
AIAA JOURNAL
Vol. 33, No. 7, July 1995
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This numerical study investigates the effectiveness of bleed in controlling shock-wave/boundary-layer interac-
tions on a flat plate with a focus on understanding how bleed-hole angle, presence of upstream and downstream
bleed holes, and pressure ratio across bleed holes affect structure of "barrier" shock, surface pressure distribution,
and bleed rate (in terms of flow coefficient). The bleed-hole angles investigated are 30 deg slanted and 90 deg
normal, which give rise to two different types of barrier shocks. The influence of upstream and downstream bleed
holes were investigated by studying the bleed process through an isolated hole and through three holes arranged in
tandem along the stream wise direction. The plenum/freestream pressure ratios investigated range from 0.3 to 1.7,
which produced choked and unchoked flows in the bleed holes. This study is based on the ensemble-averaged, full
compressible Navier-Stokes equations closed by the Baldwin-Lomax model with solutions obtained by an implicit
finite volume method on an overlapping Chimera grid.

Introduction

E FFECTIVE control of shock-wave/boundary-layer interac-
tions is important in many applications. Examples include

mixed-compression supersonic inlets, transonic wind tunnels, and
airframes of supersonic aircraft. This is because when a shock wave
strikes a boundary layer, a number of adverse effects can result,
including flow separation.{ One effective way of controlling these
adverse effects is to place bleed holes in the vicinity where the shock
wave strikes the boundary layer.2 Though this method of control is
effective, it reduces efficiency by removing air from the main stream.
Thus, the goal in designing bleed-hole systems is to bring about the
most effective control with the least amount of bleed.

The importance of bleed in controlling shock-wave/boundary-
layer interactions has led a number of investigators to use experi-
mental and numerical methods to study this problem. To date, only
numerical studies have reported the detailed flowfield in and around
the bleed holes.3"9 Such information is critical to understanding
the details of the bleed process as a function of bleed-hole design
parameters. Of these studies, only Shih et al.9 investigated three-
dimensional, shock-wave/boundary-layer interactions with bleed.
They investigated oblique-shock-wave/boundary-layer interactions
on a flat plate fitted with a single circular hole that bled the flow above
the plate into a plenum. Their study showed that if the plenum pres-
sure is sufficiently low, then a two-segment "barrier" shock forms
in and on the downstream edge of the bleed hole. The authors noted
that this barrier shock can block information downstream of it from
propagating upstream and, hence, is another mechanism that can
be utilized to prevent flow separation (i.e., the barrier shock can be
utilized in addition to the mechanism of removing low-momentum
air next to solid surfaces). The authors further noted that the barrier
shock also increases mixing above the plate because it disrupts the
flow locally by slowing it down and increasing its static pressure.
This increased mixing is still another mechanism that can be utilized
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to prevent flow-separation and to bring about a more uniform flow
downstream of the shock-wave/boundary-layer interaction region.

At this point, it should be noted that the study by Shih et al.9 on the
formation of the barrier shock and its properties only investigated
one bleed-hole geometry and one plenum back pressure. In the
present paper, the focus is on understanding how bleed-hole an-
gle, presence of an upstream and a downstream bleed hole, and
pressure ratio across bleed holes affect the structure of the barrier
shock, surface pressure distribution, and bleed rate (given in terms
of the flow coefficient). Although only two bleed-hole angles (90
and 30 deg) and two different numbers of bleed holes (either 1 or
3) were investigated, their selection was made to illustrate the full
range in the nature of the flow. The two bleed-hole angles were se-
lected to show the maximum variations that can take place in the
barrier shock structure due to bleed-hole angle. The reason that the
number of bleed holes is either one or three is to show the differ-
ence between an isolated single bleed hole and holes that are sur-
rounded by neighboring holes in the streamwise direction. Finally,
since small changes in plenum pressure can have substantial effects
on the barrier shock structure and the bleed process, five different
plenum/freestream pressure ratios were investigated ranging from
0.3 to 1.7 in order to examine both choked and unchoked flows in
the bleed holes. For each pressure ratio, both 90- and 30-deg holes
and both single and holes-in-tandem were investigated.

