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Nomenclature
C p = pressure coef� cient, . p ¡ p1/=. 1

2 ½1V 2
1/

M1 = freestream Mach number
Pc = total pressure at the combustion chamber
p = local pressure
pa = freestream static pressure
V1 = freestream velocity
x = axial distance
½1 = freesteam density

Introduction

I N recent years, there has been considerable progress in propul-
sion technology for supersonic � ight bodies. The development

of missile powerplants that produce high thrust density (ratio of
thrust to reference cross-sectionalarea) has introducedseveral mis-
sile aerodynamic problems. These include degradation of longitu-
dinal stability, reduced control effectiveness, and induced yawing
moments, largely due to the strong interaction between an under-
expanded exhaust plume and the boundary layer along the missile
body surface.1¡6

The interaction between a supersonic freestream and plume on
a missile body2;3 is typi� ed in Fig. 1. Jet expansion at the nozzle
exit producesa de� ection of the external freestream� ow and gener-
ates a rise in pressure,partiallycommunicatedupstreamthrough the
viscous layer very close to the body surface. In supersonic external
� ows, this nearly always leads to a series of oblique compression
waves. For large jet-to-freestreampressure ratios, the compression
waves coalesce to form a strong shock wave, leading to boundary-
layer separation forward of the base. The supersonic plume is gen-
erated by the interaction of an imperfectly expanded supersonic jet
with its surrounding conditions and has a number of distinct � ow
regions with different characteristic features.

For large jet pressureratios,as experiencedin missilesystems,the
plume is often characterizedby an inviscid barrel shock cell struc-
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ture, with shear layers developingalong the plume and Mach disks.
Embedded zones of subsonic� ow occur just behind the Mach disks,
and slipstreams generate from the triple point of the Mach disk and
the barrel shocks, whereas a signi� cant portion of the plume mix-
ing layer may be subsonic even for jets exhausting into supersonic
external freestream. This is due to the plume-induced shock on the
missile body.

The plume-inducedshock can lead to plume-induced separation,
involving interactionbetween the separated shear layers, the shock
waves, and the boundary layer. It is essential to have a detailed un-
derstanding of these interactions for an effective design of tactical
missiles, but such an understandingis lacking at present. This Note
presentsresearchinvestigationsdirectedtoward a betterunderstand-
ing of the complex � ow features over a missile body.

Computational Analysis
Computational � uid dynamic (CFD) studies were performed for

simple missile con� gurations, namely, a cone cylinder (Fig. 2)
and an ogive cylinder, with and without the exhaust plume. The
model had a length L of approximately 1000 mm (varied slightly
for comparison with the wind-tunnel data) and diameter D of
40 mm. The ogive-cylindercone length of the model l was 240 mm
(Fig. 3).

A commerciallyavailablecode, Fluent 5, that is the most capable
of analyzing the complex compressible � ows around the missile
body was used. The code has the ability to predict the � ow� elds
involving strong shock interactionswith shear layers and boundary
layers.

Fluent 5 uses a fully implicit � nite volume method to solve either
the Euler or the Navier–Stokes equations. For the viscous turbu-
lent � ow analysis, two-equation turbulent stress models, standard
k–e and renormalized group (RNG) k–e, which were modi� ed to
take account for compressibility effect, are employed to close the
governing equations.

In the present computations, structured grids were employed
for the simple missile con� guration. With respect to temporal dis-
cretization, an explicit multistage time-stepping scheme is used to
discretize the time derivatives in the governing equations. Using
a second-order-accurate scheme with � ne computational grids in
the vicinity of the shock and wake � ow makes it feasible to cap-
ture the shock structure near the forebody, as well as the wake
� ow downstream of the afterbody, of the missile model. The com-
putational effort of effectively capturing them was reduced in
the present computations by using an adaptive � nite volume grid
algorithm.

A multigridschemewas used to accelerate the convergenceof the
solution on a series of coarse grid levels. The net mass � ux through
the computationalboundarieswas investigated to determine if there
was an applicable imbalance through the boundaries.

In the case of the computations of the plume interference, the
computationaldomain strongly affects the solutions obtained.With
a high plume pressure ratio, the computational boundary down-
stream should be extended suf� cient to reduce the high pressure
of the plume to atmospheric conditions. In the present compu-
tations, the domain was extended about 40L upstream from the
missile model and about 120L downstream away from the missile
body.

The pressure far-� eld boundaryconditionswere used to simulate
freestreamconditionsat in� nity,with the inlet and outlet boundaries
providingthe requisite� ow conditions.In additionto the modelwall
and the symmetry boundary conditions, the pressure inlet along
the upstream boundary, the pressure outlet along the downstream
boundary,and the pressure far-� eld on the sidestreamboundary can
specify another set of boundary conditions.

