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Vortical Flow over an Elliptical-Body Missile
at High Angles of Attack

Richard W. Newsome*
NASA Langley Research Center, Hampton, Virginia

Mary S. AdamsT
NASA Langley Research Center, Hampton, Virginia

Numerical solutions to the Reynolds-averaged Navier-Stokes equations are given for the flow about an elliptical
body missile (3: 1 ellipse) at a Mach number of 2.5 and a Reynolds number of 4.66 x 10° based on body length. At
high angles of attack, the fiow is dominated by large-scale free vortices that occur in the leeside flowfield due to
crossflow boundary-layer separation. Emphasis is focused on the accurate prediction of the leeside vortical flow.
Solutions are presented for both symmetric and asymmetric (body rolled 45 deg) configurations at 10 and 20 deg
angles of attack. The computed results are compared with experimental surface pressure measurements and vapor-
screen photographs. Excellent agreement is obtained in all cases.

Introduction

HE viscous flow about aircraft and missiles at high angles

of attack is characterized by three-dimensional boundary-
layer separation and the presence of large free vortices in the
leeside flowfield. This flight regime, typical of off-design and
maneuvering conditions, has assumed additional importance in
efforts to enlarge the allowable flight envelope. Traditional
analysis methods, which are appropriate for attached flow, are
not applicable in this flow regime. Solutions to the Reynolds-
averaged Navier-Stokes equations are necessary to describe the
physics of the flow adequately. However, demands on com-
puter memory and CPU time have severely limited the applica-
tion of such methods to realistic problems. The advent of
high-speed vector-processor computers has significantly in-
creased the complexity of problems that can now be addressed.
The intent of the present effort is to study the symmetric and
asymmetric vortex shedding over an elliptical-body missile at
high angles of attack through numerical solution of the
Reynolds-averaged Navier-Stokes equations on the NASA
Langley Research Center VPS 32 (Cyber 205) computer.

As opposed to the more conventional circular missile cross
section, the elliptical cross section offers several potential ad-
vantages. It provides a higher ratio of normal to side force and
more favorablc out-of-plane forces and moments than an
cquivalent missile with a circular cross section.! This leads to
better compatibility in longitudinal directional stability.? At
moderate to high angles of attack, both cross sections are dom-
inated by the vortices in the leeward flow. The vortices induce
a lower pressure on the leeward body surface, which results in
an additional normal force component not predicted by linear
theory. When the vortices are stable and symmetric, the vorti-
cal flow may be exploited to acrodynamic advantage. For the
elliptic cross section, most of the normal force is, in fact, devel-
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oped by the body rather than by the tail or wings. Thus, an
accurate prediction of the vortical flow over the body is essen-
tial if reasonable forces and moments are to be calculated for
the overall missile. However, the nature of the separation and
the location of the separation lines are known only when the
boundary layer is integrated up to and through the point of
separation. A further complication occurs at nonzero roll angle
(or an equivalent yaw angle) where the elliptical cross section
produces highly asymmetric vortices.

Sharp and blunt-nosed elliptical cross-sectional missiles were
extensively tested in the NASA Langley Unitary Plan Wind
Tunnel for body alone, body-wing-tail, and body-tail configu-
rations at a variety of angles >f attack and roll angle in order
to form a database for comparison with computational
methods.? In the range of angles of attack considered ( —5 to
25 deg), the vortices were quasisteady and symmetric (at zero
roll angle), and vortex bursting, asymmetric vortices, and un-
steady vortex shedding were not observed. The onset of these
phenomena defines the upper limit in which the vortical flow
may be favorably exploited in efforts to enlarge the perfor-
mance cnvelope.

