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Aerodynamics of a Body Immersed in a Supersonic Wake:
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The objective of this investigation was to determine the aerodynamic characteristics of a trailing body in a
supersonic wake. The effects of two leading-body geometries and various axial and radial placements of the trailing
body were examined. At locations downstream of the wake neck and coaxial with the leading body, a toroidal vortex
was formed at the nose of the trailing body. When the trailing body was displaced radially, the toroidal vortex
was replaced with a horseshoe vortex, which diminished in size with increasing displacement. For the coaxial
alignments, the drag on the trailing body was substantially reduced below its freestream value, but increased
with increasing separation distance. For off-axis alignments, the drag also increased with exposure to freestream
conditions. The variation of lift coefficient with asymmetry indicated that the trailing body would tend to move
towards the wake centerline, but the pitching moment suggested that an angle of attack would develop and could
cause the trailing body to be ejected from the wake core.

Nomenclature
CD = drag coefficient, D//[(l/2)p00^((l/4)7rZ)2)]
CL = lift coefficient, L//[(l/2)yo00t/^((l/4)7rD2)]
CM = moment coefficient, M/[(l/2)p00^((l/4)7rZ)3)]
D = base diameter of body
dso = shock standoff distance (trailing body)
F,G,H = flux vectors
L = length of body
Lc = characteristic body length
M = pitching moment about jccm, (CW +)
Ma - Mach number
Maso = Mach number upstream of shock at centerline
P = penetration depth
p = static pressure
pQ = freestream stagnation pressure
/?oo = freestream static pressure
g = solution vector
Re% = Reynolds number based on the speed of sound
r = radial coordinate
S = stress vector
TO = stagnation temperature
UQQ = freestream velocity
x = axial coordinate
*c.m. = center of mass measured from nose
jcc p = center of pressure measured from nose
A = an incremental difference
AXC.P. = static margin
£, K], f = generalized coordinates
r - generalized time

Introduction

IN the development of antiarmor projectiles, an important pa-
rameter is the penetration depth, which is a measure of projectile
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effectiveness. Contemporary projectile designs depend on high ki-
netic energy, rather than an explosive charge, for penetration. Speeds
are routinely in the supersonic regime and can approach hypersonic
conditions. The conventional projectile configuration is simply a
long rod penetrator. However, recent studies1'2 have shown that en-
hanced penetration is possible if the long rod is segmented into
multiple bodies.

As is shown in Fig. 1, enhanced penetration is not always
achieved. Suggested reasons for the variation of P/LC include (for
Ax/D < 2) that segment i + 1 reaches the crater bottom before
segment i has completed its penetration,1 (for Ax/D > 2) that
backflowing material disturbs incoming segments,1 and the mis-
alignment of segments.2 The first two possibilities are in the area of
penetration mechanics, but the last relates to multiple-body aerody-
namics, and is the primary motivation for this research. The trailing
segments will have an alignment that is dependent on their wakes and
aerodynamic characteristics. Thus, the flight trajectory of multiple
segments is of critical importance in obtaining enhanced penetration
by segmented projectiles.

Experimental studies of multibody configurations, with one body
in the supersonic wake of another, are very limited. However, some
information is obtainable from investigations3-4 carried out dur-
ing the 1960s. These studies examined flow past an axisymmet-
ric backward-facing step and a missile-nozzle configuration. The
primary information gained from these studies is that the surface
pressure of the trailing body follows the same trends as the cen-
terline static pressure behind a single body. For example, along the
centerline the static pressure near the base plane is below freestream
pressure, and increases as one moves towards the region of shear-
layer reattachment. The static pressure peaks after reattachment and
decays slowly to freestream conditions further downstream. These
trends in pressure are also consistent with two-dimensional reattach-
ing shear layers. More recently, Berner5 investigated experimentally
various cone-cylinder geometries behind a cylinder. Reported infor-
mation included surface pressures on both the leading and trailing
bodies, and LDV measurements within the flowfield.

Berner5 also included computational results related to his exper-
iments. The results were in fair agreement and showed the most
difficult region of the flowfield to predict is the recirculation zone
between the tandem bodies. This conclusion is consistent with
computations of single-body flowfields. The only other computa-
tion known by the author related to these multibody configurations
is that of Sahu and Nietubicz.6 Their investigation revealed a large
drag reduction for trailing bodies.
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Fig. 1 Penetration depth for various separation distances.
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Fig. 2 Schematic of tandem body flowfield and representative grid
around trailing body.

