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Effect of Exhaust Plume/Afterbody Interaction
on Installed Scramjet Performance

T. A. Edwards*
NASA Ames Research Center, Moffett Field, California 94035

An upwind, implicit Navier-Stokes computer program has been applied to hypersonic exhaust plume/afterbody
flowfields. The capability to solve typical geometries at hypersonic speeds, including an interacting exhaust plume,
has been demonstrated on a simplified nozzle/afterbody model. Comparison of the numerical results with available
experimental data shows good agreement in all cases investigated. For moderately underexpanded jets, afterbody
forces were found to vary linearly with the nozzle exit pressure. Coupling a species continuity equation to the
Navier-Stokes equations enabled calculations that indicated that exhaust gases with low isentropic exponents y
contribute up to 25% more force than high y exhaust gases. Nozzle geometry was also found to have a large
influence on the afterbody flowfield.
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Nomenclature
flux Jacobian matrices
speed of sound
mass fraction of chemical species
normal force coefficient
specific heat at constant pressure
specific heat at constant volume
nozzle diameter
flux vectors
total energy
Jacobian of transformation
Mach number
Prandtl number

= pressure
= Reynolds number

/, x, y, z = independent variables (time and Cartesian
coordinates)

u, v, w = velocity components in x, y, z directions,
respectively

a = angle of attack
y = ratio of specific heats
y = effective 7 for a gas mixture
e = afterbody upsweep angle
ju = coefficient of viscosity
p = density
T, £, 77, C = transformed coordinates
Subscripts
e
i,j,k
oo

nozzle exit conditions
indices in £, 77, £ directions, respectively
freestream conditions

Superscripts
+ , — = flux-split direction for flux Jacobians

Introduction

HYPERSONIC flight is a vital link in the advancement of
transportation within and beyond the Earth's atmo-

sphere. Whether it requires the relatively short exposure of a
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re-entry vehicle or the prolonged cruise of a hypersonic
transport, surviving the aerothermodynamic environment
characteristic of this flight regime constrains the design of a
wide class of aerospace vehicles. This paper studies the details
of one important determinant of a hypersonic vehicle's per-
formance: impingement of the engine exhaust plume on the
underbody. Since the exhaust is, in general, highly underex-
panded, it exerts high pressure on the lower surface of the
afterbody, which translates into additional thrust. However,
small deviations from design conditions could lead easily to
inadequate engine performance. Predicting performance at
and away from the design point is critical to a successful
design.

Integrating airframe and propulsion systems in transonic
and supersonic flight has been an area of active research over
the past decade. For a review of current literature on this
subject, the reader is recommended to Ref. 1. Significant
progress has also been made recently in the area of rocket and
missile base flows at supersonic speeds.2"5 However, in com-
parison to the deliberate progress seen in transonics and
supersonics, research in hypersonics has been slow until re-
cently. Activity declined sharply in the early 1970s following
the successful completion of the Apollo program and prelimi-
nary design of the Space Shuttle. Hypersonics research under-
went a decade-long hiatus, which was brought to an end
within the last few years by the technological requirements of
a new generation of hypersonic flight vehicles, such as the
National Aero-Space Plane (NASP).

In an effort to make up for lost time, experimental facilities
are being revitalized, from shock tubes and ballistic ranges to
hypersonic wind tunnels and arcjets. Because of the impor-
tance of this research to national security, only a few current
experimental results in the hypersonic regime are available in
open literature. Lockman et al.6 are presently studying the
unclassified hypersonic all-body vehicle in the NASA Ames
3.5-ft hypersonic tunnel. Lockheed has tested a generic hyper-
sonic vehicle at transonic and supersonic Mach numbers in a
power-on simulation. Regardless of the availability of such
data, ground-based test facilities pose an overriding short-
coming: very few of them are capable of simulating the high
altitudes, Mach numbers, and Reynolds numbers of actual
flight conditions. Computational fluid dynamics (CFD) is
poised to supply that capability.