Reference 4 describes the evaluation of a number of approx-
imate computational methods for the sharp-nosed elliptical
body missile. These include a full potential method,® a vortex
cloud method® in which the vortex is represented as a set of
discrete point vortices, and a supersonic/hypersonic arbitrary
body program (S/HABP)? for predicting surface pressure. In
general, satisfactory results were not reported. The potential
method was incapable of representing the crossflow separation
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Fig. 1 Elliptical body missile (all dimensions in ¢cm).
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and the resulting vortex structure that is the dominant flow
characteristic. The discrete vortex method only crudely mod-
eled the actual vortical flow with equally poor results. The
S/HABP program was the least exact of the methods reported.
Euler calculations® resulted in inviscid separation due to the
spurious generation of vorticity in the crossflow expansion.
The coupling of three-dimensional boundary layer and Euler
codes in a region of strong viscous-inviscid interaction is a
difficult procedure that, at best, can only determine the primary
separation line and establish the primary vortex through an
enforced Kutta condition at the point of separation. The
Navier-Stokes equations are not limited by the restrictions of
the more approximate methods and, with the advent of com-
puters such as the Cyber 205, the solution of the three-dimen-
soinal Navier-Stokes equations for body, wing-body, or
wing-body-tail configurations is now a reasonable calculation.
The goal of the present Navier-Stokes calculations is twofold:
1) produce quantitatively valid solutions that compare favor-
ably with experiment and 2) provide an enhanced qualitative
understanding of the flow through post-processing graphics.

Theory

The governing equations are the compressible three-dimen-
sional Reynolds (mass)-averaged Navier-Stokes equations
written in conservative form in the transformed coordinate
system. Inflow boundary conditions were fixed as the conical
solution to the governing equations at a station near the apex
of the sharp-nosed body using a previously developed conical
flow code.®!° The outer boundary was placed outside the bow
shock so that freestream conditions could be prescribed. On
the body surface, the no-slip conditions were applied. Surface
pressure was determined by the simplified normal momentum
equation (pressure extrapolation). Surface temperature was
specified as the adiabatic wall temperature based on freestream
conditions. A symmetry condition was applied through reflec-
tion about the centerline plane for the symmetric flow at 0 deg
roll angle. For the asymmetric calculations at 45 deg roll angle,
a periodic boundary condition was applied on the wind-
ward centerline plane with a two-point mesh overlap. Since
the outflow was supersonic, the conservative variables were
extrapolated at the outflow boundary.

Turbulent closure was provided by a modified Baldwin-
Lomax!!' turbulence model. The Baldwin-Lomax model is a
two-layer (inner/outer) eddy viscosity model. The baseline
model performs well in regions of attached flow but breaks
down in regions of large crossflow separation. The basic prob-
lem is determining the proper length and velocity scales in the
vortical flow on the lee side of the body. The model scales the
outer eddy viscosity according to the maximum value of a
function that is proportional to the vorticity magnitude in the
profile normal to the body surface. The baseline model thus
scales the outer eddy viscosity relative to the vorticity maxi-
mum in the leeside vortex core, rather than the smaller local
maximum in the boundary layer beneath the vortex. The outer
eddy viscosity is then too large, and the net effect is to distort
the flow by -decreasing the size of the primary vortex, changing
the location of the separation lines, and even suppressing the
secondary vortices. This situation is discussed by Degani and
Schiff!? together with appropriate modifications. The modifica-
tions adopted here, similar to those proposed in Ref. 12, ensure
that the outer eddy viscosity is correctly scaled relative to the
leeside boundary layer rather than the vortex core.

The three-dimensional grid was generated as a series of pla-
nar surfaces. Each grid surface was obtained by the method of
Thompson et al.!> as the solution of two Poisson equations.
The resulting grid is smooth and nearly orthogonal to the
body.

MacCormack’s unsplit, explicit finite-difference algorithm’*
was used to obtain numerical solutions. The method is second-
order accurate in space and time and is conditionally stable.
Additional efficiency was achieved by the use of a local stability
bound with a time-step limit set as a multiple of the global
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minimum time step. MacCormack’s pressure damping was
used to control shock oscillations. Kumar’s three-dimensional
inlet code!® was adapted to solve the external flow about the
missile. The code is a highly vectorized MacCormack al-
gorithm implemented in half-precision (32-bit) arithmetic. The
vector length corresponds to the product of the two crossflow
plane indices. The use of 32-bit arithmetic doubles the execu-
tion speed of vector statements that make up virtually the
entire code while halving the necessary storage. The conver-
gence achieved with 32-bit arithmetic is quite adequate for
engineering calculations. For the largest grid considered,
35 x 101 x 61 (215,635) points, a converged solution required
roughly two hours of CPU time at a data processing rate of
1.02 x 1073 CPU seconds/grid point/iteration and required
2.5 M 64-bit words of memory.

