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Numerical Investigation of Supersonic
Base Flow with Base Bleed
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A zonal, implicit, time-marchingNavier–Stokes computationaltechnique hasbeen used to compute the turbulent
supersonic base � ow over a cylindrical afterbody with base bleed. A critical element of calculating such � ows is
the turbulence model. Two eddy viscosity turbulence models have been used in the base region � ow computations.
These models include an algebraic turbulence model and a two-equation k–² model. The k–² equations are solved
using an implicit algorithm,andcalculationswith the k–² model are extended upto the wall.Flow� eld computations
have been performed for a cylindrical afterbody at M = 2:46 and at an angle of attack of ® = 0 deg. The results
are compared with the experimental data for the same conditions and the same con� guration. Details of the
mean � ow� eld as well as the turbulence quantities have been presented. In addition, the computed base pressure
distribution has been compared with the experiment. In general, the k–² turbulence model performs better in the
near wake than the algebraic model and predicts the base pressure much better.

Introduction

O NE of the important parameters in the design of a projectile
is the total aerodynamic drag. The total drag consists of three

drag components: the pressure drag or the wave drag (excludingthe
base), the viscousdrag, and the base drag.The base drag component
is a large part of the total drag and can be as high as 50% or more
of the total drag. Of all these three components of drag, the most
dif� cult one to predict is the base drag.The base drag dependson the
pressure acting on the base, and therefore it is necessary to predict
the base pressure as accurately as possible.

The ability to computethebase region� ow� eld forprojectilecon-
� gurationsusing Navier–Stokes computationaltechniqueshas been
developedover the past few years.1¡3 Recently, improvednumerical
predictionshavebeenobtainedusinga more advancedzonal upwind
� ux-split algorithm.4;5 This zonal scheme preserves the base corner
and allows better modeling of the base region � ow. These studies
have includedbase � ows fordifferentbasegeometries.This capabil-
ity is very important for determining aerodynamic coef� cient data
including the total aerodynamic drag. As indicated earlier, a num-
ber of base � ow calculations have been made, and base drag and
total drag have been predicted with reasonable accuracy. However,
due to the lack of available data, the predictive capabilities were
not assessed earlier with detailed base pressure distributions,mean
� ow velocity components, and turbulence quantities.This situation
is especially true of base � ow for axisymmetric bodies at transonic
and supersonic speeds. Recently, experimental measurements have
been made in the base region for supersonic � ow over a cylindrical
afterbody without base bleed.6 The data included the base pressure
distribution (along the base), mean � ow, and turbulence quantities.
Numerical computations7 were made for this case, and computed
results were compared with these data. The detailed experimental
data were critical in the validation of the computational results, es-
pecially for the turbulence modeling and grid resolution issues.

Figure 1 is a schematicdiagramshowing the important featuresof
supersonic base � ow with base bleed. The approaching supersonic
turbulent boundary layer separates at the base corner, and the free
shear layer region is formed in the wake. The � ow expands at the
base cornerand is followedby the recompressionshockdownstream
of the base, which realigns the � ow. The � ow then redevelopsin the
trailingwake. In the absenceof base bleed, a low-pressureregion is
formed immediatelydownstreamof the base,which is characterized
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by a low-speed recirculating � ow region. Interaction between this
recirculating region and the inviscid external � ow occurs through
the free shearmixing region.This mixing regionis where turbulence
plays an important role. Injection of low-speed air into the base re-
gion displaces the entire recirculation region downstream into the
wake. The bleed � ow weakens the recompression shock, resulting
in an increase of base pressure or a reduction in base drag.

The drag reduction due to base bleed at supersonic speeds is of
practical importance. The effect of base bleed or mass injection has
been studied experimentally.8¡10 These early experiments involved
cold and hot gas injection for cylindricaland boat-tailedafterbodies
and clearly showed the effectiveness of base bleed on base pres-
sure. Most of these experimental investigationswere rather limited
in nature and lacked measurements of the detailed base pressure
distribution and near-wake � ow� eld such as mean � ow and turbu-
lence quantities. Such detailed experimental data have been made
available recently for supersonic � ow over a cylindrical afterbody
with base bleed.11 This set of experimental data not only provides
insight into the details of the � uid dynamic interactions in the near
wake but also servesas a benchmarkfor validationof computational
results. This paper describes the computational investigationof su-
personicbase � ow with base bleed for the same experimentalmodel
and conditions.