In our investigation, a simple tandem-body configuration was
used to examine the basic aerodynamic trends of segmented pene-
trators, and the results presented here are some of those more ex-
tensively discussed in Ref. 7. To achieve this objective, numerical
simulations of the flowfield generated by two leading-body geome-
tries and the trailing body at various axial and radial placements
were computed. Figure 2 shows geometric parameters for the tan-
dem bodies, and the freestream conditions were set to Ma = 4.95,
ReD = 1.25xl06,C/oo = 765m/s,r0 = 353K,andp? = 2080 kPa.
Unlike an earlier investigation,6 the leading and trailing bodies are
of the same diameter. The trailing body was designed to be blunt
in order to more closely match the flat-faced cylinders of Fig. 1.
The hemispherical nose allowed easier grid generation because of
the elimination of sharp corners. However, this nose geometry dif-
fers from that of Berner,5 who considered cone-cylinder bodies in
a supersonic wake.

The two leading-body configurations considered herein were a
12-deg cone-cylinder (case A) and a hemisphere-cylinder (case B),
which produced significantly different wakes and allowed the effects
of different velocity profiles to be assessed. Various axial separations
(Ax/D = 1.88, 4.63, 7.20 for cases A and B with Ar/D = 0.0)
and radial displacements (Ar/Z) = 0.0, 0.05, 0.15, 0.25 for case
A with Ax/D = 7.20) were also examined to study the effects of
wake development and offset on the trailing-body aerodynamics.
The forces and moments on the trailing body are of primary con-
cern, so that it may be ascertained whether the trailing body will
remain in the wake or be ejected from it. It is believed that the
present results lead to an improved understanding of the aerody-
namics of segmented projectiles, which affects the flight dynamics
of the segmented array.

Computational Technique
The system of equations used in this investigation was the thin-

layer, Reynolds-averaged Navier-Stokes equations.8 In generalized
coordinates, they can be written as

(1)

The solution algorithm is an implicit finite-difference scheme8

with flux-vector splitting in the streamwise direction and central
differencing in the other directions.9 Although the mean flow is
steady (i.e., neither the separation distance Ax/D nor the displace-
ment distance Ar/D varies with time), the solutions were obtained
in a time-asymptotic fashion. The grid scheme was a zonal method
that separates the flowfield into smaller components. Communica-
tion between the zones ensured the solution was continuous across
zone boundaries.w'n

In Fig. 2, a representative grid around the trailing body is shown
for every fourth grid line, where a typical grid contained 101 x 61
points. To handle the transverse curvature associated with the ax-
isymmetric geometry, three planes were used in the circumferential
direction with a separation angle of 5 deg. For cases with radial dis-
placement, an axisymmetric flowfield no longer existed, and a half-
plane solution (180 deg) was required. Therefore 19 planes with a
separation angle of 11.25 deg, were used for the half-plane solution.
The two additional planes, for a total included angle of 202.5 deg
were required to enforce boundary conditions across the symmetry
plane. The applied boundary conditions were as follows for ax-
isymmetric cases: symmetry across the centerline (r/D = 0.0),
nonreflecting condition at the outermost radial boundary, adiabatic
and no-slip conditions at the wall, user-defined wake profiles along
the inflow boundary for Ax/D = 4.63 and 7.20 cases, and extrapo-
lation along the outflow boundary. For off-axis cases, the boundary
conditions were the same except along the trailing-body centerline,
where averaging of neighbor quantities was used to specify values
along the centerline.