Description of Problem
A schematic diagram of the bleed-hole problem studied is shown

in Fig. 1. The domain of this problem is the region bounded by the
dashed lines which includes the region above the flat plate, the bleed
holes, and the plenum. All dimensions in Fig. 1 are given in terms
of D, which is the diameter of the bleed hole and is 0.003175 m
(f in.).

Several variations of the configuration shown in Fig. 1 were in-
vestigated. The first variation is that the angle of the bleed hole (a
in Fig. 1) can be 90 deg normal or 30 deg slanted. Note that when a
bleed hole is normal, the cross section of that bleed hole in a plane
parallel to the plate is a circle. But, when a bleed hole is slanted,
the cross section of that bleed hole is an ellipse, as shown in Fig. 1.
The second variation is that the number of bleed holes can be either
three as shown in Fig. 1 or just one. When there are three bleed holes,
the spacing between the centers of the bleed holes (S in Fig. 1) was
2D for 90-deg holes and 4D for 30-deg holes. The location of the
middle hole is always located at 32.5D from the inflow boundary.
When there is only one hole, the location of that hole coincided with
the middle hole of the three-hole cases.
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Fig. 1 Schematic diagram of bleed-hole problem studied.

For the bleed-hole problem and its variations just described, the
fluid that enters the domain above the flat plate is air with a con-
stant specific-heats ratio y of 1.4. The freestream Mach number
MOO, static temperature J^, and density p^ are 2.5, 134 K, and
0.262 kg/m3, respectively. This supersonic flow has a turbulent,
boundary layer next to the flat plate. At the inflow boundary, the
thickness of that boundary layer 8 is 0.003175 m (| in.), which is
equal to the diameter of the bleed holes.

A shock-wave generator causes an oblique-shock wave to strike
the turbulent boundary layer on the flat plate. The shock wave gen-
erated is strong enough to induce flow separation on the flat plate
when there is no bleed. The shock-wave generator is positioned so
that the oblique shock strikes the flat plate at 32.5D from the inflow
boundary under inviscid conditions. This corresponds to the center
of the middle hole for three-hole cases, and the center of the isolated
hole for one-hole cases.

To study the effects of pressure ratio across bleed holes, the fol-
lowing back pressures P/, at the exit of the plenum were inves-
tigated: 0.3Poo, 0.6Poo, 0.9Poo, l.SPoo, and I.IP^, where P^ is
the freestream static pressure which can be calculated from the
freestream temperature and density. When there was no bleed, the
static pressure at the center of the bleed hole or at the center of
the middle bleed hole was 1.75Poo.

Formulation of Problem
The flow problem described in the previous section was modeled

by the density-weighted, ensemble-averaged conservation equa-
tions of mass, momentum (full compressible Navier-Stokes), and
total energy written in generalized coordinates and cast in strong
conservation-law form. The effects of turbulence were modeled by
the Baldwin-Lomax10 algebraic turbulence model. Justification for
using such a simple turbulence model is as follows. First, algebraic
models are known to give good results when there are no flow sep-
aration, which is the case here on the flat plate in the vicinity of the
holes because of the bleed. Second, the point of separation in the
bleed hole, which is critical in determining the structure of the bar-
rier shock, is primarily controlled by sudden changes in geometry
(basically, along flat plate and then, suddenly, into hole), instead of
turbulence.

To obtain solutions to the conservation equations, boundary and
initial conditions are needed. The boundary conditions (BCs) em-
ployed in this study for the different boundaries shown in Fig. 1
are as follows. At the inflow boundary where the flow is supersonic
everywhere except for a very small region next to the flat plate, two

