
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 33, No. 1, January-February 1996

Grid-Resolved Analysis of Base Flowfield for
Four-Engine Clustered Nozzle Configuration

Ten-See Wang*
NASA Marshall Space Flight Center, Huntsville, Alabama 35812

The objective of this study is to develop and to anchor a computational methodology for the base flowfield of
a four-engine clustered nozzle configuration. This computational methodology is based on a three-dimensional,
viscous-flow, pressure-based computational-fluid-dynamics formulation. For efficient computation, a Prandtl-
Meyer solution treatment is applied to the algebraic grid lines near nozzle lip for resolution of the initial plume
expansion angle. As the solution evolves, the computational grid is solution-adapted according to pertinent flowfield
parameters. The model employs a formally second-order-accurate adaptive upwind scheme in which second-
and fourth-order central-differencing schemes with minimal dissipation are used. Qualitative clustered-nozzle
base-flow features such as the reverse jet, plume-to-plume recompression shock, base recompression, and vent-
area choking were numerically captured. The computed quantitative base-flow properties such as the radial
base pressure distributions, model centerline static pressure, Mach-number and impact-pressure variations, and
characteristic curve of base pressure vs ambient pressure agreed reasonably well with those of the measurement. The
pertinent clustered-nozzle base-flow physics are highlighted and described in detail by comparing the numerical
computations with appropriate test results.
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Subscripts
a

Nomenclature
area bounded by nozzles and theoretical vent area
in the exit plane
theoretical vent area located at the narrowest
section between nozzles
turbulence modeling constants, 1.44, 1.92, and
0.09
geometrical matrices
enthalpy
Jacobian of coordinate transformation
turbulent kinetic energy
Mach number
pressure
turbulent kinetic energy production
1, u, v» w, h> &, or £
source term for equation q
time
volume- weighted contravariant velocity
friction velocity, (rw/p)1/2

nondimensional u velocity, u/ur
mean velocities in jc, v, and z directions
physical coordinates
nondimensional distance from the wall, y
conical nozzle half angle, 17.8 deg
Prandtl-Meyer expansion angle
turbulent kinetic energy dissipation rate
initial plume expansion angle
effective viscosity
computational coordinates
density
turbulence modeling constants
wall shear stress
energy dissipation function

= ambient or test cell
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b = base
be = model centerline property on base
e = nozzle exit
/ = impact probe property
w = wall
0 = nozzle total property

Introduction

EXCESSIVE base heating has been a problem for many launch
vehicles1 using clustered engines. For certain designs such

as the direct dump of turbine exhaust inside and at the lip of the
nozzle,2 the potential burning of the turbine exhaust in the base
region can be of great concern.3 Therefore, accurate prediction of
the base environment at altitude is very important during the vehi-
cle design phase. Improper account of the base heating phenomena
can lead to undesirable consequences. In the recent past, the base
environments of launch vehicles have been predicted with large un-
certainties using empirical methods. Those uncertainties could lead
to out-of-database extrapolations or to overly conservative designs
of the thermal protection system, and hence to reduced payloads.
Experimental methods can be designed, but the analyst must be con-
cerned with simulation technique and scaling considerations, both
of which have a high degree of uncertainty.4'5 The computational
fluid dynamics (CFD) method, which can be accurate over a range
of conditions when anchored with well-designed experiments, may
provide an useful design tool. In fact, Brewer and Craven6 stated
that ultimately the finite difference computational techniques have
the best chance of solving the clustered-engine base-flow problem.

However, to benchmark a computational methodology for
clustered-engine base flows, accurate experimental data that reveal
the correct physics must be used. The base-flow physics of the ax-
isymmetric single engine has often been confused with the three-
dimensional clustered-engine base-flow physics. The differences are
significant and require some clarification. Research into the single-
engine base-flow phenomena can be categorized into studies with
a central jet (power on), e.g., the missile-type afterbody flows, and
those without a central jet (power off) e.g., the planar backward-
facing step flows. A large number of analytical, experimental, and
computational studies have been reported for the single-engine-type
flows, and surveys can be found in Refs. 4, 7, and 8. At low alti-
tudes, the single-engine base-flow physics is driven by either the
recirculating flow caused by the interaction of external flow and
base (power off), or the aspirating flow entrained by the central jet
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and the subsequent reduction of power-off pressure, or the recircu-
lating flow caused by the plume-base-external-flow interactions. As
the plume expands in size and as the altitude increases, the plume
begins to deflect the external flow and to generate a rise in base
pressure that communicates upstream through the surface bound-
ary layer. Consequently, the viscous layer separates some distance
forward of the base and generates a plume-induced flow separation.