Limiting streamlines defines a velocity field adjacent to the
body surface that exists for any finite height of the streamlines
above the surface. In the limit, as the height approaches zero,
the streamlines become parallel to the body surface and are
coincident with the skin friction lines or surface shear stress
trajectories.'®!” Experimentally, skin friction lines are realized
through oil-streak flow visualization. Topological rules, based
on the number and type of singularities in the vector field
defined by skin friction lines, have been devised to interpret
and explain oil-flow results for three-dimensional separated
flows. In the present case, it is sufficient to note that the conver-

IR

S

\\: ‘\
T
i

&
KK
JRHHES
B ERRR
Aaritrfoels Seedes
fr B

o
SRS
R %
I’Il l:',' ‘s:“
i

o
l,,"l"

LA
R
9%
XL /]
CREALIALTAHL]
ey Y

%
%

5%
o

o,
XY
Ly

",

s

R
SRR
TR
\\\\\::\\\\

K

.'
&

55
K
0% %%

SRR
IR
XS
CSXXA
S

o

e

S
5
S
X
R
REEL
R

T
98
N

it
S
B
“\‘“‘
W\

\

i
(TR
TH
\{“
1\

!

R
SN
SIRSSINaee
e e
LT STR Y

Fig. 2 Grid, « =10deg, f =0deg (grid reflected about symmetry
plane).
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Fig. 3 Surface pressure coefficient, Mach = 2.5, « = 10 deg, § = 0 deg.
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gence of skin friction lines indicates a line of separation,
whereas divergence indicates a line of reattachment. Limiting
streamlines (or skin friction lines) can be determined numeri-
cally. The projection of the velocity field adjacent to the body
surface onto the surface is given by

Up=(up9vp’ WP)ZU—(NS U)Ns (1)

where N, is the outward body normal and U is the velocity one
point away from the wall. The solution of the two kinematic
equations relating the coordinates ¢ and 7 on the body surface,
{ =0, to the projected contravariant velocity components,
(U[" VL‘)’

&=U.=¢u, +Su, +Ew,
r’l = Vc = nxup + rlyup + ézwp (2)

define the skin friction lines. Equation (2) is then integrated in
the uniform computational grid and interpolated to define the
particle path (skin friction line) in physical coordinates
(x, y, z). In the results to follow, a new path line is initiated
at each of the surface grid-point locations. The trajectory is
terminated when the next crossflow grid station is encoun-
tered. When combined with crossflow velocity vector plots, the
computed skin friction lines clearly reveal both separation and
reattachment lines.

(a=10° B=10°

Hi % A - LN
05 0 .05 .10°-15-,10-.05 ¢ .05 .10 .15-15-10-.05 0 .05.10.15
/L

Fig. 4 Crossflow velocity vectors, Mach = 2.5, a = 10 deg, § = 0 deg.
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Results

A three-view drawing of the sharp-nosed, elliptical body mis-
sile is shown in Fig. 1. Since interest was focused on the devel-
opment of the leeside vortical flow as a result of crossflow
boundary-layer separation on the body, calculations were per-
formed for the body-alone configuration and compared with
corresponding experimental data. Experimental test conditions
were

M, =25 T, =339°K
Py =8136KPa Re,, =4.66 x 10°
Grit was applied to the body at x/L =0.043 (L =71.1 cm) to

induce boundary-layer transition. The computations per-
formed are shown in Table 1.

Primary
reattachment
line

Secondary
separation
line
Secondary
reattachment
line
Primary
separation

line

Fig. 6 Skin friction lines, Mach = 2.5, a = 10 deg, § = 0 deg.

x/L =0.64

x/L =1.0
Fig. 5 Comparison of experimental vapor screen and computed density field, Mach = 2.5, « = 10 deg, 8 = 0 deg.
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a=20°p=0° Symmetric Flow
-50 —Gompuation 2 The three-dimensional grid used for the 10 deg angle of at-
%] A f—"-\ tack, 0 deg roll angle is shown in Fig. 2. The upstream surface
Y AN S RN (NN — - ﬁ_ — was set at a distance x/L = 0.025. The conical Navier-Stokes
B Ty XIL=0.3 [l S| X/L=0.6 | . X/L=0.9% . . . ..
-5 M_A_._u__u_u: e S il equations were then solved for an equ1val§nt comcal. elliptical
P N o body that matched the slopes of the major and minor axes
e o f . ! “7 AR (a., b,) at the specified station. Since the boundary layer was
oy \;«{ .X(L. pz ~N Sbeg ML= L b X=asl, tripped just downstream of this station, the entire flow, includ-
'50 J— : ing the conical starting solution, was assumed to be turbulent.
w? i ) T T In all cases, the minimum spacing adjacent to the wall i.n the
ey o e j— STTETT R windward (attached) boundary layer was set at a nondimen-
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Fig. 7 Surface pressure coefficient, Mach = 2.5, & = 20 deg, § = 0 deg.
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Fig. 8 Crossflow velocity vectors, Mach = 2.5, « = 20 deg, § = 0 deg.