The basic con� guration used in this study is a cylindrical af-
terbody. As mentioned earlier, a simple composite grid scheme has
beenused for accuratemodeling of the base corner.Numerical � ow-
� eld computationshavebeen performedat M1 D 2:46 and at 0-deg
angle of attack. Two turbulence models (an algebraic model and a
two-equation model) are used in the base � ow region. All of the
computations have been performed on the Cray Y-MP supercom-
puter. Details of the � ow� eld, such as Mach number contours and
base pressure distributions,are presented.Computed base pressure
distributionsare compared with available experimental data for the
same conditions and the same con� guration.

Governing Equations and Solution Technique
The complete set of time-dependent, Reynolds-averaged, thin-

layer Navier–Stokes equations is solved numerically to obtain a
solutionto thisproblem.The numericaltechniqueused isan implicit,
� nite difference scheme. Although time-dependentcalculationsare
made, the transient� ow is not of primary interestat the present time.
The steady � ow, which is the desired result, is obtained in a time
asymptotic fashion.

Governing Equations
The complete set of three-dimensional, time-dependent, gen-

eralized geometry, Reynolds-averaged, thin-layer, Navier–Stokes
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Fig. 1 Schematic diagram of supersonic base � ow.

equations for general spatial coordinates » , ´, and ³ can be written
as follows12:

@T Oq C @»
OF C @´

OG C @³
OH D Re¡1@³

OS (1)

where

» D longitudinalcoordinate, ».x; y; z; t/
´ D circumferentialcoordinate, ´.x; y; z; t/
³ D nearly normal coordinate, ³.x; y; z; t/
T D time, t

In Eq. (1), Oq contains the dependent variables and OF, OG, and OH
are � ux vectors. The thin-layer approximation is used here, and the
viscous terms involving velocity gradients in both the longitudinal
and circumferentialdirections are neglected.The viscous terms are
retainedin the normal direction³ and are collected into the vector OS.
These viscous terms are used everywhere. However, in the wake or
the base region, similar viscous terms are also added in the stream-
wise direction. For this computation, the diffusion coef� cients ¹
and · contain molecular and turbulent parts. The turbulent contri-
butions are supplied through either an algebraic or a two-equation
k–² turbulence model.

Numerical Technique
The implicit, approximately factored scheme for the thin-layer

Navier–Stokes equations using central differencing in the ´ and ³
directions and upwinding in » is written in the following form:

I C h±b
» . OAC/n C h±³

OCn ¡ hRe¡1 N±³ J ¡1 OMn J ¡ Di ³

£ I C h±
f

» . OA¡/n C h±´
OBn ¡ Di ´

1 OQn

D ¡1t ±b
» . OFC/n¡ OFC

1 C ±
f

» . OF¡/n¡ OF¡
1 C ±´

OGn¡ OG1

C ±³
OHn¡ OH1 ¡Re¡1 N±³

OSn¡OS1 ¡De
OQn¡ OQ1 (2)

where h D 1t or .1t/=2. Here, ± is typically a three-point second-
order accurate central difference operator, N± is a midpoint operator
used with the viscous terms, and the operators ±b

» and ±
f

» are back-
ward and forward three-point difference operators. The � ux OF has
been eigensplit, and the matrices OA, OB, OC, and OM result from local
linearization of the � uxes about the previous time level. Here, J
denotes the Jacobian of the coordinate transformation.Dissipation
operators De and Di are used in the central space differencing di-
rections. The smoothing terms used in the present study are of the
form

De j´ D .1t/J ¡1 ²2
N±½.B/¯ N± C ²4

N±[½.B/=.1 C ¯/]N±3
´
J

Di j´ D .1t/J ¡1 ²2
N±½.B/¯ N± C 2:5²4

N±½.B/ N± j´ J

where

¯ D
j N±2 P j

j.1 C ±2/P j

and where ½.B/ is the true spectral radius of B. The idea here is that
the fourth-orderdifferencewill be tuned down near shocks (e.g., as
¯ gets large, the weight on the fourth-orderdifference drops down,
whereas the second-orderdifference tunes up).