The past decade has been witness to a meteoric advance-
ment in CFD capabilities. A synergistic coupling of improve-
ments in computer resources7 and numerical solution
algorithms8"10 has resulted in progressively faster, more accu-
rate, less expensive flow solutions. Numerous codes have
demonstrated solutions for viscous flow about realistic three-
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dimensional geometries at transonic and supersonic
speeds.11'12 The biggest obstacle in using these codes to solve
hypersonic flows has been capturing the strong shock waves
associated with the forward-facing surfaces. Development
of upwind and total-variation-diminishing (TVD) algor-
ithms13"17 has ameliorated this problem substantially, bring-
ing forth a generation of robust codes capable of solving
hypersonic flows.18'19

The goal of the present work is to demonstrate a CFD
capability to solve complex nozzle/afterbody problems in
hypersonics and to investigate the fluid dynamics of under-ex-
panded exhaust plumes as they impinge on vehicle afterbod-
ies. First, a brief description of the governing equations and
numerical methods is presented. Then, flow solutions for a
simplified nozzle/afterbody model are presented and com-
pared to the experimental data. Finally, the sensitivity of
nozzle performance to several parameters is assessed.

Governing Equations and Numerical Methods
Navier-Stokes Equations

The thin-layer, Reynolds-averaged Navier-Stokes equations
provide a good model for the flowfields considered here.
Transforming these equations from Cartesian coordinates to
generalized curvilinear coordinates allows solid surfaces to be
mapped to constant coordinate surfaces, thereby allowing the
thin-layer approximation to be invoked for arbitrarily ori-
ented surfaces. The thin-layer Navier-Stokes equations writ-
ten in generalized curvilinear coordinates are

where
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The viscous flux terms are given by
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In the foregoing equations, density is nondimensionalized
by Poo? Cartesian velocity components are nondimensional-
ized by a ̂  /^/y, and energy by p^ . An algebraic turbulence
model20 is used to calculate the turbulent eddy viscosity.

Pressure is related to the conservative flow variables Q by
the ideal gas equation of state

The metric terms are defined as

and
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defines the independent variable transformation Jacobian.

Species Continuity Equation
The gas leaving the scramjet nozzles is highly energized and

consists of a mixture of fuel, combustion products, and the air
that passes through the engine. It possesses markedly different
thermodynamic properties than the external flow, and these
must be accounted for in the governing equations to simulate
a scramjet plume flowfield properly. As a first approximation,
it is assumed that the chemical composition of the exhaust
flow remains fixed after leaving the nozzle. This approxima-
tion models "frozen" flow, for which the convection time is
very short compared to the chemical relaxation time. It is
further assumed that the exhaust gases can be lumped to-
gether as a single species and the external flow as a second
species. Thus, the flow consists of two streams of gases that
have constant, but different, isentropic exponents. To account
for the difference in thermodynamic properties of the two
gases, a species continuity equation is solved in conjunction
with the Navier-Stokes equations. The diffusion terms are
neglected because their effect on overall afterbody forces is
negligible compared to the convective terms. Moreover, since
the equation is solved loosely coupled to the Navier-Stokes
equations, it is convenient to cast it in a nonconservative
form. Thus, the species continuity equation is written as

dc dc dc dc
— + u— + v — + w — = 0ot ox oy cz (9)
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For binary mixtures, only one species equation needs to be
solved. That information, in conjunction with the global
continuity equation, provides closure. Transforming Eq. (9)
to generalized curvilinear coordinates gives

(10)

The species continuity equation is coupled to the Navier-
Stokes equations through y. After determining the species
concentrations by solving the species continuity equation, the
equivalent y, designated y, is found from

~ccpl+(l-c)cp2

ccvl+(l-c)cV2
(11)

where the subscript 1 refers to the exhaust gas properties and
2 to the external flow properties. The ideal gas equation of
state remains unchanged except that y is replaced by y:

P=(7-V[e-l2p(u2 + v2 + w2)] (12)