Multiple-engine clustered-nozzle base-flow physics retains the
single-engine base-flow components of aspirating flow, recircu-
lating flow, and plume-induced flow separation, albeit all three-
dimensionally. Additionally, the participating plumes impinge upon
each other as they expand, and deflect a portion of the plume bound-
ary into the base, forming a base-impinging reverse jet. Three or
more nozzles can reverse enough exhaust gas at high altitudes that
the reverse jet goes supersonic and a wall jet forms. The wall
jet chokes at certain altitudes. This reverse jet and the accom-
panying wall-jet choking phenomena are unique to the multiple-
engine clustered-nozzle base-flow physics. When carrying high-
temperature combustible exhaust gases, this reverse jet can burn the
base like a flame torch. As an example of misrepresentation of the
physics, several Korst-Chapman9 viscous-theory-based component
flow models have been proposed4 to predict the reverse jet. How-
ever, as noted by Brewer and Craven6 and later computationally con-
firmed by Wang,10 the reverse jet forms even in three-dimensional
inviscid flow. Thus, using the two-dimensional shear-layer analysis
for the reverse-jet calculation is potentially misleading, especially
when extrapolating the database.

Because of the difficulties in simulation and scaling, cost, and (to
some degree) misconception of the flow physics, few benchmark-
quality clustered-nozzle base-flow experiments6'11"13 have been
performed. However, some flight data14-15 do exist. The complex
three-dimensionality of the flow physics has not only made an-
alytical studies infeasible, but also made computational studies,
only a few of which have been conducted to date, a formidable
task. Cain et al.16 made a comparison of the axial pitot pressure
for a four-nozzle cluster based on inviscid and experimental re-
sults. However, the action area is downstream from the plume
interaction for the plume signature rather than for the near-base
flowfield. Dougherty and Liu17 computed one base pressure coef-
ficient for the three-engine Space Shuttle Orbiter aft heat shield
and compared it with the ascent flight data. The computed value
lies in the band of flight data at the same Mach number; how-
ever, the altitude simulated was 250,000 ft instead of 35,000 ft.
Holcomb18 conducted two qualitative base-flowfield computations
for a four-engine Minuteman first stage and a two-engine Titan first
stage. Sindir and Lynch19 computed base pressures for a six-engine
National Launch System 1.5-stage configuration at two altitudes.
All four groups of investigators16"19 used single-engine plume-
base-flow physics to benchmark their codes. The first numerical
benchmarking effort for a multiple-engine clustered-nozzle base-
flow investigation was performed by Wang.10 In that study, the
turbulent base flowfield of a cold-flow experimental investigation6

for a four-engine clustered nozzle was numerically benchmarked.
This was a necessary step before the benchmarking of combus-
tion flow tests could be considered. The experiment was con-
ducted in a quiescent environment to avoid external-flow influence,
and flow physics unique to the multiple-engine nozzle cluster can
be investigated. Quantitative results such as the radial base pres-
sure distribution and the Mach-number and static-pressure vari-
ations along the model centerline were computed for a selected
ambient-to-total pressure ratio (Pa/Po) of 39 x 10~4. The inviscid
nature of the reverse jet was captured through a Prandtl-Meyer-
solution treatment of the initial plume expansion. Those predic-
tions agreed reasonably well with the measurement,6 though rather
coarse and unadapted grids were used. However, those results
can be improved, and the present effort is an extension of that
work.

Obviously, as noted in Ref. 10, the grid resolution played a dom-
inant role in determining the accuracy of any base-flow solution.
Higher grid density often resulted in better predictions. However, in
the study of complicated three-dimensional clustered-nozzle base-
flow physics, balancing the cost and the accuracy of the solution20

and even the availability of computer resources have become critical
issues. Hence, one must develop methods that are capable of effec-
tively increasing the spatial resolution without excessive refinement
of the overall grid. This goal is achieved by expanding the appro-
priate initial Prandtl-Meyer expansion grid resolution10 at each al-
titude and by adapting the computational grid to the flow solution
according to relevant base-flow physics. A rational pressure-based
CFD formulation is used to solve the plume-base flowfield. Per-
tinent clustered-nozzle base-flow features such as the radial base
pressure distributions, model centerline Mach-number and pressure
variations, and base pressure characteristic curve are computed and
compared with the experiment on a expanded database. Features
unique to the multiple-engine clustered-nozzle base flow, such as
the vent-area choking and characteristic-curve reversal, are obtained
with the proposed computational methodology.