types of BCs were imposed. Along segment A-B, all flow variables
were specified at the freestream conditions except for the stream-
wise velocity which had a turbulent boundary layer described by the
van Driest profile in the inner layer and the one-seventh power law
in the outer layer. With such a velocity profile, the displacement and
momentum thicknesses corresponding to a boundary-layer thick-
ness of 0.003175 m (|-in.) are 0.003 m and 0.0015 m, respectively.
The Reynolds number based on the displacement thickness at the
inflow boundary was 60,000. Along segment B-C, postshock condi-
tions based on inviscid, oblique, shock-wave theory were specified.
These postshock conditions were also specified along the freestream
boundary (segment C-D). At the outflow boundary where the re-
flected shock wave exited the computational domain, the flow is also
mostly supersonic except for a small region next to the wall so that
all flow variables were extrapolated by using linear extrapolation
based on three-point, backward differencing. The BCs imposed at
the two side boundaries above the flat plate were the same as the
ones imposed at the outflow boundary. At the exit of the plenum
where the flow is subsonic, a back pressure Ph was imposed, and
density and velocity were extrapolated in the same manner as the
variables at the outflow boundary. As noted in the section on problem
description, several different values of P/, were investigated.

At all solid walls except for the two side walls of the plenum, the
no-slip condition, adiabatic walls, and zero normal-pressure gradi-
ent were imposed. At the two side walls of the plenum, the following
inviscid wall BC was applied: the normal component of the veloc-
ity was set to zero; the first-derivative of the tangential component
of the velocity normal to the wall was taken to be zero; the wall
was adiabatic; and the normal momentum equation was used to
determine pressure. This inviscid wall BC was imposed because
boundary-layer flows next to those two boundaries do not affect
appreciably the bleed process, and treating them as inviscid walls
reduces computational cost by requiring fewer grid points next to
those boundaries.

Even though only steady-state solutions were of interest, initial
conditions were needed because the unsteady form of the conser-
vation equations was used. The initial conditions employed in this
study are as follows. In the region above the flat plate, the initial con-
dition was the two-dimensional, steady-state solution for an incident
and a reflected oblique shock wave on a flat plate based on invis-
cid, oblique, shock-wave theory. The streamwise velocity profile,
however, was modified to give the van Driest/one-seventh power-
law profile. This necessitated the total energy per unit volume to be
modified as well in order to account for the change in mechanical
energy within the boundary layer. The initial conditions used in each
bleed hole and in the plenum were stagnant air with density p^ at
constant pressure P/,.

At this point, it is important to note that the problem described
in the previous section appears to be symmetric about a plane that
is perpendicular to the flat plate and passes through the centers of
the bleed holes. This symmetry was not invoked in order to study
the possibility of asymmetry that may result from the wake behind
the jet-like flow into the bleed holes.

Numerical Method of Solution
Solutions to the ensemble-averaged conservation equations of

mass, momentum, and total energy closed by the Baldwin-Lomax
algebraic turbulence model described in the previous section were
obtained by using the OVERFLOW code.11 The OVERFLOW code
contains many algorithms. The one used in this study is as fol-
lows. Inviscid-flux terms in the £ direction (which was aligned
with the flow direction as much as possible) were upwind differ-
enced by using the flux-vector splitting procedure of Steger and
Warming.12 Inviscid-flux terms in directions normal to the £ direc-
tion were centrally differenced in order to reduce artificial dissi-
pation in those direction. All diffusion terms were also centrally
differenced. The time-derivative terms were approximated by the
Euler implicit formula. This low-order accurate formula was used
because only steady-state or quasi-steady-state solutions are sought
here. The system of nonlinear equations that resulted from the afore-
mentioned approximations to the space- and time-derivatives were
analyzed by using the partially split method of Steger et al.13 In
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Fig. 2 Grid system used for the case with three 90-deg holes.

OVERFLOW, Jacobians and metric coefficients are interpreted as
grid-cell volumes and grid-cell surface areas, respectively. In this
regard, all algorithms in OVERFLOW are implemented in the finite
volume manner. However, BCs in OVERFLOW are implemented
in a finite difference manner in order to enhance flexibility and ease
in investigating different problems.

For the bleed-hole problem shown in Fig. 1 and its variations
which are not shown, the computational domain was always divided
into a number of zones, each with a different coordinate system in
order to align upwind differencing with the streamwise direction.
For this multizone computational domain, a Chimera grid system
with several overlapping grids was employed. An example of the
grid system employed is shown in Fig. 2 for the configuration with
three 90-deg holes (similar grids were generated for the case with
three 30-deg holes and for cases with only one 90- or one 30-deg
hole). Note that in that figure, the spatial dimensions were nondimen-
sionalized by 56D (which is equal to 0.1778 m) as indicated by the
coordinate system. The purpose of this coordinate system is to show
the location in the computational domain where data is provided.

