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Numerical Investigation of Supersonic
Base Flow with Base Bleed
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A zonal, implicit, time-marching Navier-Stokes computational technique has been used to compute the turbulent
supersonic base flow over a cylindrical afterbody with base bleed. A critical element of calculating such flows is
the turbulence model. Two eddy viscosity turbulence models have been used in the base region flow computations.
These models include an algebraic turbulence model and a two-equation k-€ model. The k-€ equations are solved
using an implicit algorithm, and calculations with the k-e model are extended up to the wall. Flowfield computations
have been performed for a cylindrical afterbody at M = 2.46 and at an angle of attack of o = 0 deg. The results
are compared with the experimental data for the same conditions and the same configuration. Details of the
mean flowfield 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-€ turbulence model performs better in the
near wake than the algebraic model and predicts the base pressure much better.

Introduction

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 (excluding the
base), the viscous drag, 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
difficultone to predictis the base drag. The base drag depends on the
pressure acting on the base, and therefore it is necessary to predict
the base pressure as accurately as possible.

The ability to compute the base region flowfield for projectilecon-
figurationsusing Navier-Stokes computational techniqueshas been
developedover the past few years.' =3 Recently, improved numerical
predictionshave been obtainedusing a more advancedzonal upwind
flux-splitalgorithm.*> This zonal scheme preserves the base corner
and allows better modeling of the base region flow. These studies
have includedbase flows for differentbase geometries. This capabil-
ity is very important for determining aerodynamic coefficient data
including the total aerodynamic drag. As indicated earlier, a num-
ber of base flow 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
flow velocity components, and turbulence quantities. This situation
is especially true of base flow for axisymmetric bodies at transonic
and supersonic speeds. Recently, experimental measurements have
been made in the base region for supersonic flow over a cylindrical
afterbody without base bleed.® The data included the base pressure
distribution (along the base), mean flow, and turbulence quantities.
Numerical computations’ 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 schematic diagram showing the important features of
supersonic base flow 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 flow expands at the
base cornerand is followed by the recompressionshock downstream
of the base, which realigns the flow. The flow then redevelopsin the
trailing wake. In the absence of base bleed, a low-pressureregionis
formed immediately downstreamof the base, which is characterized
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by a low-speed recirculating flow region. Interaction between this
recirculating region and the inviscid external flow occurs through
the free shear mixing region. This mixing regionis where turbulence
plays an importantrole. Injection of low-speed air into the base re-
gion displaces the entire recirculation region downstream into the
wake. The bleed flow 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®~'? These early experiments involved
cold and hot gas injection for cylindrical and boat-tailed afterbodies
and clearly showed the effectiveness of base bleed on base pres-
sure. Most of these experimental investigations were rather limited
in nature and lacked measurements of the detailed base pressure
distribution and near-wake flowfield such as mean flow and turbu-
lence quantities. Such detailed experimental data have been made
available recently for supersonic flow over a cylindrical afterbody
with base bleed.!! This set of experimental data not only provides
insight into the details of the fluid dynamic interactionsin the near
wake but also serves as a benchmark for validation of computational
results. This paper describes the computational investigation of su-
personic base flow with base bleed for the same experimentalmodel
and conditions.

The basic configuration used in this study is a cylindrical af-
terbody. As mentioned earlier, a simple composite grid scheme has
been used for accurate modeling of the base corner. Numerical flow-
field computationshave been performedat M, = 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 flow region. All of the
computations have been performed on the Cray Y-MP supercom-
puter. Details of the flowfield, such as Mach number contours and
base pressure distributions, are presented. Computed base pressure
distributions are compared with available experimental data for the
same conditions and the same configuration.

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 this problem. The numericaltechniqueusedis animplicit,
finite difference scheme. Although time-dependentcalculations are
made, the transientflow is not of primary interestat the presenttime.
The steady flow, 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 flow.

equations for general spatial coordinates &, 77, and ¢ can be written
as follows'?

rg+ 0:F +09,G + 0.H = Re™'9.8 (1
where

& = longitudinal coordinate, & (x, y, z, t)

n = circumferential coordinate, n(x, y, z, t)
¢ = nearly normal coordinate, ¢ (x, y, z, 1)
T = time, t

In Eq. (1), g contains the dependent variables and i’, G, and H
are flux vectors. The thin-layer approximationis used here, and the
viscous terms involving velocity gradients in both the longitudinal
and circumferential directions are neglected. The viscous terms are
retainedin the normal direction ¢ and are collected into the vector S.
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 coefficients
and « contain molecular and turbulent parts. The turbulent contri-
butions are supplied through either an algebraic or a two-equation
k-e turbulence model.