Governing Equations and Solution Algorithm
The basic equations employed to describe the base flowfield for

a four-engine clustered nozzle are the three-dimensional, general-
coordinate transport equations. A generalized form of these equa-
tions is given by

dpq d[-pUg - u (1)

A standard two-equation k-s turbulence-model21 closure with a
modified wall function is used to describe the turbulent flow. The
k-s model achieves closure by relating the Reynolds stresses to
the mean strain rate through the Boussinesq approximation. The
effective eddy viscosity, ^ = pC^k2/s, is computed by solving
the k and s transport equations. Though several other more sophis-
ticated turbulence models have been considered, no single turbu-
lence model has emerged as general enough for all the complex
flow physics. In fact, a rational turbulence modeling strategy would
be to select the model best suited to describe the main flow physics
of current interest—the reverse jet. Accordingly, several versions of
the k-s model, including high- and low-Reynolds-number formu-
lations, have been examined for performance in a U duct.22

All the models that were tuned for backward-facing step flows
have predicted reasonable recirculating-flow properties before the
reattachment point, as they were originally designed. However,
they also underpredicted the development of turbulence after the
reattachment.22 On the other hand, the standard k-s model with
wall-function treatment predicted reasonable postreattachment flow
development.22 Note that the flow development after the reattach-
ment point in recirculating flows is closely associated with that of
the reverse jet beneath the multiple-plume impingement point. Fur-
thermore, in the context of the current four-engine nozzle-cluster
base flow, the physics of the prereattachment backward-facing step
flow plays a very minor role.6

Low-Reynolds-number turbulence models that integrate to the
wall were not considered at this time. The wall boundary layer
has a weak effect in the multiple-engine clustered-nozzle base-
flow physics. Thus, the detail gained from these models was not
deemed to be worth the extra cost here. Besides, their perfor-
mance benefits over the high-Reynolds-number approach were con-
sidered marginal, even for recirculating flows prior to the flow
reattachment.22 These arguments led to the selection of the high-
Reynolds-number standard k-s model for this task. The solution
methodology developed in this study does not preclude use of other
turbulence model formulations, as long as they describe the physics
with sufficient accuracy.

Turbulence modeling constants aq and source terms are given in-
Table 1. These turbulence modeling constants are widely used for
nozzle and combustion driven flows.8'23"26

A modified wall-function approach23 is employed to provide near-
wall resolution that is less sensitive to the near-wall grid spacing.
The term modified indicates that this approach has the grid-saving
nature of the conventional law-of-the-wall approach,21 while al-
lowing the off-wall grid points to reside in the sublayer region.
Consequently, the model has combined the advantages of both the
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Table 1 crq and Sq of the transport equations
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integrated-to-the-wall approach and the conventional law-of-the-
wall approach by incorporating a complete velocity profile27 given
by

u+ = U
(y+2 - 7.37y+ + 83.-3)0-79

+ 5.63tan-1(0.12y+-0.441)-3.81 (2)

This complete velocity profile provides a smooth transition be-
tween logarithmic law-of-the-wall and linear viscous sublayer ve-
locity distributions. Although it was established for an incompress-
ible, attached flow over a flat surface, the profile can be applied
for compressible flow, since the compressibility is addressed by
solving the equation of continuity and the rest of the transport equa-
tions. It can also be applied to flows over any three-dimensional
surface, since any curved surface reduces to an approximately flat
surface when magnified. Moreover, the complete velocity profile
only applies to the off-wall grid point and is applied in an implicit
fashion. That is, the velocity derived from the complete velocity pro-
file is decomposed into appropriate tangential components. These
components are then integrated into the source term of momentum
equations so that momentum is conserved.

Accurate flow reversal is driven by the local momentum balance,
regardless of whether the velocity at the off-wall point is calcu-
lated from a universal profile or by integration to the wall. Thus, the
present approach achieves computational efficiency by eliminating
the low-Reynolds-number terms needed for integration to the wall.
An equally computationally efficient energy wall function23 is also
implemented, but not invoked, since a cold-flow experiment6 was
modeled. Its accuracy has been documented in other studies.23'26'28

Conceptually, it could be used to predict the convective base heat
flux in hot-fire experiment or actual rocket firings. The methodol-
ogy developed in this study, though, can be used to provide valu-
able base flow properties, which are otherwise unattainable, as in-
puts to the engineering methods for much-improved base heating
predictions.

