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Shock-Wave/Boundary-Layer Interactions with Bleed
Through Rows of Holes
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Computations were performed to investigate three-dimensional, shock-wave/boundary-layer interactions on
a flat plate with bleed through four staggered rows of circular holes that discharge into the same plenum. The
focus of the computations was to examine how bleed through rows of holes affect bleed rate and the pressure
and Mach number distributions. The effects of the following parameters on the flow were investigated: 1) with
and without shock-wave impingement on the boundary layer and 2) spacings between bleed holes in the stream-
wise and spanwise directions. Results show that just two rows of bleed holes arranged in a staggered fashion
placed upstream of the incident shock are adequate in blocking the shock-induced adverse pressure gradient
from propagating further upstream. Results also show that the spacings between the centers of holes can exceed
the hole diameter not just in the streamwise direction, but also in the spanwise direction, and still be able to
control shock-induced flow separation. This study is based on the ensemble-averaged, "full compressible"
Navier-Stokes (N-S) equations closed by the Baldwin-Lomax algebraic turbulence model. Solutions to the
ensemble-averaged N-S equations were obtained by an implicit, partially split, two-factored algorithm with
flux-vector splitting in the streamwise direction on a chimera overlapping grid.

Introduction

S HOCK-WAVE/BOUNDARY-LAYER interactions and
their effective control play an important role in the op-

eration of mixed-compression supersonic inlets. These inlets
utilize shock waves to reduce the incoming air from supersonic
to subsonic speeds for the compressor. But, the many re-
flected shock waves within the inlet thicken boundary layers
and cause flow distortions. Also, if the shock waves are suf-
ficiently strong, then boundary-layer separation takes place,
which can lead to the unstart condition.

One effective way of controlling the unfavorable effects
produced by shock waves is to place bleed holes in regions
where shock waves impinge on the boundary layer. The im-
portance of bleed in controlling shock-wave/boundary-layer
interactions has led a number of investigators to use both
experimental and numerical methods to study this problem.1-
According to Hamed and Shang,2 though all experimental
studies agree that bleed can control shock-wave/boundary-
layer interactions, they disagree on how bleed-hole geometric
and operating parameters influence the effectiveness of the
bleed process. These discrepancies indicate the complexities
of the flow in the region about bleed holes. In that region,
many parameters can affect the flow with different ones dom-
inating under different conditions.
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Numerical studies of shock-wave/boundary-layer interac-
tions with bleed fall into two groups. One group models
the bleed process by using boundary conditions and/or a
roughness model without resolving the flow through the bleed
holes.3"7 The advantage of this approach is that it is more
efficient computationally, which enables a complete inlet con-
figuration to be simulated, as was done in Refs. 4 and 7. The
other group studies the bleed process by resolving the flow
through each bleed hole.8"17 The advantage of this approach
is that it can reveal the nature of the flow governing the bleed
process. The understanding gained by these studies can guide
the construction of boundary conditions and roughness models
used by the first group.

Hamed et al.,8-12 Hahn et al.,13 and Omi et al.14 performed
two-dimensional numerical studies of the flow in and around
bleed holes. These studies modeled the bleed holes as slots.
Hamed et al.8~12 studied supersonic boundary-layer flow past
a flat plate with an incident oblique shock wave. Their studies
resolved the flow above the plate and in the bleed hole or
holes. Hahn et al.13 studied the same problem, except the
flow in the plenum was resolved as well. Omi et al.14 studied
an entire inlet configuration with a single-hole bleed system
at the inlet's throat.

Though the aforementioned two-dimensional studies pro-
vided valuable insights into the bleed process, realistic bleed
holes are three dimensional instead of two dimensional. Rim-
linger et al. ,15 Shih et al. ,16 and Chyu et al.17 performed three-
dimensional numerical studies of shock-wave/boundary-layer
interaction on a flat plate with bleed through circular holes
connected to a plenum. Rimlinger et al.15 and Shih et al.16

showed how bleed-hole placement relative to shock-wave im-
pingement affected upstream, spanwise, and downstream in-
fluence lengths. These studies also showed that if the pressure
in the plenum is sufficiently low, then the bleed process forms
a "barrier" shock in and on the downstream edge of each
bleed hole. The authors noted that this barrier shock can block
information downstream of it from propagating upstream, and
hence, is a mechanism that can be utilized to prevent flow
separation in addition to the mechanism of removing low
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momentum air next to solid surfaces. In order to utilize the
barrier shock, the authors suggested that bleed holes be lo-
cated slightly upstream of the location where the incident
shock wave impinges on the subsonic part of the boundary
layer. This is so that the barrier shock is formed upstream of
any disturbances created by the impinging shock. Shih et al.16

further noted that the barrier shock also increases mixing in
the span wise direction because it disrupts the flow locally by
slowing it down and increasing its static pressure. This in-
creased mixing is still another mechanism that can be utilized
to prevent flow separation and control flow distortions. Chyu
et al.17 showed in detail the bleed rate as well as the formation
and structure of the barrier shock as a function of bleed-hole
angle (30-deg slanted and 90-deg normal to the freestream
direction), number of bleed holes (one or three in tandem),
and pressure ratio across the bleed hole.