Numerical Technique

The implicit, approximately factored scheme for the thin-layer
Navier-Stokes equations using central differencing in the 1 and ¢
directions and upwinding in £ is written in the following form:

[1+h8,A")" +hs.C" — hRe™'6, 07" M" ] — D] ]
x [1+hs[ A~y +hs,B" - D, |W]AQ”

= —At{sl[(FFY —FL ]+ 8/ [F )" —F]+5,(G"~Gx)

+8 (H"—H.)—Re '3, (5" ~8,.) }-D. (0" 0-.) )
where h = At or (At)/2. Here, § is typically a three-pointsecond-
order accurate central difference operator, § is a midpoint operator
used with the viscous terms, and the operators (Sb and (sz are back-
ward and forward three-point difference operators The flux F has
been eigensplit, and the matrices A, B, C, and M result from local
linearization of the fluxes about the previous time level. Here, J
denotes the Jacobian of the coordinate transformation. Dissipation
operators D, and D; are used in the central space differencing di-
rections. The smoothing terms used in the present study are of the
form

D.|, = (AnJ " {edpB)BS + edlo®B)/(1+ £)18}| ]

D, = (AN [e5p(B)BS +2.5¢,5p(B)S ]I,/

where

|5°P
p=
[(14+82)P |
and where p (B) is the true spectral radius of B. The idea here is that
the fourth-orderdifference will be tuned down near shocks (e.g., as
B gets large, the weight on the fourth-orderdifference drops down,
whereas the second-order difference tunes up).

Boundary Conditions

For simplicity, most of the boundary conditions have been im-
posed explicitly? 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 inflow 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 extrapolationis used at the downstream
boundary. A combination of a symmetry and extrapolation bound-
ary condition is used at the centerline (axis). Since the freestream
flow is supersonic,a nonreflection boundary conditionis used at the
outerboundary. The flowfield is initially set to freestream conditions
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 /. The amount
of gas injection is usually defined in terms of the mass injection
parameter, = 71 /poUos Ay, Whereni is the mass flow at the bleed
exitand A, is the area at the base. All dependent flow 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 splitinto a number of smaller grids
so that computations can be performed on each grid separately?
These grids use the available core memory one grid at a time. The
remaining grids are stored on an external disk storage device. Some
oftoday’s supercomputershave alargeincore memory to fit the large
single grid. However, for accurate geometric modeling of complex
projectileconfigurationsthatinclude bluntnoses, 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,and other pertinentinformation,such as metric
and differencingaccuracy at the interfaces,can be found in the work
of Sahu and Nietubicz?
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Turbulence Modeling

For the base flow calculations, two turbulence models have been
used. The first one is an algebraic eddy viscosity model (Baldwin-
Lomax model). The other one is a two-equation k—€ turbulence
model that is also an eddy viscosity model.

Baldwin-Lomax Model

This model is the one developed by Baldwin and Lomax."? 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 finding the outer edge of the boundary
layer. For the inner region,

(/-Ll)inner = /Olzla)l (3)

where

+ _ pwury Ty
=, ur = —
Hw Pw
and |w| is the absolute magnitude of vorticity. The eddy viscosity
for the outer region is given by

(/-Ll)ouler = Kct‘p/OFwakeFkleb(y) (4)

where Fyae = Ymax Fmax OF Cyuk Ymax u(znf/Fmax; the smaller of the two
values is used. The quantities ymax and Fi,x are determined from the
function F (y) = y, w, [l —exp(—y*/AT)], where F,,, is the max-
imum value of F (y) and y.x is the value of y at which it occurs. The
function F, (y) is the Klebanoff intermittency factor. The quan-
tity ugi is the difference between the maximum and minimum total
velocity in the profile, and, for boundary layers, the minimum is
Zero.

The outer formulation can be used in wakes as well as in attached
and separated boundary layers. For free-shear layer flow regions or
wakes, the Van Driest damping term [exp(—y*/A™)] 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: A* = 26, C¢, = 1.6, Cyyep, = 0.3, Cyx = 0.25, k = 0.4,
and K = 0.0168. This type of simple model is generally inadequate
for complex flows containing flow separation regions such as base
flow becauseitdependsonly on local information. The two-equation
model contains less empiricism and allows the flow history to be
taken into account.

