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generally the same behavior can be observed as for the higher
Reynolds number case, so that the same remarks apply.6

Boundary-Layer Flow

The boundary-layer flow was calculated with an elliptic
finite-volume procedure! using 122 nonuniformly spaced grid
points across the layer (for further details see Ref. 6). The
calculation domain covered a streamwise distance x such that
Rey = 300 at the inflow and Re, = 1410 at the outflow bound-
ary. Table 2 compares for the two x positions, where the
momentum-thickness Reynolds number Re; is 670 and 1410,
the friction coefficient ¢y and shape parameter H predicted by
the various models with the DNS data. At both Reynolds
numbers, the new model gives the best overall agreement. In
particular, the ¢y value predicted by the RMM model is consid-
erably closer to the data than ¢y predicted by any other model.
For the profiles of U, uv, k, and ¢, basically the same behavior
can be observed as for the channel flow. The LS model pre-
dicts too high a velocity in the outer region of the boundary
layer, but for this flow the MS model results are also slightly
too high (in the intermediate region), whereas the LB and
RMM models yield very good agreement with the DNS pro-
file.® Very near the wall, the uv distribution is again predicted
best by the RMM model, a result that explains the superior
prediction of the ¢, values. But near the boundary-layer edge,
all models except the LB model yield too fast an approach
of the shear stress to zero.® Concerning the k distribution
(Fig. 2a), the new model is again the most accurate one near
the wall. But also in the boundary-layer case it predicts a
somewhat excessive k peak, whereas the LB and MS models
reproduce the peak value correctly. At the boundary-layer
edge, the LB model predicts the approach of &k to zero cor-
rectly, whereas all of the other models predict too fast an
approach. The ¢ distribution resulting from the RMM model
(Fig. 2b) is very close to the one for the channel flow shown in
Fig. 1a. On the other hand, the DNS data show somewhat
larger e values very near the wall for the boundary layer than
for the channel flow, and hence the agreement is not as good
as in the channel flow case. However, the e prediction by the
RMM model is still by far the best. Virtually the same remarks
can be made on the calculations of the Rey = 670 boundary
layer.6

All of the results have been checked for grid independence
by performing calculations on different grids. It was found
that grid independence in the critical near-wall region requires
the first grid point to be placed at y * = 0.5 — 1. Use of fewer
than 61 grid points in the normal direction with fewer than 20
points in the region 0 <y * <100 led to a rapid deterioration of
the results. In particular, ¢, was found to be sensitive to the
number of grid points placed within the buffer layer.

IV. Conclusions

The low Re k-e model proposed by Rodi and Mansour? on
the basis of DNS data was complemented by a damping func-
tion multiplying the destruction term in the model e equation.
First a function involving ¢ as defined by Hanjalic and Laun-
der’ was tried. Very near the wall, this method led to an
underprediction of e and to an unrealistic € balance. A differ-
ent definition of € was therefore introduced, and some of the
constants in the RM model were retuned. The resulting modi-
fied version (RMM) yielded generally good predictions of all
major quantities in developed channel and boundary-layer
flows compared with the DNS data. The model mimics cor-
rectly the change in sign of the near-wall production P2, which
in turn is mainly responsible for the fairly realistic simulation
of the e distribution near the wall. However, the model pro-
duces some excessive up-down behavior of e in this region and
requires further fine tuning of the constants. Also, the model
has to be tested in the future for other flow situations.
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Nomenclature
Cp = pressure coefficient
Dpax =maximum body diameter
k = turbulent kinetic energy
M =Mach number
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)4 = static pressure

Do = pitot pressure

Pr = Prandtl number

Re =Reynolds number, u,.D_,,/V..