Numerical Methods
The present work is an outgrowth of the UWIN (Up Wind)

code, which was developed by Rai and Chakravarthy17 as a
time-dependent Navier-Stokes code compatible with parabo-
lized Navier-Stokes (PNS) codes. The algorithm employs
Steger-Warming flux splitting13 for the implicit flux terms and
the Osher upwind TVD scheme17 for the implicit fluxes. The
implicit terms are factored approximately, and if the viscous
terms are temporarily omitted from Eq. (1), the system can be
written

: + -
Aij

1/2 - 1/2 (13)

where A represents a one-sided forward difference operator
and V is a one-sided backward difference operator. See Ref.
17 for more details on the UWIN algorithm. Upwind schemes
such as this offer advantages over conventional central-differ-
ence schemes for hypersonic flow problems. To capture strong
shocks in hypersonic flow, central-difference schemes require
large amounts of user-specified artificial smoothing, which
tends to degrade the accuracy of the solution. On the other
hand, smoothing appears inherently in upwind schemes, en-
abling them to capture very strong shocks without arbitrary
parameters. TVD schemes have demonstrated the ability to
capture shock waves and slip surfaces in one or two grid
points without oscillations.21

The form of the species continuity equation solved in this
study results in a scalar partial differential equation. To solve
this numerically, one-sided spatial differencing is applied ac-
cording to the local flow velocity, and the equation is approx-
imately factored so that it may be solved with scalar tridiago-
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Schematic representation of the scramjet propulsion cycle.
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nal inversions in each of the three coordinate directions.
Applying this method to Eq. (10) results in the finite difference
equations

(14)

where du is an upwind difference defined as, for example,

(15)
-Ci if

Description of Exhaust Plume Flowfields
The aerodynamics of scramjet propulsion can be described

as three distinct components: 1) forebody compression, 2)
internal fuel injection and ignition, and 3) afterbody expan-
sion (see Fig. 1). Compressing the flow on the forebody is
accomplished when the oncoming air traverses the bow shock
of the vehicle. This creates a dense, high-pressure flow at the
engine inlet, eliminating the need for the internal compressors
used in turbofan and turbojet engines. The internal segment of
the scramjet propulsion cycle consists of further flow com-
pression, followed by fuel injection and ignition.

The final stage of the scramjet cycle, which is crucial to its
performance, is the flow of underexpanded exhaust gases
leaving the nozzle. Gross thrust for the scramjet derives from
two sources: 1) the pressure and momentum flux at the nozzle
exit plane itself, and 2) forces arising from fluid stress acting
on the surface of the afterbody. Fluid pressure, acting normal
to the afterbody surface, produces both lift and thrust, de-
pending on the orientation of the surface. A nose-down
pitching moment also results from afterbody lift. Since
propulsion system lift, thrust, and moment account for a
significant fraction of the overall forces on the hypersonic
vehicle, effectively utilizing the afterbody will play an impor-
tant role in maximizing propulsion system performance. The
afterbody design—both its geometry and material composi-
tion—will determine whether the energy in the fluid (kinetic,
thermal, and chemical) is extracted to generate additional
propulsive forces or is left behind in the wake.

To study the effects of exhaust plume/afterbody interac-
tions and calibrate the numerical method, a generic nozzle/af-
terbody model was analyzed. This model provided data on
the sensitivity of afterbody forces to some governing parame-
ters, such as nozzle exit pressure ratio and exhaust gas proper-
ties, and served to validate the numerical solutions. These
results are presented and discussed.

INLET

a) Front three-quarter view
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PRESSURE
TAPS

b) Rear three-quarter view
Fig. 2 Nozzle/afterbody model geometry.
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Nozzle/Afterbody Model
The experimental model considered here was analyzed by