In the aforementioned three-dimensional studies, the focus
was on shock-wave/boundary-layer interactions on a flat plate
with bleed through either a single circular hole or three cir-
cular holes in tandem along the stream wise direction/So far,
no one has investigated bleed through rows of holes (i.e.,
multiple holes in both the streamwise and the spanwise di-
rections). Since these are the hole configurations used in prac-
tice, the objective of this investigation is to study shock-wave/
boundary-layer interactions on a flat plate with bleed through

four staggered rows of circular holes that discharge into the
same plenum. The focus is to examine the effects of the fol-
lowing parameters on the flow: with and without shock-wave
impingement on the boundary layer and spacings between
bleed holes in the streamwise and spanwise directions.

In the next section, the shock-wave/boundary-layer inter-
action problem studied is described. Afterwards, the for-
mulation, numerical method of solution, and results obtained
are presented.

Description of Problem
A schematic diagram of the problem studied is shown in

Fig. 1. It involves a supersonic turbulent boundary layer flow-
ing past a flat plate with an incident oblique shock wave,
bleed of the boundary layer through four rows of circular
holes arranged in a staggered fashion, and a plenum where
the bleed is discharged. All dimensions are given in terms of
D, the diameter of all bleed holes, which is 0.2 in. For this
problem, the domain is the region bounded by the dashed
lines that includes the region above the flat plate, the plenum,
and four "half" bleed holes. Only four half bleed holes are
included because of symmetry in the spanwise direction.

For this problem, the fluid that enters the domain above
the flat plate is air with a constant specific-heats ratio y of
1.4. The freestream Mach number Mx, static pressure Px, and

= 1.6

b)
Fig. 1 Schematic diagram of bleed-hole problem: a) top view and b) side view along cross section a-b.
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Table 1 Summary of cases studied3

Case no. 0, cleg Lv Shock?5

1
2
3
4

60
60
60
70

D
D

1.5D
D

No
Yes
Yes
Yes

;'For all cases, M,. = 1.6, Px = 61.32 kPa, T(} = 300 K, D
= 0.2 in., and Lv = L, tan(0); see Fig. 1.

hWhen there is a shock, the shock would impinge or strike
at the center of the bleed holes in the third row under
inviscid conditions.

stagnation temperature T() are 1.6, 61.32 kPa, and 300 K,
respectively. This supersonic flow has a turbulent, boundary
layer next to the flat plate. At the inflow boundary, the thick-
ness of that boundary layer 3 is 0.6 in., which is equal to three
times the diameter of the bleed holes. To induce flow of air
through the bleed holes, the back pressures Ph at the exit of
the plenum is maintained at Q.35P*,.

A shock-wave generator characterized by Ls and a can
cause an oblique shock wave to strike the turbulent, boundary
layer on the flat plate. Computations were performed with
and without this shock. When there is this shock, a was set
at 7.5 deg, which produced a shock wave that was strong
enough to induce flow separation on the flat plate in the
absence of bleed. Ls was chosen so that the shock would
incident on the flat plate at a distance of 13Z) measured from
the inflow boundary under inviscid flow conditions (i.e., zero
boundary-layer thickness).

Aside from investigating the bleed process with and without
an incident shock, two aspects of the bleed-hole geometry
were investigated, the angle 0 and the distance (Lv and Lx =
Lv tan 0) between adjacent holes (see Fig. la). The angles
investigated are 0 = 60 and 70 deg. When 6 = 60 deg, the
distance between all adjacent bleed holes is the same. When
6 = 70 deg, holes in the spanwise direction are closer than
those in the stream wise direction. At 0 = 60 deg, two dis-
tances between bleed holes were investigated, Ly = D and
1.5D [recall Lx = Lv tan(0)]. At 0 = 70 deg, only one distance
between bleed holes was investigated, Lv = D. Thus, three
different arrangements of the four rows of bleed holes are
investigated. For all three arrangements, the bleed holes are
positioned so that the distance between the inflow boundary
and a line that passes through the centers of the bleed holes
in the third row (see Fig. la) is 13ZX Thus, when there is an
incident shock, it would strike at the center of the bleed holes
in the third row under inviscid conditions. All cases studied
are summarized in Table 1.