A modified form of the Baldwin-Lomax (BL) turbulence model12

was used in the present study. For example, the intermittency fac-
tor was adjusted to allow for the free shear layer being located off
the wake centerline behind the leading body.13 Also, the velocity
difference across the shear layer was corrected to allow negative
minimum velocities.14 Within the wake, the inner region of eddy
viscosity was neglected, since the no-slip condition along the cen-
terline is not applicable. Finally, the BL model was applied along
the wake (i.e., lines normal to the centerline) and along the trail-
ing body (i.e., lines normal to the body) for coaxial alignments, see
Fig. 2. To determine which value of the turbulent viscosity should be
used, a simple proximity rule was developed. If the point of interest
was nearer the centerline, the turbulent viscosity calculated from the
wake was used; otherwise, the turbulent viscosity was determined
from the boundary layer.7

The thin-layer approximation and the BL model were tested to
verify their application to the large recirculation zone behind a
single body.7 For small regions of separation, thin-layer solutions
have been found by several other investigators to be equivalent to
full Navier-Stokes solutions.15 Within a large recirculation zone,
the thin-layer approximation and the BL model were expected to
perform poorly in comparison with experimental data.9 However,
downstream of reattachment (x/D > 1.5), comparisons between
the computational and experimental results suggested the thin-layer
approximation and the BL model were adequate, as can be seen in
Figs. 3 and 4. In Fig. 3, experimental data16 are shown in comparison
with predictions of the BL model and the k—€ model.9 It is observed
that the BL model performed as well as the k—€ model after reat-
tachment. Comparisons of predicted and measured17 pitot pressures
at x/D between 2 and 5 are shown in Fig. 4 and exhibit generally
good agreement, except for predicting the trailing shock at a slightly
larger radial location. Thus, although the computational method was
inadequate within the recirculation zone, it is considered satisfac-
tory for the near wake and thus can supply upstream conditions for
the trailing body at Ax/D = 4.63 and 7.20.

For cases with Ax/D = 1.88, it was found that the shear layer
bridged the two bodies and formed a highly modified recirculation
zone. Thus, unlike the larger separation distances, where the flow
around the leading body can be decoupled from the flow around the
trailing body (because of supersonic flow between them), the small
separation (Ax/D = 1.88) caused a coupling between the bodies
and required a single computation for the entire region. Because
of poor predictions within the recirculation zone, computational
results of the flowfield with Ax/D = 1.88 should be viewed as
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Fig. 3 Parameters in the wake of a single body. Top: stream wise ve-
locity profiles at various axial positions. Bottom: variation of centerline
velocity in the wake for three grid resolutions.
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Fig. 4 Pitot-tube pressure profiles at various axial positions behind a
5.9-deg-half-angle cone.

approximate, although the corresponding aerodynamic results are
included in later sections. Additionally, a grid independence study
was completed for the single-body wake16 and the results are shown
in Fig. 3. As can be seen, the centerline streamwise velocity, a
key wake flow parameter, is largely independent of the mesh size;
however, Fig. 3 illustrates clearly the inadequacies of the thin-layer
approximation and the BL model within the recirculation zone.

Flowfield Results for Axisymmetric Cases
The wake profiles of Fig. 5 were determined from leading-body

calculations and included the turbulent recirculation region and
wake using the BL model as described earlier. The profile for case A
at x/D = 3.03 indicates a Mach-number variation of Ma « 1 to 5
over r/D « 0 to 0.5, while at x/D = 6.50, the Mach number varies
from Ma « 2 to 5 over r/D « 0 to 0.5. In contrast, the profile for
case B at x/D — 6.50 varies from Ma •« 1.5 to 3 over r/D « 0
to 0.5. These wake profiles provided the inflow conditions for the
trailing-body computations at Ax/D = 4.63 and 7.20.

In Fig. 6, the pressure contours and streamlines are shown for case
A with Ax / D = 4.63. It is seen that two shocks are formed upstream
of the trailing body. One begins at x/D « 3.7 and intercepts the
second shock, which originates above the reattachment point. This
behavior can be explained by the streamlines presented in Fig. 6.
The first shock wave is caused by a toroidal vortex at the nose of
the trailing body, and the origin of this recirculating fluid is the
high pressure at the shoulder of the trailing body. For example,
the Mach number approaching along r/D « 0.5 is approximately
5. Thus, nearly freestream conditions are impinging on the shoul-
der, creating a high-pressure region, which interacts with the low-
momentum fluid along the centerline and causes the flow to separate
and recirculate.