For the zone above the flat plate, the grid system used was a
single-solution adapted H-H grid (adaptation was based on the ini-
tial conditions) which had grid points clustered near the flat plate,
bleed hole, and the impinging and reflected shock waves (Fig. 2).
The number of grid lines used in this H-H grid were as follows:
155 grid lines from inflow to outflow, 101 grid lines from plate
to freestream boundary, and 51 grid lines from side boundary to
side boundary. The grid spacings in the streamwise direction varied
from 7.112 x 10~3 m at the inflow boundary to 4.196 x 10~4 m
at a distance of 0.0238 m before where the shock wave would im-
pinge on the plate under inviscid conditions. From 0.0238 m before
the inviscid shock impingement point to 0.0238 m after that point,
the grid spacings in the streamwise direction were kept constant at
3.664 x 10~4 m. From 0.023 8 m after the shock impingement point to
the outflow boundary, the grid spacings varied from 4.196 x 10~3 m
to 5.334 x 10~4 m. The grid spacings in the direction normal to plate
varied from 3.556 x 10~5 m at the plate to 3.556 x 10~3 m at the
freestream boundary. The grid spacing in the span wise direction was
kept constant at 3.664 x 10~4 m in the region between 0.00513 m
before and after the center of the bleed hole. Once outside of that
region, the grid spacings were increased steadily until they reached
a value of 4.445 x 10~3 m at the two side boundaries.

For the zones containing the bleed hole, two overlapping grids
were used, an O-H grid touching the wall the bleed hole and an H-H
grid at the center of the bleed hole.9 The O-H grid with 20 x 37 x 21

grid points was used to resolve the circular geometry of the bleed
hole. The H-H grid with 20 x 21 x 21 grid points was used to
eliminate the centerline singularity associated with the O-H grid.
For the zone containing the plenum, a single H-H grid was used
(Fig. 2). This H-H grid had 81 x 51 x 50 grid points with grid
points clustered near walls and the bleed hole or holes. Note that
grid spacings in different grids were made comparable in regions
where they overlapped in order to minimize aliasing errors.

The grid system just described was generated by using alge-
braic grid generation with Vinokur's one-dimensional stretching
functions.14 The clustering and the number of grid points employed
were arrived at after considerable numerical experiments to ensure
grid-independent solutions for the bleed rates and the pressures on
the top surface of the flat plate.

During computations, the flowfield in each grid was analyzed one
at a time in the following order: 1) the H-H grid above the flat plate,
2) the H-H grid in the bleed hole, 3) the O-H grid in the bleed hole,
4) repeat 2 and 3 for all bleed holes, and 5) the H-H grid in the
plenum. Information from one grid was passed to another grid via
trilinear interpolation at grid boundaries in the overlapped regions.
The required interpolation coefficients were obtained by using the
PEGSUS code.15 This process of analyzing the flow in one grid at
a time until all grids are analyzed was repeated for each time step
until a converged solution was obtained. Here, a solution is assumed
to be converged if the second norm of the residual leveled out for
at least 500 time steps. Typically, at that time, the second norm
is about 10~7. Here, it is noted that the residual oscillated about
some averaged value as it leveled out, but the amplitude of those
oscillations were less than 10~7.

Results
Numerical solutions were obtained to investigate the effectiveness

of bleed in controlling shock-wave/boundary-layer interactions on
a flat plate. The focus is on understanding how bleed-hole angle,
presence of an upstream and a downstream bleed hole, and pressure
ratio across bleed holes affect structure of barrier shock, surface
pressure distribution, and flow coefficient. The bleed-hole angles
investigated are 30 deg slanted and 90 deg normal. Proximity of
bleed holes to each other was studied by having bleed through only
one 90- or 30-deg hole and by having bleed through three 90- or
three 30-deg holes that are arranged in tandem. Whether there is
one hole or three holes and whether the hole is 90- or 30-deg, five
different pressure ratios Ph/Poo were investigated, and they are 0.3,
0.6, 0.9, 1.3, and 1.7 (recall that the static pressure at the center of
the isolated hole or the center of the middle hole was 1.75Poo in the
absence of bleed). For each of these pressure ratios, only P/, was
changed with P^ kept constant. This is to ensure that the flow above
the flat plate in the absence of bleed can be used as a reference about
which comparisons can be made.