Re, = turbulence Reynolds number, k*/(ve)
T =temperature

u =friction velocity, ./T,/p,,

u, v, w = Cartesian velocity components
X9z = Cartesian coordinate directions
x,’ y,’ Z’ =x/Dmaxr y/Dmax’Z/Dmax

zt = dimensionless wall coordinate, zu™fv
= specific heat ratio

Ax, Az =local grid spacings in x and z directions
€ = rate of dissipation of k
u = dynamic viscosity

v =kinematic viscosity

p = density

T, =wall shear stress
Subscripts

J =jet

t =total (stagnation)

w =wall

oo = freestream

Superscript

! = dimensionless quantities

Introduction

EPARATED flow over an afterbody with a propulsive jet

contributes significantly to the total drag of space launch vehi-
cles, aircraft, and missiles. The high-pressure jet issuing from the
nozzle interacts with the afterbody flow through an inviscid plume
effect and a turbulent mixing process in the shear layers, and
causes upstream influence on the afterbody flow. The accuracy
with which the separated flow and the jet mixing layer growth are
predicted is dependent on the accuracy of the turbulence model
considered in the analysis.

Previous solutions for a circular arc afterbody/exhaust jet con-
figuration!? by Deiwert et al.3 using the Baldwin-Lomax algebraic
model,? and by Peace’ using both the Baldwin-Lomax model and a
two-equation k- model of Chien® show that the surface pressure in
the separated region is grossly overpredicted. Solutions by Peace’
for jet mixing layer growth show underprediction of data. Thus it
appears that turbulence modeling needs further investigation for
the simulation of separated flows and mixing layers. The primary
objective of this work is to validate the recently developed Bald-
win-Barth one-equation turbulence model” to describe the preced-
ing type of flows. This model, which solves for Re,, is derived
from a standard k-e model with the assumption of equality of pro-
duction and dissipation rate of turbulence, and with damping func-
tions for the wall region. The transition from the wall-bounded
region to the wake is made by simply turning off the viscous
damping functions in the wake region.

The Baldwin-Barth one-equation turbulence model has been
implemented in various three-dimensional central-difference and
upwind finite volume compressible and/or incompressible Navier-
Stokes codes (ARC3D, CFL3D, INS3D, USA). However, studies
on validation of this turbulence model are relatively few. To the
authors’ knowledge, the Baldwin-Barth model has not been tested
for the type of separated and shear flows characteristic of the after-
body/jet exhaust system under consideration, and this forms an
important contribution of the present report based on Ref. 8.

Analysis
The compressible thin-layer Navier-Stokes code, Overflow,
described in Ref. 9, solves the three-dimensional, unsteady flow
governing equations in conservative form in generalized coordi-
nates (€, 1, ) that are transformations of the rectangular Cartesian
space (x, y, z).

Computational Grid

The maximum body diameter D,,,, of 15.4 cm is taken as the ref-
erence length in the calculations. The afterbody length is 0.8D,,,,
and the jet diameter is 0.5D,,,. Figure 1 shows the computational
grid. Two separate grids are used for the body and the jet, with one
grid point overlap. A 70X 70 grid (streamwise X radial) is consid-
ered for the body, and a 90 x 119 grid is employed for the jet grid.
The value of z* for the first grid points from the wall of the after-
body ranges from 0.3 to 3 along the wall, with the grid cell thick-
ness Az’ of about 0.00002. The clustering for the jet grid is such
that the grid cell thickness Az’ is 0.005 near the jet axis and
0.00002 near the nozzle wall where the jet shear layer develops.

Boundary Conditions
No-slip and adiabatic wall conditions are applied at the solid
body. The pressure at the wall is obtained from zero normal pres-
sure gradient on the body surface. At the inflow a velocity distribu-
tion is specified with an estimated boundary-layer thickness of
'=0.0525. At the top (free) boundary, the freestream variables
are specified. At the nozzle exit, a viscous boundary layer is
included with an estimated thickness &' of 0.01. To accelerate the
solution, the nozzle exit conditions are extended to the outflow for
the initial condition. The outflow variables are obtained from the
interior solution by linear extrapolation. All boundary conditions
are applied explicitly.

Results and Discussion

All the computations are carried out for steady-state conditions
with M__=0.8, and Mj =1.0. The value of pj/pm is 1.532, and the
Jet pressure ratio p;/p,., is 2.9. The total temperature ratio for the
nozzle T,/T,,,=1. Values of Pr=0.7 and y=1.4 are assumed.
Local time stepping is employed to accelerate solution conver-
gence, which is achieved in about 4000 iterations. The reverse
flow region extends from the tail end of the afterbody to some dis-
tance downstream of the nozzle exit plane.?