This recirculating flow is very similar to that experimentally in-
vestigated for hypersonic flow past spiked cones.18 The spike has
associated with it a momentum deficit (i.e., the boundary layer); thus
at the shoulder, the impinging flow causes a high pressure, which im-
pedes the low-momentum flow along the spike and creates a toroidal
vortex. In our case of the blunt trailing body submerged within the
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Fig. 5 Computed wake profiles approaching trailing body.
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Fig. 6 Pressure contours and streamlines for case A with Ax/D = 4.63.

wake, the reattachment pressure will interact with the wake momen-
tum deficit and produce a flow pattern similar to the type-D flow,18

which has an unsteady recirculation region. For type-D flow, Wood18

states, "For angles slightly greater than the conical detachment an-
gle, the oscillation appears as a ripple in the flow pattern instead
of the violent expansion and collapse of the [recirculation] region,
which occurs on really blunt bodies." Thus, the flowfield around the
blunt body will likely be unsteady in nature, but it is thought that
the predicted mean flow variables will be largely unaffected.

In Fig. 7, the pressure contours and streamlines around the trailing
body are shown for case A with Ax/D = 7.20. Unlike the shock
formation of case A with Ax/D = 4.63, only one shock wave is
present, but it has a "wiggle" in its shape due to the toroidal vortex
field, which exhibits a low-pressure region near its center. The flow
stagnation point along the centerline is at x/D = 6.91, and the cen-
terline static pressure at x/D = 6.95 (p/poo = 6.23) is within 1%
of the stagnation pressure behind a normal shock for the centerline
conditions upstream of the shock wave. Thus the pressure within the
vortex correlates closely with the stagnation pressure behind a nor-
mal shock. The shock standoff distance, dso/D, is approximately
0.37, while the peak surface pressure occurs just downstream of
reattachment and has a value of p/poo = 10.3. It is observed that
the streamlines in Fig. 7 have a similar pattern to those in Fig. 6.

For case B with Ax/D = 7.20, the incoming wake was specified
along x/D = 6.50 using wake profiles shown in Fig 5. Although the
centerline Mach number is 1.6, the Mach number at r/D = 0.5 is
only 3 because the momentum deficit produced by the blunt leading
body is spread over a much larger area than for the sharp leading
body (case A). The corresponding pressure contours in Fig. 8 show
a single bow shock in front of the trailing body. The shock standoff
distance is 0.32D, and the recirculation zone is somewhat smaller
than in case A, with Ax/D = 7.20. It has been assumed that the
steady-state toroidal vortices computed here would exist and that
turbulent fluctuations of the incoming wake perturb their structure.
However, it is possible that these toroidal structures are unsteady in
nature and have periods of expansion and collapse.18

Inasmuch as the accuracy of inflow-wake profiles (predicted by
the present model) was of concern, a series of computations were
made using perturbed profiles. Details of this phase of the study are
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given elsewhere,7 but the results can be summarized as follows, and
Fig. 9 illustrates some of these results. Perturbations that increased
the static pressure at the reattachment location tended to increase
the size of the toroidal vortex (thus causing the centerline flow to
separate farther upstream), whereas perturbations that increased the
centerline Mach number tended to decrease the size of the toroidal
vortex (i.e., the pressure within the vortex was determined by the
centerline stagnation pressure behind the shock). Thus a "critical"

separation distance should be expected at some large axial distance,
where the momentum of the fluid along the centerline is sufficient
to completely overcome the reattachment pressure. At this location,
the toroidal vortex would be replaced by a regular stagnation flow
at the nose.

Flowfield Results for Off-Axis Cases
For the off-axis simulations, a vertical plane of symmetry was

used to reduce the computational domain by nearly one half. The
incoming wake of the sharp, leading body (case A) was specified
on the grid boundary along x/D = 6.50. Because of the complex-
ity of the flowfield, the turbulent wake between x/D — 6.50 and
the trailing body could not be calculated easily. The BL algebraic
turbulence model requires a baseline position from which to mea-
sure the moment of vorticity. With the trailing body offset from the
wake centerline, a proper normal direction was difficult to formu-
late. Therefore, the wake turbulence was neglected for the radially
displaced cases only, but the turbulent flow within the trailing-body
boundary layer was calculated with the BL model (i.e., frozen tur-
bulent wake). From Fig. 9, it can be seen that neglecting the turbu-
lent viscosity between x/D = 6.5 and the trailing-body nose for
coaxial alignments changes the shock standoff only slightly at the
large separation distances. Further discussion of the effects of inflow
boundary conditions is given elsewhere.7-19