Two-Equation k- Model
The two-equation turbulence model used here is Chien’s k-€
model,'* which is similar to that of Jones and Launder.!”” In this

o= e

model, two transport equations are solved for the two variables k
(turbulent kinetic energy) and € (turbulent dissipation rate):
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Here, y, is the distance normal to the surface. The coefficients in
the k and € equations are given by

¢ = 1.44, ¢, =1.92[1—0.3exp(—R?)]

3 = 2.0, oo=10, o.=13

¢, = 0.09[1 — exp(—0.01y*)]

where R, = k?/ve. A compressibility correction'® is applied to the
k equation and € is replaced by (1 + M?), where M? = 2k/T.
The k-e model employs the eddy viscosity concept and relates the
turbulent eddy viscosity to k and € by

e = c,p(k*/€) ©6)

Following the same procedure used for the mean flow equations,
the turbulence field equations are written in conservation form and
then transformed into generalized coordinates.!”

Model Geometry and Experiment

The computational accuracy of a numerical scheme can be estab-
lished through comparisons with available experimental data. The
model used in the experiment!! and in the computational study is
shown in Fig. 2. It is an axisymmetric cylindrical afterbody that has
a diameter of 63.5 mm and a base bleed jet exit diameter of 25.4
mm. This figure also shows the location of the static pressure taps
where base pressure was measured. The same configurationis used
in the numerical simulations for a direct comparison.

Experimental measurements for this model have been made at the
University of Illinois supersonic wind tunnel,!! which was specifi-
cally designed for the study of axisymmetric base flows. The model
was tested at 0-deg angle of attack, Mach number of 2.46, and
Reynolds number of 5.21 x 107/m. In addition to measuring the
velocity components at a number of selected longitudinal positions
in the wake or base region, the base pressure was measured at 10
positions along the base. Such detailed base pressure measurements
have not been made in the past for the base bleed condition and are
very helpful in the code validation process. The velocity profile is
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Fig. 2 Afterbody measurement locations.
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also measured at a station upstream of the base that provides the
upstream boundary condition for base region flowfield calculations.

Results

Numerical computations have been made for the cylindrical af-
terbody at a Mach number of 2.46 and at 0-deg angle of attack. The
three-plane version of the three-dimensional code was run for the
0-deg angle-of-attack case. Two end planes were used to specify
symmetric boundary conditions in the circumferential plane.

The solution technique requires the discretization of the entire
flow region of interest into a suitable computational grid. The grid
outer boundary has been placed 1 diameter away from the surface
of the afterbody. The downstream boundary was placed 10 diame-
ters away from the base. Because the calculations are in the super-
sonic regime, the computational outer boundary was placed close
to the body, and a nonreflection boundary condition was used at
that boundary. Figure 3 shows an expanded view of the grid in the
base region. The surface points on the afterbody and the base were
obtained first. These points were then used as inputs for obtaining
the full grid using an algebraic grid generation program. The full
grid is split into two zones, one upstream of the base and the other
one in the base region or the wake. These grids consist of 22 x 60
and 94 x 119 grid points, respectively. Figure 3 shows the longi-
tudinal grid clustering near the base corner. Grid points are also
clustered near the afterbody surface to capture the viscous effects
in the turbulent boundary layer. The clustered grid points are spread
out downstream of the base in the wake to capture the free shear
layer region. As part of a grid resolution study, two other grids were
considered. One was a coarse grid with half as many grid points in
the streamwise direction, and the other one was a fine grid consisting
of twice as many grid points as the original grid described earlier.
The results are presented later in this section. For the 0-deg angle-
of-attack case considered, the grid was rotated circumferentially 5
deg on either side of the midplane. This rotation provided the three
planes needed in the code to use central finite differences in the cir-
cumferential direction. In each case, the solution was marched from
freestream conditions everywhere until the final converged solution
was obtained. The results are now presented for both mean and tur-
bulence quantities. Comparison of the computed results are made
with the available experimental data.'!