Cubbage and Kirkham22 in the late 1960s and had as its goal
the measurement of the lift, drag, and pitching moment
increments resulting from the impingement of an underex-
panded exhaust plume on a flat plate. The model, pictured in
Fig. 2, consists of an inlet/nozzle assembly attached to a flat
plate that represents a simplified hypersonic vehicle under-
body. The plate is hinged at the nozzle exit plane to simulate
varying afterbody upsweep angles. The afterbody portion of
the model measures 17.78cm long by 25.4cm wide. The
nozzle assembly is 9.14 cm wide and 2.29 cm high. Boundary-
layer trips were placed approximately 3 cm downstream of the
leading edge to insure turbulent flow over the rest of the
body. The tests were conducted in the Langley 20-in. Mach 6
tunnel at a stagnation pressure of 25 atm and a stagnation
temperature of 480 K. The Reynolds number was 20.9 x 106/
m. Instrumentation consisted of pressure taps placed in a grid
pattern downstream of the nozzle assembly in the jet expan-
sion region.

Two axisymmetric nozzle geometries were tested with the
flat plate model, one of which was designed for air (y = 1.4)
and the other for a gas mixture of 15% sulfur hexafluoride
(SF6) and 25% nitrogen (N2) by weight, which yields
y = 1.26 at the nozzle exit plane. This mixture was chosen
because it is relatively inert and stable, producing a dense,
energetic gas akin to frozen flow in an actual flight condition.
The nozzles were designed to produce nearly the same mo-
mentum flux and Mach number at the nozzle exit plane for
both gases, and both had an exit diameter of 2.03 cm. A
two-dimensional, or slot nozzle was also tested with air as the
exhaust gas. The width of the slot nozzle was the same as the
width of the axisymmetric nozzle assembly, 9.14cm. The
height of the slot nozzle was 1.52cm. Air flowing into the
inlet of the nozzle assembly was exhausted outside the test
section, while the nozzle flow was supplied by a high pressure
reservoir. Pressure data were reported along the model center-
line (between the two inner nozzles) and on the centerline of
an outboard nozzle. Normal forces on the plate were com-
puted by discrete integration of the pressure data.

The nozzle/afterbody geometry lent itself naturally to a
Cartesian grid topology, which was generated algebraically.
Geometric stretching clustered grid points near the solid
surfaces. The first grid point above the plate surface was
placed 0.001 cm away, which resulted in an average y+ of
about 2.5. Figure 3 shows a perspective view of the grid
topology. This overall grid was divided into two streamwise
segments to reduce the computer memory requirement. Zone
1 had 32 points in the stream direction, 33 points across the
semispan, and 62 points in the plate-normal direction,
whereas zone 2 had 31, 33, and 62, respectively. Excluding the
overlapping planes between zones, the grid totalled 122,760
points. The zonal interfaces are one to one, and no interpola-
tion was necessary to pass information between the zones.
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Fig. 4 Schematic of an underexpanded jet flowfield.
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~~~ ' " " NOZZLES
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Fig. 3 Cartesian grid topology for nozzle/afterbody model.

Fig. 5 Perspective view of pressure contours on plate surface, at the
symmetry plane, and at the inflow plane of the nozzle/afterbody model:
M^ =6, a = 5 deg, pe \p^ =6.23.

The solution domain includes only that part of the plate
downstream of the exhaust nozzles. The nozzle geometry was
not modeled explicitly in the grid; rather, the effect of the
nozzle flow (and surrounding solid surfaces) was accounted
for through the inflow boundary conditions. Specifically, a
logical array was defined for the inflow plane that determined
the type of boundary condition to apply at each point in that
plane. The boundary condition represented either 1) nozzle
exhaust conditions, 2) turbulent flat plate conditions (from a
previously calculated flowfield), or 3) solid surface conditions,
depending on the location of the particular grid point in the
inflow plane. Fully turbulent flow was assumed at the inflow
plane.

To facilitate later discussions, it is helpful first to describe
the important features of an underexpanded jet flow. A jet is
termed underexpanded when the static pressure at the nozzle
exit plane is greater than the ambient static pressure. Upon
leaving the nozzle, the flow expands by turning toward the
region of lower pressure, as shown in Fig. 4. The adjacent
supersonic external flow is forced to turn also, and an oblique
shock wave (the plume shock) emanates from the nozzle lip.
Meanwhile, an expansion fan propagates into the plume flow,
eventually contacting and reflecting off of the afterbody sur-
face. For two-dimensional and axisymmetric flows, waves
continue to reflect off of the contact surface and nozzle
centerline, giving rise to the diamond pattern sometimes seen
in rocket plumes. For nonaxisymmetric geometries, waves
propagate out of phase with one another. The ensuing non-
simple wave interactions dissipate the pressure gradients
through fluid viscosity, and so the wave structure is less
apparent.