Boundary Conditions
For simplicity, most of the boundary conditions have been im-

posed explicitly.3 An adiabatic wall boundary condition is used on
the body surface, and the no-slip boundary condition is used at the
wall. The pressure at the wall is calculated by solving a combined
momentum equation. Freestream boundary conditions are used at
the in� ow boundary as well as at the outer boundary. A symme-
try boundary condition is imposed at the cirumferential edges of
the grid, whereas a simple extrapolation is used at the downstream
boundary. A combination of a symmetry and extrapolation bound-
ary condition is used at the centerline (axis). Since the freestream
� ow is supersonic,a nonre� ection boundarycondition is used at the
outerboundary.The � ow� eld is initiallyset to freestreamconditions
everywhere and then advanced in time until a steady-state solution
is obtained.

For the base bleed case, boundary conditions are imposed at the
bleed exit that include the total temperature and total pressure of
the bleed gas as well as a mass injection parameter I . The amount
of gas injection is usually de� ned in terms of the mass injection
parameter, I D Pm j =½1u1 Ab , where Pm j is themass � ow at the bleed
exit and Ab is the area at the base. All dependent � ow variables can
be determined from these three quantities for the mass injection or
base bleed case. The total pressure and temperature of injected gas
are assumed to be constant at the bleed exit.

Composite Grid Scheme
In the present work, a simple composite grid scheme has been

used where a large single grid is split into a number of smaller grids
so that computations can be performed on each grid separately.5

These grids use the available core memory one grid at a time. The
remaining grids are stored on an external disk storagedevice. Some
of today’s supercomputershavea large incorememory to � t the large
single grid. However, for accurate geometric modeling of complex
projectilecon� gurationsthat includeblunt noses, sharp corners,and
base cavities, it is also desirable to split the large database into a few
smaller zones. The use of a composite grid scheme requires special
care in storing and fetching the interface boundary data (i.e., the
communication between the various zones). In the present scheme,
there is a one-to-one mapping of the grid points at the interface
boundaries.Thus, no interpolationsare required. Details of the data
storage,data transfer,andotherpertinentinformation,suchasmetric
and differencingaccuracyat the interfaces,can be found in the work
of Sahu and Nietubicz.5
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Turbulence Modeling
For the base � ow calculations, two turbulence models have been

used. The � rst one is an algebraic eddy viscosity model (Baldwin–

Lomax model). The other one is a two-equation k–² turbulence
model that is also an eddy viscosity model.

Baldwin–Lomax Model
This model is the one developed by Baldwin and Lomax.13 It is

a two-layer model in which an eddy viscosity is calculated for an
inner and an outer region. The inner region follows the Prandtl–Van
Driest formulation.In both the inner and outer formulations,the dis-
tribution of vorticity is used to determine the length scales, thereby
avoiding the necessity of � nding the outer edge of the boundary
layer. For the inner region,

.¹t /inner D ½l2j!j (3)

where

l D ·y 1 ¡ exp
¡yC

AC

yC D ½W uT y

¹W
; uT D

TW

½W

and j!j is the absolute magnitude of vorticity. The eddy viscosity
for the outer region is given by

.¹t /outer D K Ccp½ Fwake Fkleb.y/ (4)

where Fwake D ymax Fmax or Cwk ymaxu2
dif=Fmax; the smaller of the two

values is used. The quantities ymax and Fmax are determinedfrom the
function F.y/ D y; !; [1¡exp.¡yC=AC/], where Fmax is the max-
imum valueof F .y/ and ymax is the valueof y at which it occurs.The
function Fkleb.y/ is the Klebanoff intermittency factor. The quan-
tity udif is the differencebetween the maximum and minimum total
velocity in the pro� le, and, for boundary layers, the minimum is
zero.

The outer formulationcan be used in wakes as well as in attached
and separated boundary layers. For free-shear layer � ow regions or
wakes, the Van Driest damping term [exp.¡yC=AC/] is neglected.
Also, for the base or wake region, the distance y is measured from
the centerline of symmetry. It is necessary to specify the following
constants: AC D 26; Ccp D 1:6; Ckleb D 0:3; Cwk D 0:25; · D 0:4,
and K D 0:0168.This type of simple model is generally inadequate
for complex � ows containing � ow separation regions such as base
� ow becauseit dependsonly on local information.The two-equation
model contains less empiricism and allows the � ow history to be
taken into account.