A few qualitative results are presented next. Figures 4a and 4b
show computed Mach number contours of the base region flowfield
for I = 0 (no bleed) and I = 0.01, respectively. The results show
the flow expansion at the base corner and the recompression shock
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Fig. 4 Computed Mach contours; mo = 2.46 and o = 0.
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Fig. 5 Mean axial velocity distributions at bleed exit; M, =2.46, o =
0 and k—e model.

downstream of the base (coalescence of contour lines). In addition,
Figs. 4a and 4b show the free shear layer in the near wake. Although
not indicated in Fig. 4a, the flow in the near wake is primarily sub-
sonic. For the zero bleed case, the usual wake narrowing (neck) can
be clearly seen in the computed results and is followed by a strong
recompression shock wave system. With base bleed, the expansion
at the base corner weakens, the shear layer angle is decreased, and
the recompression shock is very weak. The widening of the wake
with injection (I = 0.01) can be observed in the computed results.
The recirculatory flowfield in the near wake for the zero bleed case
is displaced downstream with mass injection. The computed results
shown in Fig. 4 were obtained using the two-equation k—e model
and the original grid.

Figure 5 shows the velocity profiles at the base bleed exit plane
for various mass injection rates. The mass injection rates selected
for the numerical computations were initially based on the experi-
ment. However, the experiment was later rerun to provide detailed
measurements in the near wake. As it turned out, the injection rates
obtained in the experimental data were slightly different from those
used in the computation. Both computed and experimental results
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show the same trends. The exit velocity is quite uniform along the
bleed exit. As expected, the magnitude of the exit velocity increases
with an increase in the mass injection rate. There is some discrep-
ancy in velocity near the bleed orifice corner. This is due in part to
the grid pointdistributionin this area. The grid points were not clus-
tered in this region because the flow 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 flow
redevelopmentregion 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-
nation points (forward and rear). The peak reverse velocity along 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 ( = 0.02
or higher), reverse velocity does not exist along the centerline.
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Fig. 6 Mean axial velocity along the centerline; Mo =2.46,a =0,and
k-€ model.
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Figures 7 and 8 show the velocity components in the streamwise
and normal directions, respectively, for a mass injection parameter
of I = 0.01. These velocity profiles are taken at four longitudinal
positions in the wake or the base region (X/D = 0.95, 1.26, 1.67,
and 2.04). The stations X/D = 0.95 and 1.67 correspond to the
locations near the forward and rear stagnation points, respectively;
X /D = 1.26liesinsidethe recirculationregion,and X /D = 2.04is
in the flow redevelopmentregion downstream of the rear stagnation
point. The computed velocity profiles obtained using the Baldwin-
Lomax algebraicturbulencemodel and the two-equationk-€ model
are compared with the experimental data. Figure 7 shows the com-
parison of the u (streamwise) componentof velocity. In general, the
profiles obtained with the k-¢ model are in better agreement with
the experimentin the shear layerregions for X /D = 0.95 and 1.26.
The profiles are poorly predicted by the algebraicmodel at these two
stations. At X/D = 0.95, both turbulence models predict reverse
velocities near the centerline that are larger than the experimental
value, althoughthe k-e model predictionis closer to the experiment.
The predicted profiles near the centerline agree better with the ex-
perimental data farther downstream (X /D = 1.26 and 1.67) inside
the reverse flow region and near the rear stagnation point, especially
the k-€ model prediction. Both models predict the velocity profiles
at X/D = 1.67 and 2.04 fairly well. Figure 8 shows the comparison
of the w (normal) componentof the velocity. This component of ve-
locity is better predicted by the k—€ model than the algebraic model
in the near wake, especiallyat X /D = 0.95. The profiles predicted
by the algebraicmodel are in poor agreement with 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 turbulentkinetic energy profiles at the same longitudinal
positions in the wake for the base bleed case, I = 0.01. The com-
puted k profiles are obtained using the two-equation k-€ turbulence
model. Near the forward stagnation point (X/D = 0.95) and in-
side the separated flow region (X/D = 1.26), the peak observed
experimentally is well predicted by the k- model. Some discrep-
ancy exists between the computed results and the experimental data
for r/R < 0.6. The agreement of the computed profiles, includ-
ing the location and magnitude of the peak, with the data is better
near the rear stagnation point and downstream (X/D = 1.67 and
2.04), especially for the magnitude of the peak value. The radial
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Fig. 7 Streamwise velocity («) profiles; Mo =2.46, =0,and I = 0.01: - - - -, B-L model; —, k-€ model; and o, experiment.
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location of the peaks decreases smoothly with increasing axial dis-
tance downstreamfrom the base. Figure 10 shows the turbulentshear
stress profiles in the near wake. The computed values obtained by
both the algebraic model and the k- model are compared with the
experimental data. In general, a small improvementcan be observed
in the predicted values with the k-¢ model over the algebraic model.
Discrepancy exists between the experimentally obtained turbulent
shear stress and the predicted shear stresses with both turbulence
models at X/D = 0.95 for r/R < 0.7. The location of the peak

