focus points of sep-
aration (FS) in Fig. 9. On surface A, C, increases from —0.9
to —0.6 as the centers of the circles are approached. On
surface B, there exist significantly large pressure gradients,
not only in the streamwise, but also in the spanwise direction.

Computed Flowfield

Figure 15 shows the computed velocity vector field on the
plane of symmetry near the forebody of model 1A at angles
of attack of & = 0, 15, and —15 deg. Magnitudes of the
maximum velocity vectors are also indicated. The size of the
reverse flow region downstream of the step L, was determined
from an analysis of the computational data. L, was measured
along the axis of symmetry between the step and the reat-
tachment point on surface B. The normalized reverse flow
size L} = L/l was approximately equal to 0.25 for & = 0,
15, and —15 deg. The uncertainty in determining L7 is es-
timated to be AL} = +0.02.

Figure 16 gives the computed velocity vector field on the
plane of symmetry near the trailing edge of model 1A at angles
of attack of « = 0, 15, and — 15 deg. The size of the reverse
flow region in the wake L, is determined by using the com-
putational data. Figure 17 shows the postulated streamline
patterns in the wake region of model 1A at angles of attack
of @ = 0,15, and — 15 deg. The postulated streamline patterns
involve a saddle type of singular point (S) where velocity
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Fig. 16 Computed velocity vector field on the plane of symmetry near
the trailing edge of model 1A at angles of attack of & = 0, 15, and
—15 deg.

vector is zero. It must be noted, however, that alternative
streamline patterns that do not include a saddle point of sin-
gularity may also be postulated.?! In Fig. 17, S’ is the reat-
tachment point on the base of the model, and points F are
focus type singularities in the streamline pattern. L, is mea-
sured between the trailing edge and the saddle point S along
the X axis. The normalized size of the reverse flow region in
the wake (LT = L./} is equal to 0.13 at @ = 0 deg, and to
0.10 at « = =15 deg, respectively. The uncertainty in de-
termining LI is estimated to be AL¥ = +0.02. It can be
argued that, at zero angle of attack, the reverse flow region
is longest because it is hidden completely from the freestream.
Evidently, the reverse flow region shrinks with increasing
angle of attack as it becomes exposed to high kinetic energy
of the outer flow. In Fig. 17, two counter-rotating spanwise
vortices can be seen around foci F. These vortices are of
approximately equal size at zero angle of attack. At @ = 15
deg, the vortex near the top of the carriage (¢ = 0 deg) is
larger than the vortex near the bottom part (¢ = 180 deg).
On the other hand, at @« = —15 deg, the bottom vortex is
larger than the top vortex. In both cases, the larger vortex is
located on the lee side.

a=15°

Fig. 17 Postulated streamline patterns in the wake region of model
1A at angles of attack of a = 0, 15, and —15 deg.

Max vector = 0.38V 4,

Fig. 18 Computed velocity vector field of the crossflow at X* = 0.64
on model 1A for & = 0, 15, and — 15 deg.
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Figure 18 shows the computed velocity vector field of the
cross flow at X* = 0.64 on the basic model 1A for a = 0,
15, and —15 deg. Magnitudes of the maximum velocity vec-
tors are indicated on the figure. The semicircular shape of
the body is approximated by a six-sided polygon in the com-
putational grid. The computation reveals a pair of counter-
rotating streamwise vortices for all angles of attack. Thus, the
flow at @ = 0 deg is not of vortex-free type in contrast to the
case of axisymmetric geometries. It can be argued that the
counter-rotating vortices are generated by separation from
the sharp edge of the body, i.e., they are the vortices located
around points F1 and F3 in the postulated streamline pattern
given by Fig. 10. The postulated vortices located around points
F2 and F4 in Fig. 10 are not predicted by the computation.
This is possibly due to the limited resolution of the grid in
the azimuthal direction. Hung'® demonstrates that grid res-
olution can affect the calculated topology of the surface flow.

Computational results presented in Ref. 17 showed that the
size of the reverse flow region in the base of model 2B was
considerably smaller than that of model 1A at o = 0 deg.
Experimental data reported in Ref. 17 also revealed that static
pressure distributions on the lower and upper surfaces of models
1A and 2B were virtually identical. Thus, it could be specu-
lated that the drag reduction observed for model 2B was
mainly due to the decrease of reverse flow region downstream
of the trailing edge.

Conclusions

1) The rocket-launchers played a determining role in in-
creasing the normal force acting on the basic model 1A. The
drag and axial forces were augmented more by the bombs
than by the rocket-launchers.

2) For all nonaxisymmetric models, the drag and the axial
forces were found to be larger at negative angles of attack,
which indicated the existence of a wider wake region in the
plane of symmetry for o < 0 deg.

3) Balance measurements showed that acrodynamically more
suitable forms of the carriage geometry could be obtained by
modifying its major drag-producing features. Models 2A and
2B gave the minimum drag and axial force. There was a rough
collapse of the data for models 2A-2C, and also for 2ZE-2G.
This indicated that the base height of the half-cone afterbodies
had a first-order effect on drag, lift, and pitching moment.

4) For all nonaxisymmetric models, the pitching moment
around the model tip M, decreased monotonically with in-
creasing «. The effect of afterbodies on X & was most sig-
nificant at negative angles of attack for which the pressure
center moved upstream with increasing .

5) Good agreement was observed between the static pres-
sures measured and calculated along the axis of model on the
upper surface (surface C) of model 1A.

6) Flow visualization results for model 1A indicated the
existence of large-scale and small-scale counter-rotating
streamwise vortices. It was hypothesized that the large-scale
vortices were generated by inviscid flow separation from the
sharp edges of the body, whereas the small-scale vortices were
formed by the crossflow separation of the boundary layer.

7) Computation of the flow around model 1A confirmed
existence of the postulated large-scale streamwise vortices.
However, the postulated small-scale streamwise vortices could
not be predicted by the computation. Computations also showed
that the flow was not of vortex-free type, even at & = 0 deg.

8) The experimental and computational data presented herein
supported and supplemented each other in revealing the global
structure of the flow around the basic model 1A.
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