Figure 10 illustrates streamlines in the plane of symmetry for
Ar/D = 0.05. The flow impinging near the nose is recirculated
in a vortex structure that is no longer toroidal. The streamline that
approaches along r/D = 0.15 is deflected toward the stagnation
point on the upper part of the body, but then turns downward across
the nose and becomes nearly coincident with the streamline that
approaches along r/D = —0.15. Thus, the fluid between these two
streamlines must pass around the sides of the trailing body. This
suggests a structure similar to a horseshoe vortex.20

Also seen in Fig. 10 are the pressure contours around the trail-
ing body, which indicate that the bow shock bulges into the low-
momentum wake fcore. An unusual feature of this flow is the off-body
stagnation point just below the body nose, which has a pressure ra-
tio of 6, as compared to a value of 4 at the center of the horseshoe
vortex. The maximum shock standoff distance is 0.4Z), which is
slightly larger than in the coaxial case A with AJC/D = 7.20, where
the shock standoff distance was 0.37Z). This increase in shock stand-
off is likely due to the lack of turbulence computed within the wake.
The maximum pressure ratio on the body surface is 15.5, which is
roughly half the stagnation pressure under freestream conditions.

Although not shown, results for case A with Ax/D = 7.20 and
Ar/D = 0.15 indicated that the horseshoe vortex had diminished in
size, and the upper reattachment point had shifted down towards the
trailing-body nose.7 In Fig. 11, the streamlines are shown for case A
with Ajc/D = 7.20 and Ar/D = 0.25. The streamlines originating
near r/D ^ 0 again coalesce as they proceed downstream, again
suggesting that the fluid between these streamlines leaves the plane
of symmetry and passes around the sides of the trailing body. For this
case, the stagnation point moved closer to the trailing-body nose,
but neither a nose vortex nor any off-body stagnation points were
found.

Referring to the pressure contours of Fig. 11, it is observed that
the concave portion of the shock wave has almost disappeared and
the bulge at the wake core is less pronounced than for smaller offset
cases. The shock standoff distance is 0.2D at the centerline, whereas
at r/D = 0.25 it is approximately 0.1D, which is nearly the same as
that for the blunt body (0.083D) in uniform freestream conditions.
The maximum surface pressure ratio was determined to be P/POO =
25.5. Each of these comparisons supports the notion that further
increases of the displacement Ar/D will produce surface conditions
(upper half of body) that are nearly equivalent to the blunt body in
uniform freestream conditions.

In Fig. 12, the surface streamlines (defined by the velocity-vector
direction as one approaches the wall20 and determined by the first
grid point away from the body surface) are shown for case A with
AJC/D = 7.20 and Ar/D = 0.05. The points labeled A mark a
high-pressure ring that is associated with stagnation. On the upper
half of the nose, the stagnation pressure is high; the pressure on the
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Fig. 12 Surface streamlines around the trailing body, case A, with
Ax/D = 7.20 and Ar/D = 0.05. The labels A mark the high-pressure
ring and B the separation ring.

lower half is substantially smaller. Within the high-pressure ring, all
streamlines proceed towards the separation ring, labeled B. Some of
the streamlines originate on the upper half of the body and continue
to the lower half of the body as they proceed downstream.

Aerodynamic Results for Axisymmetric Cases
Drag forces were determined by integrating the pressure and skin

friction over the entire surface. The base pressure was assumed
constant7'16 on the trailing body only, and its base drag was found
using a recent correlation.21 This reduced the computational costs
by eliminating the recirculation zone behind the trailing body. Drag

0.9
0.8
0.7
0.6
0.5
0.4
0.3
Q.2
0.1
0.0

Sharp, Leading.Body (Case A)
Trailing Body (Case A)
Blunt, Leading Body (Case B)
Trailing Body (Case B)

Ax/D

Fig. 13 Drag coefficients for tandem bodies (cases A and B) at different
separation distances Ax/D.