The equation of state for an ideal gas is employed for the closure
of the above system of equations. The characteristic of the govern-
ing equations changes from mixed parabolic-hyperbolic for sub-
sonic flows, to mainly hyperbolic for supersonic flows.25 To solve
the system of nonlinear partial differential equations, finite differ-
ence approximations were used to establish a system of linearized
algebraic equations. An adaptive upwind scheme was employed to
approximate the convective terms of the momentum, energy, and
continuity equations. The scheme is based on second- and fourth-
order central differencing with minimal dissipation. The dissipation
terms are constructed so that a fourth-order central and fourth-order
damping scheme is activated in smooth regions, and a second-order
central and second-order damping scheme is used near shock waves.
A total variation diminishing (TVD) scheme can be used; however, it
may yield slow-moving shocks or carbuncle shocks,17'29'30 or force
shocks in a weak compression such as a smeared6 or dissipative31

base recompression. The central-difference-based upwind scheme
was used instead.

Viscous fluxes and source terms are discretized using a second-
order central-difference approximation. A pressure-based predictor
plus multiple-corrector solution method is employed so that flow
over a wide speed range—that is, from the low subsonic base flow
to the supersonic plume and the subsequent supersonic reverse jet

and the sonic wall jets—can be analyzed. The basic idea of this
pressure-based method is to perform corrections for the pressure
and velocity fields by solving a pressure correction equation so that
velocity-pressure coupling is enforced, constrained by continuity
after each iteration. Details of the present numerical methodology
are given by Ref. 25.

Baseline Grid Generation
A typical layout of an unadapted computational grid used to sim-

ulate the experimental work6 is shown in Fig. 1. Because of the sym-
metry of the flowfield, only one-eighth of this layout is generated
and used for the actual calculation. The two sides of the pie-shaped
grid in Fig. 1 are the symmetry planes. For clarity, the symmetry
plane that lies between the nozzles is termed the plume impinge-
ment symmetry plane, since the plume impingement line and the
attached portion of the plume-to-plume recompression shock will
be on or attached to this surface. The other one is termed the nozzle
symmetry plane, since it passes through the centerline of the nozzle.
The vertical centerline at which the two symmetry planes intersect
is termed the model centerline.

Two computational grid zones were created. The first zone started
at the base and included the nozzle and the plume-to-plume inter-
action region. The second zone (the outer shell) is composed of the
ambient air and a portion of the expanded plume. On the base-plane
grid arrangement, it can be seen that the grid lines are clustered in
the base-flow action area, i.e., the reverse-jet impingement and vent
areas, and hence the plume impingement and the reverse-jet regions
above the base plate, to improve the resolution of the computed base-
flow physics. Information on ̂ he base-flow action area is gained by
utilizing the unadapted-grid fl^w results from Ref. 10. It can also be
seen that the grid lines emanate radially from the nozzle centerline
towards the symmetry planes and the surroundings. This C-grid lay-
out ensures the circumferential grid-line symmetry about the nozzle
centerline, while the latticelike //-grid reported in Ref. 16 tends
to lose that symmetry and thus run the risk of skewing the plume
development. The baseline unadapted grids were generated using a
GENIE++ grid generator.32

The four nozzles, which are conical with a cylindrical external
shell, are equally spaced on a circular base (heat shield),6 as shown
in Fig. 2. The area ratio of the nozzles is 3.11:1, and the nozzle exit
diameters are 2.67 in. The base is located 2.0 in. from the nozzle
exit plane, giving a theoretical minimum vent area between nozzles
of approximately 2.0 x 2.0 in. The radial location of the theoreti-
cal minimum vent area, consisting of four planes perpendicular to

Model Centerline

Nozzle
Nozzle —>
Symmetry
Plane

• Base•

Fig. 1 Layout of a typical computational grid.
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Section BB

B
|-— 2.00 —-|

Fig. 2 Model configuration (dimensions in inches).

M = 1 Reference Line

Me Streamline

Ma Streamline
Fig. 3 Prandtl-Meyer expansion around the nozzle lip.

the base and between nozzles, is approximately 2.334 in. from the
centerline, which gives a vent area ratio (AV/AC) of approximately
0.96. This model is a larger-scale model than the one used in Ref. 11.