is better predicted by the k-e 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-¢ 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-¢ 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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Fig. 11 Base pressure distribution; M = 2.46,a =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, / = 0.005.
The base pressures predicted by both the algebraic model and the
two-equation k-¢ turbulence model are compared with the experi-
mental data.'! The experimental data are shown in dark circles, and
the computed results are shown in lines. Here, /R = 0.0 corre-
sponds to the centerline of symmetry, and r/R = 1.0 corresponds
to the base corner. The base pressures predicted by both algebraic
and k—e turbulencemodels show almost no changein 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—€ 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 = 0.01. The computed base pressures obtained by both
turbulence models are compared with the experimental data. Again

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Pb/Peo
Fig. 12 Base pressure distribution; M = 2.46,« =0,and I = 0.01.

the k-e model predicted base pressureagrees well with the data, and
the algebraic model predictionis poor. The grid sensitivity is exam-
ined in this figure using the results obtained by the k-¢ model on
three different grids (original medium, coarse, and fine). The coarse
grid consists of half as many and the fine 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 y* values for
the first point from the surface for these grids were 0.4, 1.4, and 8,
respectively, for the fine, medium, and coarse grids. The difference
in the computed base pressures obtained using the three grids is
very small. Although not shown here, no significant changes were
observed between the computed velocity profiles and the turbulent
kinetic energy and turbulent shear stress profiles obtained using
the three different grids. Computed results have also been obtained
with the algebraic turbulencemodel on these grids and these results,
which include base pressure, mean velocity profiles, and turbulent
shear stress, also do not change appreciably with grid density. Thus,
the computed solutions are grid independent, not only for the base
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Fig. 14 Effect of base bleed on average base pressure; Mo =2.46 and
a=0.

pressure but also for other mean and turbulentflow quantitiesin the
near wake region. The base pressure comparison for a higher base
bleed rate (I = 0.028) is shown in Fig. 13. The three grids again
have very similar results in base pressure with the k-¢ model. The
base pressure distribution for the k- model is shown here for the
medium grid. The predictedbase pressure with the k-€ modelagrees
better with the experimental data than that predicted by 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 flow 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-€ model are compared with the experimental data. The
algebraic turbulence model severely underpredicts the average base
pressure for small mass injection rates. A much better average base
pressure is predicted by the k-¢ 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
increasein base pressure with increasinginjectionrates occurs until
the optimum bleed rate is reached. This optimum injection rate is
approximately 0.015 as evidenced from the experimental data. The
peak predicted by the k-€ model agrees well the data. The optimum
peak value predicted by the algebraicmodel is near 0.02 and is notin
good agreement with the data. With furtherincreasesin the injection
rate from its optimum, the base pressure decreases, as evidenced by
both experimental and computed results due to the onset of power-
on flow conditions. A strong bleed jet shear layer and secondary
recirculationregion are formed, negating the benefits of base bleed.

Concluding Remarks

A zonal, implicit, time-marching Navier-Stokes computational
technique has been used to compute the turbulent supersonic base

flow over a cylindrical afterbody with base bleed. Flowfield com-
putations have been performed at M., = 2.46 and at a 0-deg angle
of attack. Two eddy viscosity turbulence models (an algebraic and
a two-equation k—€) have been used to provide the turbulence clo-
sure. The k-€ equationsare solved using an implicit algorithm, and
calculations with the k—e model are extended up to the wall.
Numerical results show the details of the flowfield 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-€ 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-€ 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-e model.
Computed base pressure distributionshave been compared with the
measured base pressures. The base pressures are underpredictedby
the algebraic model for differentinjectionrates. The predicted base
pressures for these injectionrates with the k- model are found to be
in good agreementwith the experimentallymeasured base pressures.
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