This flow pattern is evident in the numerical solutions. For
example, Fig. 5 shows the calculated pressure contours on the
plate, at the symmetry plane of the model, and at the inflow
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Fig. 6 Comparison of calculated and experimental surface pressure
coefficients for nozzle/afterbody model: M^=6, a =5deg.

plane. Flow conditions for this solution were M^ = 6,
a = 0 deg, Re = 2.09 x 1C5 cm"1, and 6 = 0 deg. The nozzle
exit pressure ratio is 6.23, and the exit Mach number is 3.5.
At the inflow plane, pressure contours outline the nozzle
circumferences. As described earlier, a Cartesian grid topol-
ogy was employed with explicit inflow boundary conditions.
The discrete representation of the round nozzles is evident
from the pattern of pressure contours at the inflow plane. The
plume shock is also readily evident in this view at the symme-
try plane. Pressure peaks on the plate are apparent near the
nozzle lip (where the exhaust flow first impinges on the plate)
and further downstream where adjacent plumes interact.

Surface pressure coefficients are compared with the experi-
mental data at two pressure ratios in Figs. 6. In Fig. 6a, the
pressure along the model centerline is seen first to rise due to
a shock impingement at x/d& 1.5, then fall to near ambient
pressure at x/d « 5. The shock is the result of adjacent plumes
interfering with one another as they expand to ambient
pressure. Further downstream, the flow overexpands, and at
x/d & 6, a recompression is apparent. The comparison in this
figure is generally good, though the strength of the first shock
is underpredicted somewhat. This is due in part to the discrete
modeling of the round nozzles, as will be shown later in a
study of grid refinement: more accurate modeling of the
nozzle results in greater interference and a higher pressure
peak. Figure 6b shows the surface pressure coefficients on the
centerline of the outboard nozzle. The pressure falls rapidly
from its value at the exit plane, then reaches a plateau that
occurs at x/d * 1 in the experimental data and at x/d « 2 in
the calculated result. The pressure plateau occurs where the
expansion of the exhaust plume is restricted by interference
with the adjacent plume. Downstream of this point, the flow
becomes slightly overexpanded then recovers to ambient pres-
sure. Discrepancies there are also attributed to grid resolution
at the nozzle exit plane.

Parametric Effects on Afterbody Forces
Numerous parameters affect the magnitude and direction of

force arising from the impingement of the exhaust plume on
the afterbody. The simplified nozzle/afterbody model permit-
ted analysis of some of the dominant variables. In this sec-
tion, an investigation of parametric sensitivities is opened.
Parameters studied include the nozzle exit pressure ratio,
exhaust gas properties, and nozzle geometry. Finally, the
sensitivity of the numerical results is assessed with a grid
refinement study.

Pressure Ratio
Solutions for the nozzle/afterbody model were obtained at

otherwise fixed operating conditions with variations in exit
pressure ratio. To assess the sensitivity of the afterbody nor-
mal force to the exit pressure ratio, solutions were obtained
for Pe/Pn = 1, 2, 3 and 4 at a = 0 deg and e = 0 deg. Figure 7
presents incremental normal force coefficients as a function of
the nozzle exit pressure ratio. To compute the incremental
value, the power-off normal force coefficient is subtracted
from the power-on value. The comparison of the numerical
results with the data is very good, and the model exhibits a
linear relationship between exit pressure and normal force, as
expected. Other things equal, an increase in the nozzle exit
pressure gives rise to a corresponding increase in pressure on
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Fig. 7 Variation of normal force coefficient with exit pressure ratio:
M00=6, a=0deg.