Boundary Conditions
To start the calculation, an axisymmetric nozzle flow solution

at the prescribed total pressure was carried out separately. A typ-
ical centerline exit Mach number for a total pressure of 60 psia
was computed as 2.62. The converged flow solution was then
mapped to a three-dimensional nozzle flowfield, and the nozzle
exit flow properties were specified as a fixed inlet boundary. The
computational domain of the axisymmetric nozzle flow calculation
started from the subsonic chamber, as shown in section BB of Fig. 2,
to ensure correct nozzle exit flow properties. These properties in-
clude internal boundary-layer growth, nozzle shock strength and
location, and turbulence that is generated from the velocity gradi-
ent inside the nozzle. This procedure is critical in that it partially
determines the outcome of the subsequent base-flow calculation.
An example of the importance of using an appropriate solution in-
volves the benchmark efforts for a power-on single-engine base
flowfield. Chen et al.33 obtained good missile base-pressure data
comparisons by extending the computational domain back to the
chamber of the propulsive nozzle, among other factors. Childs and
Caruso34 conducted identical base-flow calculations, but obtained

very different results. These results may be explained by compari-
son of their solution with the experimental data. The computed flow
vectors34 near the nozzle exit showed neither a boundary layer nor
shock, whereas the flow vectors of the experiment exhibited both.
Hence, it seems the compromise of the propulsive nozzle properties
has adversely affected their conclusions. ITie importance in achiev-
ing the detail of the nozzle exit flow properties is obvious, since the
propulsive nozzle flow is the sole source for the plume interaction
and the subsequent base-flow phenomena.

The nozzle lip, nozzle outer wall, and base were specified as
no-slip wall boundaries, and a tangency condition was imposed on
the symmetry planes. The exit planes of zone 1 and zone 2, the
outer surface (shell) of zone 2, and the inlet plane of zone 2 (flush
with the base shield plane) were specified as exit boundaries. In
addition, a fixed (ambient) pressure was imposed on the inlet plane
of zone 2, to obtain a unique solution for the corresponding altitude.
The flow properties at the wall, symmetry plane, and exit boundary
were extrapolated from those of the interior using a second-order
formulation.

Prandtl-Meyer Solution Treatment for
Resolution of the Initial Plume Angle

It has been shown10 that the grid resolution for the initial plume
angle is essential to the accurate prediction of base-flow properties.
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In that study, the predicted base-flow properties showed vast im-
provement even though a fixed initial plume angle (based on the
Prandtl-Meyer solution for Pa/PQ = 39 x 10~4) was used. The
natural extension of that work would be to construct an algebraic
grid for the plume for each pressure ratio according to the plume-
angle prediction from isentropic Prandtl-Meyer plume expansion
theory. As shown in Fig. 3, the initial plume expansion angle can be
expressed as 0 = a -f A/J, where ft is the Prandtl-Meyer expansion
angle35 through which a supersonic stream is turned to expand from
M = 1 to M > 1. Here fie is based on the nozzle exit Mach number,
which may be calculated from a simple one-dimensional model.36 fta
is based on the ambient-to-total pressure ratio, which is equivalent
to having Ma on the plume boundary. The computational efficiency
gained from this Prandtl-Meyer expansion treatment verifies the
inviscid nature6 of the four-engine clustered-nozzle base flow.

Solution-Adaptive Grid Generation
The multizone self-adaptive grid evolution (SAGE) code37 is used

to refine the initial plume-angle-resolved algebraic computational
grid. The method is based on grid-point redistribution through local
error minimization. The procedure is analogous to applying tension
and torsion spring forces proportional to the local flow gradient at
every point and finding the equilibrium position of the resulting
system of grid points. Since the Mach number contour is closely
associated with the plume boundary layer, and the pressure gradient
follows the recompression shock, these two flowfield variables were
used as pertinent grid-adaptation parameters. The adaptive function
may be an arbitrary combination of both.

Figure 4 shows slices of four typical computational grids. Each
slice is a portion of the nozzle symmetry plane and is bounded by
the nozzle centerline and the model centerline. Grid A is an alge-
braic grid treated with the Prandtl-Meyer solution for the initial
plume-angle resolution. Grid B is the result of adapting grid A
solely to a pressure solution. The clustered grid lines clearly exhibit

the detached portion of the plume-to-plume recompression shock.
It should be noted that the adaptation was applied several grid lines
above the nozzle lip so as to maintain the initial Prandtl-Meyer
expansion-angle resolution. The transition from the unadapted grid
lines to the adapted grid lines is smooth. Grid C is the outcome of
adapting grid A entirely to a Mach-number solution. The packed grid
lines match the plume boundary and appear to follow the Prandtl-
Meyer expansion angle from the nozzle lip. Grid D comes from the
adaptation of grid A where 50% Mach-number gradient and 50%
pressure gradient were used as the adaptive function. The grid-line
clustering follows both the plume boundary layer and the recom-
pression shock.