Two-Equation k–² Model
The two-equation turbulence model used here is Chien’s k–²

model,14 which is similar to that of Jones and Launder.15 In this

Fig. 2 Afterbody measurement locations.

model, two transport equations are solved for the two variables k
(turbulent kinetic energy) and ² (turbulent dissipation rate):
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Here, yn is the distance normal to the surface. The coef� cients in
the k and ² equations are given by

c1 D 1:44; c2 D 1:92 1 ¡ 0:3 exp ¡R2
t

c3 D 2:0; ¾k D 1:0; ¾² D 1:3

c¹ D 0:09[1 ¡ exp.¡0:01yC/]

where Rt D k2=v². A compressibility correction16 is applied to the
k equation and ² is replaced by ².1 C M2

t /, where M 2
t D 2k=T .

The k–² model employs the eddy viscosity concept and relates the
turbulent eddy viscosity to k and ² by

¹t D c¹½.k2=²/ (6)

Following the same procedure used for the mean � ow equations,
the turbulence � eld equations are written in conservation form and
then transformed into generalized coordinates.17

Model Geometry and Experiment
The computationalaccuracy of a numerical scheme can be estab-

lished through comparisons with available experimental data. The
model used in the experiment11 and in the computational study is
shown in Fig. 2. It is an axisymmetric cylindricalafterbody that has
a diameter of 63.5 mm and a base bleed jet exit diameter of 25.4
mm. This � gure also shows the location of the static pressure taps
where base pressure was measured. The same con� guration is used
in the numerical simulations for a direct comparison.

Experimentalmeasurementsfor this model havebeen made at the
University of Illinois supersonic wind tunnel,11 which was speci� -
cally designedfor the study of axisymmetricbase � ows. The model
was tested at 0-deg angle of attack, Mach number of 2.46, and
Reynolds number of 5:21 £ 107/m. In addition to measuring the
velocity components at a number of selected longitudinalpositions
in the wake or base region, the base pressure was measured at 10
positionsalong the base. Such detailedbase pressuremeasurements
have not been made in the past for the base bleed condition and are
very helpful in the code validation process. The velocity pro� le is
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show the same trends. The exit velocity is quite uniform along the
bleed exit. As expected, the magnitudeof the exit velocity increases
with an increase in the mass injection rate. There is some discrep-
ancy in velocity near the bleed ori� ce corner. This is due in part to
the grid point distributionin this area.The grid pointswere not clus-
tered in this region because the � ow inside the bleed hole and, thus,
the boundary layer are not modeled. The effect of base bleed on the
mean axial velocity along the centerline of symmetry is shown in
Fig 6. The computed centerline velocity agrees fairly well with the
experimental data in the near wake for x=D < 3:0. The agreement
between the computed and experimental results is poor in the � ow
redevelopment region of the wake for all mass injection rates con-
sidered. In both the experimental and computed results, the bleed
exit velocity is small for low injection rates and results in two stag-
nationpoints (forwardand rear). The peak reversevelocityalong the
centerline decreases with an increase in the base bleed rate. As the
mass injection rate is increased, the bleed exit velocity increases.
The size of the recirculation region in the near wake is reduced
and pushed farther downstream. For high injection rates (I D 0:02
or higher), reverse velocity does not exist along the centerline.

Fig. 6 Mean axial velocity along the centerline; M1 = 2.46, ® = 0, and
k–² model.

X/D = 0.95 X/D = 1.26

X/D = 1.67 X/D = 2.04

Fig. 7 Streamwise velocity (u) pro� les; M1 = 2.46, ® = 0, and I = 0.01: - - - -, B–L model; ——, k–² model; and ±, experiment.

Figures 7 and 8 show the velocity components in the streamwise
and normal directions, respectively, for a mass injection parameter
of I D 0:01. These velocity pro� les are taken at four longitudinal
positions in the wake or the base region (X=D D 0:95, 1.26, 1.67,
and 2.04). The stations X=D D 0:95 and 1.67 correspond to the
locations near the forward and rear stagnation points, respectively;
X=D D 1:26 lies inside the recirculationregion,and X=D D 2:04 is
in the � ow redevelopmentregion downstreamof the rear stagnation
point. The computed velocity pro� les obtained using the Baldwin–

Lomax algebraicturbulencemodel and the two-equationk–² model
are compared with the experimental data. Figure 7 shows the com-
parison of the u (streamwise) componentof velocity. In general, the
pro� les obtained with the k–² model are in better agreement with
the experiment in the shear layer regions for X=D D 0:95 and 1.26.
The pro� les are poorlypredictedby the algebraicmodel at these two
stations. At X=D D 0:95, both turbulence models predict reverse
velocities near the centerline that are larger than the experimental
value, althoughthe k–² model predictionis closer to the experiment.
The predicted pro� les near the centerline agree better with the ex-
perimental data farther downstream (X=D D 1:26 and 1.67) inside
the reverse � ow region and near the rear stagnationpoint, especially
the k–² model prediction.Both models predict the velocity pro� les
at X=D D 1:67 and 2.04 fairly well. Figure 8 shows the comparison
of the w (normal) componentof the velocity.This componentof ve-
locity is better predicted by the k–² model than the algebraic model
in the near wake, especially at X=D D 0:95. The pro� les predicted
by the algebraicmodel are in poor agreementwith the experimental
data for radial positions greater than half of the base radius.