In the current computations, freestream Mach number M0 was
varied in a range of low supersonic � ow speeds. Freestream static
pressure and temperatures were kept constant 101325.1 Pa and
288.15 K, respectively, as is typical in wind-tunnel test � ows.
These conditions result in Reynolds number based on the model
length from 2:0 £ 107 to 4:5 £ 107 . The plume pressure ratio, de-
� ned as the ratio Pc=pa of total pressure Pc at the combustion
chamber to freestream static pressure pa , was varied in the range
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Fig. 1 Schematics of interaction between supersonic freestream and plume.

Fig. 2 Comparison of CFD results with experimental data: cone cylin-
der model.

of 1.5–2000. For simplicity, the total temperature at the com-
bustion chamber was assumed the same as the freestream total
temperature.

Results and Discussion
Results of the computations are shown in Figs. 2–5.
A result of computational analysis and comparison with experi-

mental data for a cone-cylindermodel at M D 1:2 and a large inci-
denceis shownin Fig. 2.Therearedif� cultiesin computing� ow� eld
at only Mach 1, where it can be seen that the agreementbetween the
computational result and wind-tunnel data is very poor. In case of
the small cone angles, the � ow around the body is very sensitive to
the disturbancesdue to the presenceof the cone, and the entire � ow-
� eld in the presentcomputationaldomain appearedhighlyunsteady.
In spite of several tests, it was dif� cult to get grid-independentso-
lutions for this particular case. This was not a problem for a larger
cone angle. This may be associatedwith a stabilityproblemappear-
ing in a sonic � ow past a very slender body. Agreement between
CFD predictionsand experiments for pressure distributions is good
for a Mach number of 1.1 and larger cone angles of 15 deg.

Fig. 3 Comparison of present computation with existing wind-tunnel
data: ogive-cylindrical model.

For the ogive-cylinder body without the plume � ow (Fig. 3)
the � ow� eld is very sensitive to the ogive contour. Details of the
contours used in the experimentswere not available,and, therefore,
the CFD predictionsbased on the contourchosen here can lead only
to qualitativecomparison with experiments.The CFD results agree
well with the experiments for the shock position. Small differences
in the results between the prediction and experiment are found due
to the difference in geometry used.

For an ogive cone cylinder model with a plume, there are good
agreements between CFD predictions and experimental data for
pressure distributions on the ogive-cylinder body (Fig. 4) at tran-
sonic speeds and at zero incidence.Agreements are better at higher
plume ratios. These results provide con� dence in the use of CFD
for predicting the � ow� eld of missiles with plume.

For a given freestream Mach number, there is a large effect of
plume pressure ratios on the � ow around the missile body (Fig. 5).
The static pressures upstream of the shock on the body do not
depend on the plume pressure ratio. With an increase in plume
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Fig. 4 Comparison of CFD results and wind-tunnel data: tangent-
ogive cone cylinder model with plume.

Fig. 5 Static pressure distributions along the body surface (M0 = 2.0):
tangent-ogive cone cylinder model with plume.

pressure ratio, the plume-induced shock wave moves upstream.
Therefore, it may be reasonable to conclude that an increase in
the plume pressure ratio has a similar effect to that of a decrease
in the freestream Mach number. Note that there exists a large re-
gion of separation at the foot of the plume-induced shock on the
body.

Conclusions
The conclusions from these analyses are as follows: Several fea-

tures of plume � ow and its interference effects on aft-mounted
control surfaces can be clearly identi� ed by CFD analysis. Plume
pressure ratio has a signi� cant effect on the plume in reference.For
a given plume pressure ratio, an increase in Mach number resulted
in an increase in shock strength and rearward motion of the shock
on the tail � n.
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Nomenclature
CA = axial-force coef� cient
CAb = axial-force coef� cient of the base pressure
C f = friction coef� cient
CM = moment coef� cient
CN = normal force coef� cient
CNb = normal force coef� cient of the base pressure
C p = pressure coef� cient
C pb = pressure coef� cient of the base pressure
C p max = pressure coef� cient in stagnation point
c = reference length, m
F = force, N
Fx = force in x direction, N
Fy = force in y direction, N
i = unit vector in x direction
j = unit vector in y direction
L = reference length, m
M = Mach number
M = moment, Nm
n = vector perpendicular to the surface
Pstagnation max = maximum stagnation point pressure, Pa
p = pressure, Pa
pstag = stagnation point pressure, Pa
p1 = freestream pressure, Pa
R; r = radius, m
RB = base radius, m
RN = nose radius, m
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