Results of this study are given in Figs. 3-11. Before describing
these results in detail, note that they are given along two planes,
one seen from the side and the other from the top. For the side view,
the x-z plane is perpendicular to the flat plate and passes through the
center or centers of the bleed hole or holes as well as the centers of
the inflow and outflow boundaries. For the top view, the x-y plane
is parallel to the flat plate and 0.0001953 m (0.00769 in.) above it.
For each figure, a coordinate system is attached which shows its
relative size and location in the domain. Also, note that the flow
coefficient as used here is defined as the actual bleed rate divided by
an ideal bleed rate. The ideal bleed rate assumes sonic flow in the
entire bleed hole with stagnation pressure and temperature equal to
those outside of the boundary layer.

Effects of Bleed-Hole Angle
Figures 3 and 4 show Mach number contours with bleed through

a single 90- and 30-deg hole, respectively, at a pressure ratio Pb/Poo
of 0.3 in the region about the bleed hole. Figure 3 shows that for
the 90-deg hole, the two-segment barrier shock is detached (i.e., it
is a bow shock) and extends from inside the bleed hole to above the
plate and downstream of the bleed hole. A schematic of this shock
structure is shown in Fig. 5a. Figure 4 shows that for the 30-deg
hole, the barrier shock has only one of the two segments, the one



1242 CHYU, RIMLINGER, AND SHIH

0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.66

0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.60 0.61 0.62 0.63 0.64

Fig. 3 Mach number contours near the bleed hole for the case with a single 90-deg bleed hole and Pb/Poo = 0.3, top and side views.

above the flat plate which extends from the surface of the flat plate
to above the plate and downstream of the bleed hole. For this bleed-
hole angle, the turning of the supersonic flow into the bleed hole is
insufficient for the compression waves to coalesce into an oblique
shock wave in the bleed hole. A schematic of this shock structure
is shown in Fig. 5b. Thus, it can be seen that the angle of the bleed
hole affects significantly the structure of the barrier shock and the
flow around it.

Figures 3 and 4 also show the influence exerted by a bleed
hole in the spanwise and downstream directions as a function of
bleed-hole angle. From these figures, it can be seen that bleed can
change the position of the bow shock formed ahead of the separation
bubble with the 30-deg hole producing a greater change than the 90-
deg hole. This change in position occurs because bleed changes the
size of the separation bubble in the spanwise direction. That size
changes from zero (i.e., no separated region) at the bleed hole to a
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Fig. 4 Mach number contours near the bleed hole for the case with a single 30-deg bleed hole and Pb/Poo = 0.3, top and side views.

size that would form in the absence of bleed at a distance far from
the bleed hole. These figures also show that a bleed hole can create
a blast wave with the one produced by the 30-deg hole having larger
span wise gradients than the one produced by the 90-deg hole. The
blast wave is created by the segment of the barrier shock above the
flat plate. Air that passed through this segment of the barrier shock
are at a pressure and Mach number different from those of the sur-
rounding air that did not pass through it. Note that both the Mach

number and pressure just downstream of the bleed hole are higher
than those of the surrounding air. The reason for the higher pressure
is expected since static pressure rises across a shock. The reason
for the higher Mach number is less obvious. Although Mach num-
ber decreases across a shock, the Mach number can still be higher
than those of the surrounding air because it was higher to begin
with. The stream of air that passed through the top segment of the
barrier shock had a Mach number that is higher than those of the
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Fig. 6 Pressure along wall from inflow to outflow passing through cen-
ter of bleed hole for a single 90-deg bleed hole.

surrounding air because it was initially farther away from the flat
plate and was drawn to the plate by the bleed process.