Results and Discussion
The computations were performed on a NASA/MSFC Cray

Y-MP. The computational time for a typical calculation was
estimated as 1.0 x 10~4 CPU seconds per grid per step. Approximate
convergence was reached when the residual of the vectors was be-
low 1.0 x 10~4 and those of the scalars were under 1.0 x 10~6.
The residuals for the momentum and energy are the root mean
squares, and those for other scalars are maximum residuals. Based on
present grid-parametric studies and those found in Ref. 10, approx-
imate grid-independent solutions were obtained for grid densities
of 113,202 points and of 119,016 points when the Prandtl-Meyer
expansion resolution was satisfied. Approximately 3000-4000 it-
erations were required for a 119,016-grid-point solution to reach
approximate convergence, and an additional 2000 iterations were
needed for a higher-grid-density (e.g., 168,399 grid points) solu-
tion to converge when the initial flowfields were started afresh. The
storage requirement of the CFD model is 40 words per grid point.
Although the functional memory has increased from that of a Cray-
XMP,10 the cost20 issue looms if Prandtl-Meyer expansion reso-
lution, turbulence law-of-the-wall approach, and solution-adaptive
grid procedure are not considered.

Fig. 4 Slices of four different computational grids.

Static-Pressure, Mach-Number, and Impact-Pressure Variations
Along the Model Centerline

Static-pressure, Mach-number, and impact-pressure comparisons
along the model centerline were used to assess the accuracy of the
model prediction of the reverse jet. The creation of the reverse jet
originates from the lateral flow emanating from behind the detached
shock portion of the plume impingement,6'10 whereas the strength
of the reverse jet comes from the Prandtl-Meyer expansion, the
deflection of the free shear layer, and the flow physics inside the
plume-to-plume impingement region. The viscous flow emanating
from the attached shock portion of the plume impingement region
does not significantly affect the base environment and is pumped
from the base region by the reverse jet and wall jet.

Figure 5 shows a comparison of variations along the model cen-
terline for Pa/PQ = 39 x 10~4. The effects of the Prandtl-Meyer so-
lution treatment for the initial plume-angle resolution and solution-
adaptive gridding are obvious. The solution with the highest grid
density (245,493 grid points)—in which the initial plume expan-
sion was not adequately resolved, even though it employed twice
the number of points in the initial plume boundary layer than in
the 119,016-point setup and had the grid refined according to the
pressure gradient—produced the worst comparison. In contrast, the
solutions adapted to a 45.4-deg initial plume angle, including one so-
lution that ran without any further grid adaptation, produced signif-
icantly better agreement with less than half the grid points. Among
the three solutions, the one using pressure-solution gradient adapta-
tion produced the best centerline-property comparisons with experi-
ment. The one using Mach-number-solution gradient adaptation did
not compare as well. This performance difference can be explained
by the existence of the plume-to-plume recompression shock, which
controls the properties of the reverse jet. The base center pressure,
however, was close for all three cases.

This example clearly demonstrates the validity and efficiency of
the proposed computational methodology. That is, the accuracy of
the reverse-jet prediction depends predominately on the Prandtl-
Meyer expansion resolution. This expansion cannot be obtained ef-
ficiently with unadapted grid clustering or a solution-adaptive grid
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00 1.0 2.0 3.0

Perpendicular distance from center of shield, in
4.0

Fig. 5 Comparison of Mach-number and static-pressure variations
along model centerline for Pa/P0 = 39 X 10~4: •; P/P0 test data6; +,
Mach number test data6; ——, 9 = 45.4 deg, 119,016 pts, no adapta-
tion; __, 0 = 45.4 deg, 119,016 pts, P adaptation; _.—, 0 = 45.4
deg, 119,016 pts, M adaptation; and ——, 0 = 0.0 deg, 245,493 pts, P
adaptation.

only. However, a combination of the initial Prandtl-Meyer expan-
sion and a solution-adaptive grid following the local flow physics
leads to accurate representation of the jet in a computationally effi-
cient manner.