Some of the turbulence quantities are presented next. Figure 9
shows the turbulent kinetic energy pro� les at the same longitudinal
positions in the wake for the base bleed case, I D 0:01. The com-
puted k pro� les are obtainedusing the two-equationk–² turbulence
model. Near the forward stagnation point .X=D D 0:95/ and in-
side the separated � ow region .X=D D 1:26/, the peak observed
experimentally is well predicted by the k–² model. Some discrep-
ancy exists between the computed results and the experimentaldata
for r=R < 0:6. The agreement of the computed pro� les, includ-
ing the location and magnitude of the peak, with the data is better
near the rear stagnation point and downstream .X=D D 1:67 and
2:04/, especially for the magnitude of the peak value. The radial
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X/D = 0.95 X/D = 1.26

X/D = 1.67 X/D = 2.04

Fig. 8 Normal velocity (w) pro� les; M 1 = 2.46, ® = 0, and I = 0.01: - - - -, B–L model; ——, k–² model; and ±, experiment.

X/D = 0.95 X/D = 1.26

X/D = 1.67 X/D = 2.04

Fig. 9 Turbulent kinetic energy pro� les; M1 = 2.46, ® = 0, and I = 0.01: ——, k–² model; and ±, experiment.

location of the peaks decreases smoothly with increasingaxial dis-
tancedownstreamfrom thebase.Figure10 shows the turbulentshear
stress pro� les in the near wake. The computed values obtained by
both the algebraic model and the k–² model are compared with the
experimentaldata. In general, a small improvementcan be observed
in the predictedvalueswith the k–² model over the algebraicmodel.
Discrepancy exists between the experimentally obtained turbulent
shear stress and the predicted shear stresses with both turbulence
models at X=D D 0:95 for r=R < 0:7. The location of the peak

is better predicted by the k–² model. The magnitude of the peak
is well predicted by both models. For the other stations in the near
wake, the magnitude of the peaks is predicted well by both models.
As for the location of the peak, the k–² model does much bet-
ter than the algebraic model. As X=D is increased from 0.95 to
2.04, the location of the peak predicted by the k–² model moves
closer to the centerline similar to that observed in the experiment.
The radial location of the peak is underpredicted by the algebraic
model.
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X/D = 0.95 X/D = 1.26

X/D = 1.67 X/D = 2.04

Fig. 10 Turbulent shear stress pro� les; M 1 = 2.46, ® = 0, and I = 0.01: - - - -, B–L model; ——, k–² model; and ±, experiment.

Fig. 11 Base pressure distribution; M1 = 2.46, ® = 0, and I = 0.005.

Of particular interest is the accurate prediction of the base pres-
sure and, hence, base drag. Figure 11 shows the base pressure dis-
tribution (along the base) for a mass injection rate, I D 0:005.
The base pressures predicted by both the algebraic model and the
two-equation k–² turbulence model are compared with the experi-
mental data.11 The experimentaldata are shown in dark circles, and
the computed results are shown in lines. Here, r=R D 0:0 corre-
sponds to the centerline of symmetry, and r=R D 1:0 corresponds
to the base corner. The base pressures predicted by both algebraic
and k–² turbulencemodels show almost no change in the radial base
pressure distribution,which can also be observed in the experimen-
tal data. The base pressure magnitude is, however, poorly predicted
by the algebraicmodel. A much improvedbase pressuredistribution
is predicted by the k–² model, and its agreement with the measured
base pressure is quite good. The algebraic model prediction shows
slight radial variations near the base corner and the bleed exit cor-
ner. Figure 12 shows the base pressure distribution for an injection
rate of I D 0:01. The computed base pressures obtained by both
turbulencemodels are compared with the experimental data. Again