coefficients for the leading and trailing bodies are shown in Fig. 13.
In case A, the drag coefficients for leading and trailing bodies are of
the same relative magnitude. At Ax/D = 1.88, the drag coefficients
for the leading and trailing bodies are nearly equal, suggesting that
the tandem bodies will keep their relative separation. As the separa-
tion distance is increased, the drag coefficient on the leading body
increases to its freestream value of 0.178 (i.e., the value that would
exist if the trailing body were absent). At the short separation dis-
tance, the presence of the trailing body increases the pressure on
the leading-body base plane, thus reducing the leading-body drag.
Berner5 found similar trends on the base drag of the leading body
when the separation distance was small. The drag coefficient on
the trailing body increases almost linearly with separation distance
for the range computed, approaching slowly its freestream value of
approximately 0.92. This value of drag coefficient would not be re-
alized for many base diameters, because the effect of the far wake
will persist.

In case B with Ax/D = 1.88, the drag coefficient on the lead-
ing body is reduced slightly by the presence of the trailing body.
When the trailing body is moved downstream, the drag coefficient
for the leading body tends toward its freestream value (0.92). The
drag coefficient for the leading body (case B) is much larger than
that associated with the trailing body, and one would expect the two
bodies to converge. Once again the drag coefficient on the trailing
body increases with separation distance, but at a lower rate than in
case A. This is due to the broader wake generated by the blunt lead-
ing body, which produces a lower than freestream Mach number
impinging on the trailing body. One would expect the drag coef-
ficient for the trailing body in case B to approach its freestream
value much farther downstream than that for the trailing body in
case A.

Aerodynamic Results for Off-Axis Cases
For the off-axis flow simulations described earlier, it was pos-

sible to compute not only the drag coefficients but also lift and
pitching-moment coefficients. In determining the base-drag coef-
ficient for the trailing body from the correlation,21 the effects of
varying shoulder Mach number and pressure around the cylinder
base were neglected. Moments were calculated about the center of
mass, with a positive moment being clockwise. The variations of
force and moment coefficients with radial displacement are pre-
sented in Fig. 14. As expected, the drag coefficient increases as
the trailing body becomes more exposed to freestream conditions
(i.e., increasing Ar/Z)). The lift coefficients are negative for all
displacement distances, indicating that the trailing body will tend
towards the wake centerline. In contrast, the pitching moment is
seen to decrease slightly with displacement distance and remains
negative. In Table 1, xc.p./D is shown for the various radial dis-
placements. The center of pressure decreases with larger displace-
ments, but is upstream of the center of mass, xc,m,/D = 1.330.
Both of these conditions (a negative moment and center of pres-
sure upstream of the center of mass) could have an undesirable
effect on the trailing body by producing an angle of attack, which
in turn could cause a further decrease in the lift coefficient. Ulti-
mately, the trailing body might be completely ejected from the wake
core.
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Table 1 Center of pressure and static margin
for case A with Ax/D = 7.20

Ar/D AXc.p.=xc.p,/L-xc.m./L
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0.487
0.276

-0.326
-0.337
-0.422

0.00 0.05 0.10 0.15 0.20 0.25

Fig. 14 Force and moment coefficients for case A with Ax/D = 7.20
at various radial displacements of the trailing body.

Conclusions
A numerical investigation of the flowfield around a blunt body

submerged within a supersonic wake was undertaken to determine
its aerodynamic characteristics. For coaxial alignments, a toroidal
vortex was predicted at the nose of the trailing body. This structure
was produced by high pressure near the body shoulder, caused by
the impinging shear layer and the low-momentum fluid along the
wake centerline. The size and shape of the vortex were highly de-
pendent on the wake profile produced by the leading body. For the
sharp leading body (case A), it was found that separation of the two
bodies was possible; however, for a blunt leading body (case B), the
leading-body drag was much larger than the trailing-body drag, and
therefore the two bodies would tend towards each other. This large
drag difference suggests that specific forebody geometries may need
to be selected to obtain desired separation characteristics.

For increasing radial displacement of the trailing body, the drag
coefficient increased with additional exposure to freestream con-
ditions, whereas the predicted negative lift coefficient indicated
that the trailing body would tend to move back towards the wake
centerline. However, the value of the pitching moment implies that
the trailing body would be rotated and produce an angle of attack
with the incoming flow. Thus an additional decrease in the lift co-
efficient would be possible and cause the trailing body to be ejected
from the wake.
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