Table 1
Case Angle of attack, deg Roll angle, deg
1 10 0 (symmetric)
2 20 0 (symmetric)
3 10 45 (asymmetric)
4 20 45 (asymmetric)

x/L =0.32

sional law-of-the-wall distance of s ™ = 10. In the leeside vorti-
cal flow, this same minimum spacing resulted in a value s+ < 5.
The grid for the 10 deg angle-of-attack case consisted of 32
points along the body (&) length, 46 points around the body (7),
and 48 points outward from the body ({). The windward
boundary layer was spanned by roughly 8 points at inflow and
16 points at outflow. )

A comparison of surface pressure coeflicients is shown in
Fig. 3. The computed results have been reflected about the
symmetry plane for comparison with the 360 deg experimental
results. The degree of asymmetry in the experimental results
provides a measure of experimental error. At the earlier sta-
tions, x/L =0.3 — 0.5, the experimental results indicate that
crossflow boundary-layer separation occurs somewhat earlier
(more windward) than the computed results. Since the adverse
pressure gradient is rather mild, the precise point of separation
is critically dependent on the computed eddy viscosity co-
efficient. The neglect of any transition region with the assump-
tion of fully turbulent flow at inflow may serve to delay
separation. At the latter stations, excellent agreement was
found on both the windward and leeward surfaces. Crossflow
velocity is given at three of the four stations, corresponding to
the location of the experimental vapor-screen photographs in
Fig. 4. At the station x/L = 0.32, the crossflow has separated
but a well-defined vortex is not yet evident. At the station
x/L =0.64, the primary vortex is evident. Secondary separa-

0.64

x/L = 0.89

Fig. 9 Comparison of experimental vapor screen and computed density field, Mach = 2.5, a = 20 deg, 8 = 0 deg.

x/L =1.0
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tion is incipient at this station. At the last station, x/L = 1.0,
the core of the primary vortex has moved away from the sur-
face. The secondary vortex is also evident, and a tertiary vortex
can be seen between the secondary reattachment line and the
primary separation line in which flow from the primary separa-
tion is entrained into this tertiary vortex. Experimental vapor-
screen photographs were taken at the stations x/L = 0.32, 0.64,
0.89, and 1.0. A color graphics representation of the density at
the stations x/L =0.32, 0.64, and 1.0 is compared with the
vapor-screen results in Fig. 5. The vortices appear as dark blue
to black, corresponding to the lowest density regions on the
color scale. There is a striking similarity in the size and shape
of the computed and experimental vortices. Skin friction lines
are shown in Fig. 6. The primary separation line originates at
the upstream boundary and moves more windward as it tra-
verses the body length. The secondary separation line first ap-
pears at x/L = 0.49, and the secondary attachment line occurs
just downstream of this point.

The grid for 20 deg angle of attack was similar to the 10 deg
case. It consisted of 33 points along the body, 51 points around
the body, and 57 points outward from the body. The minimum
step size and boundary-layer resolution criteria were similar to
the 10 deg angle-of-attack case. The computed surface pressure
coefficient, Fig. 7, is in excellent agreement with experiment. In
contrast to the 10 deg case, the separation is clearly established
at the inflow plane and is less dependent on the eddy viscosity
predicted by the turbulence model. As a result, the surface
pressure coefficient on the leeward surface is accurately pre-
dicted even at the upstream stations. Crossflow velocity plots
are given in Fig. 8. The vortical flow is much more obvious
than in the 10 deg case. Both primary and secondary vortices
are apparent at the stations x/L =0.32 and 0.64. At the last
station, x/L = 1.0, the primary vortex core had lifted off the
body and became rather elliptical in shape. The two counter-
rotating secondary/tertiary vortices previously noted at this
station in the 10 deg case were again present. Vapor-screen
photographs and the computed density field are compared in
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Primary
reattachment

line
Secondary
separation Secondary

line reattachment
line
Primary
separation

line

Fig. 10 Skin friction lines, Mach = 2.5, a = 20 deg, § =0 deg.
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Fig. 11 Surface pressure coefficient, Mach=2.5, «=10 deg,
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Fig. 12 Comparison of experimental vapor screen and computed density fields, Mach = 2.5, « = 10 deg, 8 = 45 deg.
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Fig. 9. Since the vapor-screen photograph was not available at
x/L =1.0, the result at x/L =0.89 has been substituted in-
stead. Skin friction lines are shown in Fig. 10. Both the primary
and secondary separation and reattachment lines are estab-
lished at inflow and run the length of the body.