Fig. 12 Base pressure distribution; M1 = 2.46, ® = 0, and I = 0.01.

the k–² model predictedbase pressureagreeswell with the data, and
the algebraic model predictionis poor. The grid sensitivity is exam-
ined in this � gure using the results obtained by the k–² model on
three differentgrids (originalmedium, coarse, and � ne). The coarse
grid consists of half as many and the � ne grid twice as many grid
points as the original medium grid. The grid point distribution near
the base also differs between these three grids. The yC values for
the � rst point from the surface for these grids were 0.4, 1.4, and 8,
respectively, for the � ne, medium, and coarse grids. The difference
in the computed base pressures obtained using the three grids is
very small. Although not shown here, no signi� cant changes were
observed between the computed velocity pro� les and the turbulent
kinetic energy and turbulent shear stress pro� les obtained using
the three different grids. Computed results have also been obtained
with the algebraicturbulencemodel on these grids and these results,
which include base pressure, mean velocity pro� les, and turbulent
shear stress, also do not change appreciablywith grid density.Thus,
the computed solutions are grid independent, not only for the base
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Fig. 13 Base pressure distribution; M1 = 2.46, ® = 0, and I = 0.028.

Fig. 14 Effect of base bleed on average base pressure; M 1 = 2.46 and
® = 0.

pressure but also for other mean and turbulent � ow quantities in the
near wake region. The base pressure comparison for a higher base
bleed rate .I D 0:028/ is shown in Fig. 13. The three grids again
have very similar results in base pressure with the k–² model. The
base pressure distribution for the k–² model is shown here for the
mediumgrid.The predictedbasepressurewith the k–² modelagrees
betterwith the experimentaldata than that predictedby the algebraic
model. The wiggles seen near the bleed corner in the computed re-
sults can be attributed to the lack of grid clustering/alignment at the
bleed corner. These wiggles can also be eliminated by the modeling
of � ow inside the bleed hole at very large bleed rates.

The effect of base bleed on radially averaged base pressure is
shown in Fig. 14 as a function of mass injection parameter. The
computed average base pressures predicted by both the algebraic
and the k–² model are compared with the experimental data. The
algebraic turbulencemodel severelyunderpredicts the average base
pressure for small mass injection rates. A much better average base
pressure is predicted by the k–² model, and its agreement with the
measured average base pressure is quite good. The base pressure
increases with the increase in the injection rate for low injection
rates. This is the region where the base bleed is effective in in-
creasing the base pressure and thereby reducing the base drag. The
increase in base pressurewith increasinginjection rates occurs until
the optimum bleed rate is reached. This optimum injection rate is
approximately 0.015 as evidenced from the experimental data. The
peak predictedby the k–² model agrees well the data. The optimum
peakvaluepredictedby the algebraicmodel is near 0.02 and is not in
goodagreementwith the data.With further increasesin the injection
rate from its optimum, the base pressure decreases,as evidencedby
both experimental and computed results due to the onset of power-
on � ow conditions. A strong bleed jet shear layer and secondary
recirculationregion are formed, negating the bene� ts of base bleed.

Concluding Remarks
A zonal, implicit, time-marching Navier–Stokes computational

technique has been used to compute the turbulent supersonic base

� ow over a cylindrical afterbody with base bleed. Flow� eld com-
putations have been performed at M1 D 2:46 and at a 0-deg angle
of attack. Two eddy viscosity turbulence models (an algebraic and
a two-equation k–²) have been used to provide the turbulence clo-
sure. The k–² equationsare solved using an implicit algorithm, and
calculations with the k–² model are extended up to the wall.

Numerical results show the details of the � ow� eld in terms of
Mach number contours. Comparisons of both the mean and turbu-
lence quantities have been made with the available experimental
data. The algebraic turbulence model predicts the mean velocity
components poorly in the wake. In general, the velocity compo-
nents predicted by the two-equation k–² model are in better agree-
ment with the experimental data than the algebraic model. Discrep-
ancy exists between the predicted turbulent shear stress and the
experiment for both algebraic and k–² turbulence models in the re-
circulation region. An improvement in the predicted location and
magnitude of the peak in shear stress is found with the k–² model.
Computed base pressure distributionshave been comparedwith the
measured base pressures.The base pressures are underpredictedby
the algebraicmodel for different injection rates. The predicted base
pressuresfor these injectionrateswith the k–² model are found to be
in goodagreementwith theexperimentallymeasuredbasepressures.
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