Figure 6 show the comparisons of static-pressure, Mach-number,
and impact-pressure variations along the model centerline for three
ambient-to-total pressure ratios. In general, the predictions agreed
reasonably well with those of the experiment.6 In the supersonic
flow region, where the pitot tube6 is behind a normal shocjc, the
Rayleigh pitot formula35 is used to reduce the impact pressure. Al-
though adaptive function and grid parametric studies have been
performed, for the purpose of clarity only selected comparisons
are shown. Different initial plume expansion angles were used to
adapt the grid for different ambient-to-total pressure ratios. Notice
that the initial plume expansion angle increases when the ambient-
to-total pressure ratio decreases; for example, 9 = 44.6 deg was
used for Pa/PQ = 43 x 10~4, and 0 = 51.2 deg was used for
Pa/P() = 20 x 10~4, giving results better than those obtained with
one fixed angle for all pressure ratios.10 At Pa/P0 = 20 x 10~4,
where the maximum model centerline base pressure and peak Mach
number were measured, 168,399 grid points were required for addi-
tional resolution. The added grid points improved the prediction of
the peak Mach number while not affecting base-pressure prediction.
The impact pressure decreases from the plume impingement point
(approximately 4.5 in. above the base, not shown) to the reverse-jet
recompression location, because of nonisentropic three-dimensional
flow. Downstream of the recompression, it remains constant be-
cause of the prevailing subsonic flow. In general, the peak Mach
number increases and the valley static pressure decreases as the
pressure ratio Pa/Po drops, and the position of the peak Mach num-
ber moves toward the base, as does the valley of the static pressure.
The strength of the reverse jet increases as the ambient pressure
drops. At Pa/Po = 20 x 10~4, a base recompression is formed be-
tween 0.5 and 1.0 in. from the base center. Because of high viscous
dissipation31 and (in general) a weak reverse jet (in comparison with
an underexpanded supersonic nozzle jet impinging directly on a per-
pendicular surface), the base recompression tends to be a smeared
shock,6 as evidenced by the moderate rise in static pressure, albeit
over a short distance, along with the observed increasingly rapid
deceleration with decreasing ambient pressure.

0.00o.o 1.0 2.0 3.0
Perpendicular distance from center of shield, in

4.0

Fig. 6 Comparisons of static-pressure, Mach-number, and impact-
pressure variations along model centerline: (top) D, P/Po test data6;
0, M test data6; o, PI/PQ test data6; ——, 0 = 44.6 deg, 119,016 pts, P
adaptation; (middle) ——, 0 = 49.0 deg, 119,016 pts, P adaptation; and
(bottom) ——, 0 = 51.2 deg, 168,399 pts, P adaptation.

Radial Base Pressure Distribution
Radial base pressure data were taken along the plane of symme-

try between nozzles; hence the comparisons benchmark the model
predictions of the reverse-jet impingement at-4he base center and
the expansion through the vent area. It can be seen from Fig. 7 that
the computed base pressures agree reasonably well with those of the
experiment.6 For all three ambient-to-total pressure ratios, the re-
verse jet formed and the peak pressures occurred at the base center,
whereas the base pressure decreased as the distance from the center
of heat shield increased. The base pressure eventually dropped to
the cell pressure, which is physically correct.

Base Pressure Characteristic Curve
The center base pressure variation with ambient pressure (alti-

tude) has become known as the characteristic curve.6 Representing
the severest environment on the base, it is one of the most impor-
tant parameters in designing the thermal protection system for the
launch vehicles. Figure 8 shows a comparison between the mea-
surements and the predictions. Data11 for an identical AV/AC ratio
of 0.96, albeit at a mere 0.80-in. distance between the base and
nozzle exit plane, were selected and plotted alongside of other data6

for background comparison. Both experiments were conducted over
the characteristic range of Pbc/Pa fr°m near 1-0 to near 4.0, which
corresponds to altitudes ranging from 22,800 to 122,500 ft.

At ambient-to-total pressure ratios above 100 x 10~4 or
Pbc/Pa < 1, the four exhaust plumes do not interact much with
each other, though some aspiration exists. As altitude increases
or as pressure ratio drops, the plumes start to expand in size and
the aspiration decreases. In the mean time, the base pressure de-
creases while a reverse jet and subsequently the wall jet take shape.
The predicted base-pressure characteristic curves agreed quite well
with those of the experiment.6 The prediction of this center base
pressure characteristic with wide altitude variation is a very se-
vere test of CFD capabilities and demonstrates conclusively that
all the significant flow physics has been captured. The condition
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0.0 0.4 0.8 1.2 1.6 2.0 2.4
Radial distance from center of shield, in

2.8 3.2

Fig. 7 Comparisons of radial base pressure distributions: (top) D,
P«/P0 = 39 X 10~4 data6; 0- 0, test cell pressure6; ——, 0 = 45.4 deg,
119,016 pts, P adaptation; (middle) o, Pa/P0 = 26 X 10~4 data6; o - o,
test cell pressure6; ——, 0 = 49.0 deg, 119,016 pts, P adaptation; and
(bottom) A, Pa/Po = 20 x 10~4 data6; A- A, test cell pressure6; and
——, 0 = 51.2 deg, 119,016 pts, M adaptation.