Afterbody Pressure

A comparison of the afterbody pressures with the experimental
data is presented in Fig. 2. The data show that the boundary layer
separates at about x’' =—0.29, giving rise to a pressure plateau. The
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Fig.2 Afterbody surface pressure comparison.
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Fig.3 Comparison of jet radial pitot pressure.

predicted locations of separation are x’ =—0.298 and —0.251 for
the Baldwin-Barth and Baldwin-Lomax models, respectively. In
the attached region, both Baldwin-Barth and Baldwin-Lomax
models agree well with the data. In the separated region, the Bald-
win-Barth model compares considerably better with the data, as
compared to the Baldwin-Lomax model. However, there still
appears to be some overprediction of ¢, by the Baldwin-Barth
model and, hence, the underprediction of the drag.

Mixing Layer Predictions

The mixing layer predictions are compared in Fig. 3a-3d with
the pitot pressure data at various streamwise stations in the jet
(x'=0.025, 0.25, 1.0, and 2.0). In general the predictions from the
Baldwin-Barth model are close to those from the Baldwin-Lomax
model in describing mixing layers. Both turbulence models clearly
underestimate the mixing and, hence, entrainment of fluid from the
external flow region. The deviations of the models with the data is
seen to increase with increasing x’.

The Baldwin-Barth model, being built upon the k-e model,
should be expected to predict too small a wake growth, since the
k- model is known to underpredict the far-wake growth. The
assumption of equality of turbulence production and dissipation
rates (equilibrium turbulence) over the entire shear layer/mixing
layer is also not realistic. The flow under consideration undergoes
abrupt changes in the turbulence structure, i.e., from a boundary-
layer flow to a free shear flow with quite different length scales.

Conclusion

The present study of an afterbody/exhaust jet flowfield has
shown that the Baldwin-Barth one-equation turbulence model
offers a definitive improvement in the prediction of surface pres-
sure in the pressure-gradient induced separation region over the
Baldwin-Lomax algebraic model. However, there still is some
overprediction of the data by the one-equation model. In the mix-
ing layer, the Baldwin-Barth model considerably underpredicts the
growth of the mixing layer, as does the Baldwin-Lomax model.
The Baldwin-Barth model needs improvement for the prediction
of pressure-gradient induced separation and mixing layer growth.
Higher order turbulence models including multiscale models
should be investigated for an accurate description of separated
flows and mixing layer growth.
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Introduction

HYSICAL phenomena governed by differential equations

give rise to systems of coupled algebraic equations, re-
quiring the solution of matrices. The coefficient matrices that
result from finite difference implementations in fluid dynam-
ics are banded. In the last two decades, several solution tech-
niques have been developed to take advantage of the diagonal
nature of the resulting system of equations. All were devel-
oped though in the context of a serial computer, seeking to
minimize the total work needed for a complete solution while
maintaining a high level of accuracy and stability. This paper
summarizes a research effort in the parallelization of the Beam
and Warming factored implicit technique.! The parabolic heat
equation and the nonlinear equations of curvilinear grid map-
ping were chosen as model equations. Additional information
may be found in Varghese.?

Parallel Implementations and Results

The factored implicit (FI) technique was implemented in
Fortran on the Sequent 20-processor Symmetry computer which
has a tightly coupled multiple instruction stream-multiple
data stream (MIMD), shared memory, multiprocessor archi-
tecture. Speedup calculations were made based on the defini-
tion of the speedup S being equal to the ratio of the most
efficient serial algorithm time to the parallel algorithm time with
P processors running. Parallel compilers such as the Sequent’s
provide parallelization directives such as C$DOACROSS
(hereafter referred to in shorthand as C$DO), which automat-
ically handles do loops, and M__FORK (hereafter referred to
as M__F) which provides the programmer with selective con-
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