Fig. 8 Comparison of surface pressure contours for different exhaust
gases: M^ =6, a = 0 deg, pe \p^ =4.
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Table 1 Effect of grid density on plate normal force •4

Dimensions

Grid Total points

Coarse
Medium
Fine

31
60

119

17
33
63

31
62

123

16,337
122,760
922,131

0.1009
0.1256
0.1362

M00 = 6, a = 5 deg, e = 0 deg, pe/p00 = 6.23.

the region of the plate downstream of the nozzles. Hence, the
force on the plate rises in direct proportion to the nozzle exit
pressure.

Exhaust Gas Properties
The partially burned exhaust gases leaving a scramjet noz-

zle will exhibit different thermodynamic properties than the
surrounding air. Coupling a species continuity equation to the
Navier-Stokes equations made it possible to assess the effects
that different (ideal) exhaust gases have on the afterbody
forces. In this experiment, an exhaust gas mixture of 15%
sulfur hexafluoride (SF6) and 25% nitrogen (N2), for which
ye — 1.26, was compared to the results for air. Since SF6 has
more internal energy modes than air, it requires a greater
volumetric expansion to achieve a given pressure drop.

Figure 8 shows the effect this has on the afterbody flow-
field. At a = 0 deg, 6 = 0 deg, and Pe/Pao=4, the footprint for
SF6 exhaust gas is notably larger than for air: it persists an
additional nozzle diameter downstream and spreads laterally
by about another one-half nozzle diameter. The pressure
within the SF6 footprint is higher as well; for this case, the
incremental normal force for ye = 1.26 was about 25% higher
than for ye = 1.4. Comparisons of the calculated and mea-
sured normal force coefficient at several exit pressure ratios
are shown in Fig. 9. The variation of normal force coefficient
with exit pressure ratio is still linear, but the slope is about
30% greater for ye = 1.26 than for ye = 1.4. Therefore, at the
same exit conditions, a gas with a low value of y will produce
greater afterbody forces than one with a high value of 7.
Nozzle Geometry

In Fig. 5, it can be seen that adjacent axisymmetric nozzles
leave regions of stagnant flow near the exit plane. This
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Fig. 9 Variation of normal force coefficient with exit pressure ratio
for SF6 exhaust gas: M00=6, a =0 deg.
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b) Slot nozzle
Fig. 10 Comparison of calculated and experimental surface pressure
coefficients for axisymmetric and slot nozzle geometries: M00=6,
a = 5 deg.

observation leads to the question: Does a nozzle geometry
that produces a cleaner flowfield near the exit generate greater
afterbody forces? To investigate this, an alternate slot nozzle
was tested. The dimensions of the slot nozzle model were
determined by specifying the overall width of the nozzle
assembly to remain the same. The nozzle height was then
fixed so as to produce the same momentum flux through the
slot nozzle as the four axisymmetric nozzles at the same exit
conditions. Test conditions for the comparison were a = 5
deg, e = 0 deg, and pe/pQO = 6.23.

Comparisons of the calculated surface pressure coefficients
with experimental data22 are shown in Figs. 10. Centerline
pressure for the slot nozzle is seen to be consistently underpre-
dicted from x/d == 0 to x/d « 5. This is thought to be a result
of two discrepancies between the experiment and the numeri-
cal model: 1) nonuniform experimental exit flow conditions,
causing a pressure peak near the exit face, and 2) geometrical
disparity, causing the predicted onset of expansion to occur
about one nozzle diameter upstream of the experimentally
determined location.