Another important effect of the bleed-hole angle can be seen by
examining the pressure distributions shown in Figs. 6 and 7. Note
that the upstream influence length and adverse pressure gradient for
the 30-deg hole are smaller than those for the 90-deg hole. This can
be understood by noting that the 30-deg hole has a larger cross-
sectional area parallel to the flat plate than the 90-deg hole even
though both holes have the same "actual" cross-sectional area. This
larger cross-sectional area at the plate surface enabled the 30-deg
hole to start bleeding at a location farther upstream than that for the
90-deg hole.

Still another effect of bleed-hole angle is the difference in bleed
flow coefficient and, hence, bleed rate. Figures 8 and 9 show the
flow coefficient as a function of Pb/Ps, where Ps is the average
static pressure over the bleed hole when there is no bleed (Pv has
a different value over a different bleed hole due to the incident and
the reflected shock waves).

Figures 8 and 9 show that with the same pressure ratio, a 30-deg
hole has a flow coefficient that is almost twice that produced by a
90-deg hole. The lower flow coefficient and, hence, bleed rate in the
90-deg hole is caused by the presence of a larger separation region in
the hole which reduces the available cross-sectional area for bleed.
With the 30-deg hole, this separation region is much smaller so that
there is more cross-sectional area in the hole available for bleed. The
difference in the flow coefficient is one reason why the spanwise and

2.0

1.0

0.50 0.55 0.60 0.65

Fig. 7 Pressure along wall from inflow to outflow passing through cen-
ter of bleed hole for a single 30-deg bleed hole.

downstream influence lengths for the 30-deg hole is greater than that
for the 90-deg hole and why the strength of the barrier shock above
the flat plate is also stronger for the 30-deg hole (see Figs. 3 and 4).

Effects of an Upstream and a Downstream Bleed Hole
Figures 8-11 illustrate the effects of having an upstream and a

downstream hole nearby. Figure 8 shows the effects of neighboring
bleed holes on the flow coefficient or bleed rate for 90-deg holes. In
Fig. 8, the single-hole data can only be compared with the second
of 3 holes data because these two holes are located at the same loca-
tion on the flat plate and, hence, are subjected to the same freestream
pressure which is affected by the incident shock. Comparing data for
these two holes shows that, except at very low-pressure ratios, the
flow coefficient for an isolated hole is higher than that for the second
hole, indicating that the flow coefficient is higher if there are no holes
preceding it. The reason for this is as follows. When there is a preced-
ing bleed hole, then that hole will remove most and possibly all of the
subsonic part of the boundary layer. With a much thinner subsonic
layer, the velocity vector of the supersonic flow above the flat plate
will be almost parallel to the flat plate as it approaches the next bleed
hole. This implies that this flow needs to turn a greater angle in order
to enter into the bleed hole than is the case when the subsonic layer
is thicker (note that a thicker subsonic layer will enable bending of
supersonic flow to be started farther upstream of the bleed hole). A
larger turning angle produces a larger separation region in the bleed
hole which reduces the effective cross-sectional area available for
bleed and, hence, lowers the flow coefficient. At very low-pressure
ratios, the reverse can take place as far as the flow coefficient is
concerned. This is because the barrier shock at the preceding bleed
hole raises pressure and density which increase flow coefficient.

Figure 9 shows the effects of neighboring bleed holes on the flow
coefficient or bleed rate for 30-deg holes. Similar to Fig. 8, the
single-hole data can only be compared with the second of 3 holes
data. Comparing data for these two holes shows that the flow
coefficient for an isolated hole is lower than that for the second
hole, indicating that the flow coefficient is higher if there are holes
preceding it. This is the opposite of that for 90-deg holes. The reason
for this is that, for 30-deg holes, the separation region formed in the
bleed hole is always small so that the thickness of the subsonic layer
plays a less important role in turning the supersonic flow into the
bleed hole. In fact, for holes that do not have appreciable separated
regions, the thickness of the boundary layer plays a different role
on bleed rate. For such holes, the flow coefficient is higher when
the boundary layer is thinner. This is because the flow inside the
boundary layer must be bled before the flow outside of the boundary
layer can be bled, and the flow inside the boundary layer has lower
velocities than those outside of the boundary layer. Other parameters
which affect the flow coefficient are the local density, static temper-
ature, and static pressure. All of these parameters increase if there
is a preceding hole with a barrier shock in it. Note that temperature
is important in that it determines the sonic speed.