120.0

100.0

20.0 40.0 60.0
P,/P0x104

80.0 100.0

Fig. 8 Base pressure characteristic curve: o, Matz and Goethert
data11; A, Brewer and Craven data6; <*, 119,016 pts, P adaptation;
T, 119,016 pts, M adaptation; ,̂ 119,016 pts, 0.5P + 0.5M adaptation;
and •, 168,399 pts, P adaptation.

Pbc/Pa — 2 indicates choking for the wall jet if the system is an en-
closed isentropic convergent-divergent nozzle; however, the chok-
ing ratio for the base flow is expected to be greater because it is
three-dimensional and viscous (wall jet) and therefore a flow coef-
ficient must be applied.

The fact that Mach-number gradient adaptation was applied
for Pa/Po > 26 x 10~4, whereas pressure gradient adaptation
was used at lower pressure ratios, indicates that the characteristic
base pressure is better resolved by plume boundary-layer resolu-
tion when the plumes are farther apart. As the plumes close, the
recompression shock becomes more important, and the center base
pressure was better predicted by applying pressure gradient adap-
tation. The plumes close completely at Pa/PQ = 23 x 10~4, where
the central base pressure also reaches its minimum (Fig. 8). After
that plume enclosure, the outside plume starts to enclose the vent
area and leads to choking. At Pa/Po = 20 x 10~4, the reverse jet
arrives at its maximum strength, and Pbc rises to its peak value. Af-
terwards, PjjC decreases as the ambient pressure continues to drop
until the vent area is completely choked. The computed choked con-
dition appears to occur at a nominal base-to-ambient pressure ratio
of 4, corresponding to a flow coefficient of about 0.5, as evidenced
by both experiments.6'11

Further reduction in ambient pressure did not change the base
pressure, as indicated by the leveling-off of the predicted center base
pressure from P«/P0 = 10 x 10~4 to 1 x IX)-4. The experiments6'11

stopped at Pa/P0 = 15 x 10~4 and 10 x 10~4, respectively, on
account of hardware limitations.

Conclusion
A computational methodology has been developed to benchmark

the base flowfield of a four-engine clustered nozzle configuration.
It is based on 1) a three-dimensional, viscous-flow, pressure-based
CFD formulation, 2) a Prandtl-Meyer-solution treatment of the al-
gebraic grid for the initial plume expansion resolution, and 3) a
solution-adaptive grid technique that refines the computational grid
subsequently according to pertinent base-flow physics. The physics
of a multiple-engine clustered-nozzle base flow is significantly dif-
ferent from that of a single-engine base flow. These differences must
be addressed to obtain accurate solutions for the clustered nozzle
configuration. Qualitative features of the base flowfield of a four-
engine cluster consist of a three-dimensional, turbulent reverse jet
impinging upon the center of the base, forming a wall jet. This
reverse jet originates from the lateral flow emanating beyond the
attached shock portion of the plume-to-plume impingement line.
It accelerates to supersonic speed and then smoothly decelerates
to subsonic speed as it approaches the base. The deceleration be-
comes more rapid with decreasing ambient pressure as the peak
Mach-number moves toward the base. The strength of the reverse
jet is a function of the altitude and is dependent upon the Prandtl-
Meyer expansion and the plume boundary-layer deflection. The flow
venting between nozzles appears to choke at a nominal base-to-
ambient pressure ratio of 4. Further decrease in ambient pressure
does not change the base environment. The predicted physical flow
features such as the reverse jet, heat-shield wall jet, recompression
shock, lack of a discrete base shock, plume enclosure, and vent-
area choking are in excellent agreement with those described in
the experiment. The predicted quantitative results such as the ra-
dial base pressure distribution, static pressure, Mach-number and
impact-pressure variations along the model centerline, and most
importantly the base pressure characteristic curve, agree quite well
with those of the measurement.
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