The flow pattern near the plate renders a clearer visualiza-
tion of why the two nozzle geometries perform differently.
Figure 11 presents limiting streamlines for the two nozzle
geometries. The slot nozzle produces a virtually two-dimen-
sional flowfield away from the edges of the nozzle assembly.
The flow is, indeed, much cleaner than the axisymmetric
geometry, showing no recirculating flow near the nozzle exit.
This has a significant effect on the afterbody normal force: for
the slot nozzle, cn = 0.0778, whereas for the axisymmetric
nozzle, cn = 0.0409.
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Fig. 11 Comparison of limiting streamlines colored by pressure near
nozzle exit for axisymmetric and slot nozzle geometries: M00=69

Grid Resolution Effects
As a necessary final step to the nozzle/afterbody investiga-

tion, the convergence of the numerical results is tested on
refined grids. Obtaining numerical solutions on a series of
grids measures the accuracy and uniqueness of the results.
The value of relevant flowfield variables should approach a
limit asymptotically as the grid is refined. To minimize the
effects of grid stretching on the results of this study, results
were first obtained on a fine grid, which was then coarsened
twice by discarding alternate grid points in each of the three
coordinate directions. Though this technique does not pre-
serve identical stretching on the coarsened grid, it does pro-
duce geometrically similar grid cells from one grid to the next.
Discarding alternate grid cells in all three directions results in
an eightfold reduction in the total number of grid points. The
fine grid dimensions were 119 points in the stream wise direc-
tion, 63 in the span wise direction, and 123 in the plate-normal
direction, for an overall total of 922,131 points. Hence the
medium grid dimensions were 60, 33, and 62 points, respec-
tively, for a total of 122,760 points; the coarse grid had 31, 17,
and 31 points, respectively, for a total of 16,337 points.

Pressure coefficient comparisons among solutions on the
three grids are shown in Figs. 12. The coarse grid result
follows the broad trends in the data, but fails to place the
interference peak correctly in Fig. 12a, and shows no evidence
of recompression at x/d = 6. The medium and fine grid results
are nearly identical to one another, the only noteworthy
difference being that the fine grid result shows a higher inter-
ference peak (Fig. 12a). Figure 12b shows similar trends.

Figures 13 compare boundary-layer profiles at x/d=l
among the solutions. The profiles between adjacent nozzles,
Fig. 3a, show some differences in the solutions. The coarse
grid predicts attached flow at this station, whereas the
medium and fine grids show significant reverse flow. The flow
reversal is precipitated by the shock waves from the interac-
tion of adjacent plumes, and the discrepancies seen in this
figure are most likely a result of how well the plume interac-
tion process is resolved. On the nozzle centerline, Fig. 13b, all
of the results are identical, indicating that even the coarse grid
adequately models the attached flow. To resolve the viscosity-
dominated flowfield near the nozzle exit would require a grid
much finer than those studied here.

However, plate force measurements would not be sensitive
to further refinement of the grid. Plate normal force co-
efficients, shown in Table 1, indicate the asymptotic trend
toward a value of about 0.138. The medium grid dimensions,
which were used for the other nozzle/afterbody grids as well,
appear to resolve most of the flow characteristics adequately
and can be used to calculate integrated quantities to within
about 10% of the asymptotic value.
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b) Nozzle centerline
Fig. 12 Comparison of calculated surface pressure coefficients on
coarse, medium, and fine grids: A/00=6, a = 5 deg, pe/p00=6.23.

.5

.4

E -3u
N

.2

.1

——— CtiARSEGRID
MEDIUM GRID
FINE GRID

.8 1.0

b) Nozzle centerline
Fig. 13, Comparison of calculated boundary-layer profiles at x/d = 1
for coarse, medium, and fine grids: Af00=6, a =5 deg, pe/pao=6.23.
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Conclusions
The capability to solve numerically the interaction of an

underexpanded exhaust plume with a vehicle afterbody has
been demonstrated. The numerical results compared favor-
ably with experimental data for several operating conditions.
This confirms the viability of using component studies such as
this to study parametric sensitivities of hypersonic vehicle
aerodynamics. Based on the results of this investigation, the
effects of exhaust plume impingement on afterbody forces can
be summarized as follows:

1) At low exit pressure ratios (< 10), the afterbody force
varies linearly with exit pressure ratio.

2) Exhaust gases with low isentropic exponents can con-
tribute 25% more afterbody force than high-y gases under the
same exit conditions, assuming frozen flow.

3) The nozzle geometry and initial plume development
process are very important in recovering the plume energy as
propulsive afterbody force.
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