Figures 8 and 9 also show that when there are three holes, the flow
coefficient through each hole can differ significantly from each other.
In Fig. 9, it can be seen that, with 30-deg holes, the flow coefficient
in the third hole is considerably higher than that in the second hole,
which in turn is considerably higher than that in the first hole. In
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Fig. 8, it can be seen that, with 90-deg holes, the difference in the flow
coefficient through the second and third holes were considerably less
than that for 30-deg holes. This is because the separation distance
between 90-deg holes is less than that between 30-deg holes (i.e.,
2D instead of 4D). The increase in flow coefficient and hence bleed
rate between the bleed holes can be attributed to two reasons. First,
it is due to the rise in density, static pressure, and static temperature
created by the incident shock wave and by the preceding barrier
shock. Second, bleeding in preceding holes brought fluid with higher
stagnation pressure and temperature closer to the wall surface to be
bled by the next hole.

Figures 10 and 11 show the pressure distribution on the surface
of the flat plate passing through the centers of the bleed holes. From
these two figures, it can be seen that when there are three bleed holes,
whether 30- or 90 deg, there are no upstream influence lengths. In
fact, there are no adverse pressure gradients on the flat plate before
the first bleed hole and after the second bleed hole. Between the first
and second bleed holes, there is only a very mild adverse pressure
gradient on the flat plate. All significant adverse pressure gradients
were relegated to the region over the bleed holes where they cannot
cause flow separations on the flat surface. The reason that the three-
bleed-hole cases can completely eliminate adverse pressure gradient
is that the first hole was placed upstream of where the incident shock
wave impinged on the boundary layer so that the barrier shock in
that bleed hole was able to prevent effects of the incident shock from
propagating upstream.

Although results for the Mach number are not shown graphically
when there are three bleed holes, two features are briefly noted.
First, whether the bleed holes are 90 or 30 deg, each hole contains a
barrier shock with a structure that depends on the bleed-hole angle.
Second, the barrier shock in the middle hole is the weakest.

Effects of Pressure Ratio
The effects of the pressure ratio Pb/Poo can be seen by examining

Figs. 6-11. Figure 6 shows that for an isolated 90-deg hole, the
pressure distribution on the surface of the flat plate is similar in
trend for all pressure ratios investigated. Figure 7 shows that this is
not the situation for an isolated 30-deg hole. With an isolated 30-deg
hole, the surface pressure distribution does not exhibit a dip at the
leading edge of the bleed hole when Pb/Poo equalled 1.7. However,
when Pb/Poo is less than 0.9, the pressure distributions are identical

Figure 8 shows that for 90-deg holes, the flow coefficient and,
hence, bleed rate decreases as the pressure ratio Pb/Ps increases.
This result is expected for flows that are not choked. However, it
should be noted that when there are three holes, only the flow coeffi-
cient through the first hole is significantly influenced by the pressure
ratio. The flow coefficient through the second and third holes were
less affected by the pressure ratio, indicating that they are nearly
choked.

Figure 9 shows that for an isolated 30-deg hole, the flow coeffi-
cient is independent of the pressure ratio when P/,/Ps is less than
0.43. This indicates that the flow in the bleed hole is under choked-
like conditions for those pressure ratios (even though the sonic line
may not be located in the bleed hole), and explains why the pressure
distributions shown in Fig. 7 for those pressure ratios are identical.
When there are three 30-deg holes, the flow through the second and
third holes are also under choked-like conditions since the flow co-
efficients in those two holes are independent of pressure ratio. But,
the flow is not choked in the first hole since the flow coefficient there
changes with pressure ratio. The flow in the first hole is not choked
because that hole is located upstream of where the incident shock
wave impinged on the boundary layer so that the effective pressure
drop across the first hole is less than that through the second and
third holes.