Asymmetric Flow

The grid used in the asymmetric flow calculation at 10 deg
angle of attack, 45 deg angle was composed of 35 points along
the body, 51 outward from the body, and 101 points around
the body with a two-point mesh overlap. The surface pressure
coeflicient for this case is given in Fig. 11. As in the symmetric
case at 10 deg angle of attack, separation on the leeward edge
occured sooner than the computation predicted at the up-
stream stations, x/L = 0.3 — 0.5. A comparison of the vapor-
screen and a color graphics representation of the computed
density field is given in Fig. 12. The flow on the windward edge
remains attached at x/L = 0.32 and 0.64 whereas separation is
evident at the last station, x/L = 1.0. On the leeward side, the
primary vortex can be seen at x/L =0.64. At x/L = 1.0, the
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Fig. 13 Surface pressure coefficient, Mach=2.5, « =20 deg,
B =45 deg.
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primary vortex is displaced from the body, and the characteris-
tic secondary/tertiary vortices appear under the primary vor-
tex. The computed skin friction lines (not shown) indicate that
the windward separation line first appears at x/L = 0.78. On
the leeward side, a primary separation line runs along the entire
body length, whereas the secondary separation and reattach-
ment lines begin much further downstream at a distance x/
L =0.62.

Grid dimensions for the 20 deg angle-of-attack asymmetric
flow case were 35 points along the body, 101 points around the
body, and 61 points outward from the body. The computed
surface pressure coefficient, Fig. 13, exhibits excellent agree-
ment with experiment along the entire body length on the
windward and leeward sides. A comparison of the vapor-screen
photographs with the computed density flowfield is given in
Fig. 14. The predicted location and size of the vortices are in
agreement with the experimental results. The flow on the wind-
ward edge remains attached, and separation and reattachment
occur near the mid-body position. The windward vortex is
quite strong and remains very close to the body surface. A
crossflow shock is evident above this vortex in both the vapor-
screen and the computation. In moving downstream, the com-
puted skin friction lines (not shown) indicate that the primary
separation line moves progressively toward the windward edge,
whereas the vortex core moves toward the leeward edge. At the
last station, x/L = 1.0, the vortex extends virtually from the
windward edge to the leeward edge. The leeward vortex is
much weaker and is shed into the flow at some distance above
the body. At x/L =0.32, the leeward secondary separation is
insipient, and at x/L = 0.64, the leeward secondary vortex is
visible. At the last station, x/L = 1.0, the windward and lee-
ward vortices interact to produce the two counterrotating vor-
tices previously noted at this station.

Conclusions

Numerical solutions to the Reynolds-averaged Navier-
Stokes equations for the turbulent flow about an elliptical body

Fig. 14 Comparison of experimental vapor screen and computed density fields, Mach = 2.5, o = 20 deg, 8 = 45 deg.
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missile at a Mach number of 2.5 and a Reynolds number of
4.66 x 10° have been presented for angles of attack of 10 and
20 deg at roll angles of 0 and 45 deg. Very good agreement with
the experimental surface pressure measurements is shown in all
four cases. A comparison of the color graphics representation
of the density at several stations with corresponding experi-
mental vapor-screen photographs demonstrates that the calcu-
lation successfully predicts the size, shape, and location of the
vortices that dominate the leeward flowfield. Finally, crossflow
velocity plots and skin friction lines are used to delineate the
vortical structure due to crossflow boundary-layer separation
and the accompanying separation and reattachment lines.

The present results indicate that quantitatively valid solu-
tions can be obtained with a simple algebraic turbulence model
for the vortical flow about the elliptical body missile. The solu-
tions may be obtained in a reasonably efficient manner using
present-day vector-processor computers. When combined with
effective graphics, the numerical solutions provide an enhanced
qualitative understanding as well.
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