Thus, Figs. 8 and 9 show that the critical pressure ratio required
to achieve choked-like conditions through a hole depends on the
bleed-hole angle. Bleed through 30-deg holes "choke" at a higher
pressure ratio than those through 90-deg holes. One explanation for
this behavior is as follows. The 90-deg holes contain large separation
regions whereas the 30-deg holes do not. Also, for the 90-deg holes
studied here with a diameter to thickness ratio of 2 (see Fig. 1), the
separation region can extend from the bleed hole into the plenum.

For 30-deg holes, the separation region being smaller is generally
confined to within the bleed hole. If the separation region can extend
beyond the bleed hole into the plenum, then increases in pressure
ratio were found to decrease the size of the separation region even
when the flow is supersonic outside of the separation region. This
behavior is possible because the subsonic separation region allows
pressure information in the plenum to be communicated to the sep-
aration region in the bleed hole through the part of the separation
region that is contained in the plenum.

Figures 8 and 9 also show that except for the first bleed hole (i.e.,
the hole upstream of the impinging shock), the flow coefficient is
about 7-14% for 90-deg holes and about 15-30% for 30-deg holes.
Here, it is interesting to note that Chyu et al.16 developed a bleed
boundary condition for turbojet inlet computations which used a
flow coefficient. In their study, the value of the flow coefficient used
was 7% for a bleed surface with 40% porosity. This implies that for
a 100% porous surface such as a hole, the flow coefficient would be
7%/40% or 17.5%, which is comparable to those obtained in this
study for 90-deg holes at low-pressure ratios.

Figures 10 and 11 show the pressure distribution on the surface
of the flat plate when there are three bleed holes. From these figures
note that whether the holes are 30- or 90-deg, only the first hole
was significantly affected by the pressure ratio. In fact for 30-deg
holes, the pressure distribution over the second and third holes were
independent of the pressure ratios investigated. The reason for this is
that the flows through the second and third 30-deg hole were under
choked-like conditions as explained earlier.

Finally, it is noted that the velocity vector plots not shown here
indicate the following about flow separation. First, in the absence of
bleed, the separation bubble had a length of 2.885D in the stream-
wise direction and a height of 0.139D in the direction normal to
the flat plate. When there are three bleed holes, whether 90-deg or
30-deg ones, bleed was able to eliminate flow separation upstream
and downstream of the hole for all pressure ratios studied. For an
isolated 30-deg hole, bleed was also able to eliminate flow sep-
aration for all pressure ratios studied. But, this is not so with an
isolated 90-deg hole. With an isolated 90-deg hole, flow separation
remained when Pb/Poo equalled 1.7. This result does not imply that
an isolated 90-deg hole is less effective than an isolated 30-deg hole
in controlling flow separation. What it does mean is that correct
placement of an isolated 90-deg hole is more critical than that for
an isolated 30-deg hole. This is because the cross-sectional area at
the surface of the flat plate for a 30-deg hole is much larger than that
for a 90-deg hole. Also, a 30-deg hole has a much higher bleed rate
than a 90-deg hole. Note that the preceding discussion on the sepa-
ration bubble and its elimination is confined to the region upstream
and downstream of the bleed hole. As previously mentioned, the
separation bubble persisted in the spanwise direction.

Concluding Remarks
This three-dimensional numerical study showed how bleed-hole

angle, presence of an upstream and a downstream bleed hole, and
pressure ratio across bleed holes affect shock-wave/boundary-layer
interactions on a flat plate. Based on this study, it was found that
the structure of the barrier shock formed in the bleed holes by the
bleed process is a strong function of the bleed-hole angle. Also, it
was found that 90-deg holes can eliminate shock-wave induced flow
separation with less bleed, but its placement is more critical. Since
the bleed rate is more sensitive to pressure ratio for 90-deg holes,
the usage of these holes permit more control. The 30-deg holes are
not without merits. Even though 30-deg holes have higher bleed
rates and allow less control, elimination of separation is more easily
ensured. When there are multiple bleed holes with at least one bleed
hole before the location where the incident shock wave strikes the
boundary layer, there were no adverse pressure gradients on the flat
plate.
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