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

modeled by the density-weighted, ensemble-averaged con-
servation equations of mass, momentum ("full compressible"
Navier-Stokes), and total energy written in generalized co-
ordinates and cast in strong conservation-law form. The ef-
fects of turbulence were modeled by the Baldwin-Lomax
algebraic turbulence model.18

To obtain solutions to the conservation equations, bound-
ary and initial conditions are needed. The boundary condi-
tions (BCs) employed in this study for the different boundaries
shown in Fig. 1 were 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 streamwise velocity (which
had a turbulent boundary-layer next to the flat plate), and
the static temperature (which varied in the boundary layer to
maintain a constant stagnation pressure). The velocity in the
turbulent boundary layer was described by the van Driest
profile when y+ < 50 and by the one-seventh power-law pro-

file when 50 < y+ < y + (§)- Along segment B-C, postshock
conditions based on inviscid oblique shock-wave theory were
specified. These post-shock conditions were also specified along
the freestream boundary (segment C-D). At the outflow
boundary where the reflected shock wave exited the com-
putational domain, the flow is also mostly supersonic except
for a small region next to the flat plate so that all flow variables
were extrapolated. Here, linear extrapolation based on three-
point, backward differencing was employed. The BCs im-
posed at the two symmetry boundaries were zero derivatives
of the dependent variables except for the velocity component
normal to those boundaries that was set equal to zero. 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.
At all solid surfaces, the no-slip condition, adiabatic walls,
and zero normal-pressure gradient were imposed.

Even though only steady-state solutions were of interest,
initial conditions were needed because the unsteady form of
the conservation equations was used. The initial conditions
employed in this study were as follows. In the region above
the flat plate, the initial condition was the two-dimensional,
steady-state solution for an incident and a reflected oblique
shock wave on a flat plate based on inviscid oblique shock-
wave theory. The streamwise velocity profile, however, was
modified to give the van Driest/one-seventh power-law pro-
file. This necessitated the density and static temperature to
be modified as well in order to maintain constant stagnation
temperature in the boundary layer. The initial conditions used
in the bleed hole and plenum were stagnant air at constant
stagnation temperature T(} and static pressure Pb.

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.19 The
Overflow code contains many algorithms. The one used in
this study is as follows: inviscid flux-vector terms in the f-
direction were upwind differenced by using the flux-vector
splitting procedure of Steger and Warming.20 Inviscid flux-
vector terms in directions normal to the £ direction were cen-
trally differenced in order to reduce artificial dissipation in
those directions. Diffusion terms in all directions were also
centrally differenced. The time-derivative terms were ap-
proximated by the Euler implicit formula since only steady-
state solutions are sought here. The system of nonlinear equa-
tions that resulted from the aforementioned approximations
to the space and time derivatives were analyzed by using the
partially split method of Steger et al.21

For the bleed-hole problem shown in Fig. 1 and summarized
in Table 1, the computational domain is divided into six zones,
one above the plate, one for each of the four half bleed holes,
and one for the plenum. Each zone has a different coordinate
system in order to align upwind differencing with the stream-
wise direction. For this six-zone computational domain, a
chimera overlapped grid system is employed. Figure 2 shows
an example of the chimera grid system used in the region
around the bleed holes. Note that in this and all subsequent
figures, the spatial dimensions X, Y, and Z are all nondi-
mensionalized by 23.25D.

For the zone above the flat plate, the grid system used was
a single solution-adapted H-H grid (adaptation was based on
the initial conditions), which has grid points clustered near
the flat plate, bleed holes, and the impinging and reflected
shock waves. The number of grid lines used in this H-H grid
is as follows: 335 from inflow to outflow and 101 from plate
surface to freestream boundary. Between the two symmetry
boundaries, the number of grid lines differed depending upon
Lv, it is 29 when Lv = D (cases 1, 2, and 4 in Table 1), and
4i when Lv = 1.5D (case 3). The grid spacings corresponding
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Fig. 2 Grid system near the bleed holes.

0.100

to 335 x 101 x 29 or 335 x 101 x 41 grid points are as
follows. In the stream wise direction, they vary from 0.5D at
the inflow boundary to 0.04D at a distance of 7.375D before
where the shock wave would impinge on the plate under
in viscid conditions. From 7.375D, before the in viscid-shock-
impingement point, to 4.625D after that point, the grid spac-
ings are kept constant at 0.04D. From 4.625D after the shock
impingement point to the outflow boundary, they vary from
0.04 to 0.5D. In direction normal to the plate, the grid spac-
ings vary from 4 x 10-6D at the plate to 0.45D at the edge
of the boundary layer. The grid points closest to the wall have
y+ values less than unity. The total number of grid points in
the boundary layer is about 50. From the edge of boundary
layer to the freestream boundary, they vary from 0.45 to
0.75D. In the span wise direction, the grid spacings are kept
constant at 0.0385D and that is why the number of grid points
is higher when Lv is larger. Here, it is noted that the grid
spacings in the H-H grid above the plate are the same for all
cases studied (i.e., cases 1-4) in order to ensure identical flow
above the plate in the absence of bleed.

For each zone containing a bleed hole, two overlapping
grids were used, an O-H grid touching the wall of the bleed
hole and an H-H grid at the center of the bleed hole. The O-
H grid with 62 x 47 x 11 grid points is used to resolve the
circular geometry of the bleed hole. The H-H grid with 62 x
10 x 15 grid points is used to eliminate the centerline sin-

gularity associated with the O-H grid. Note that the grids in
the bleed hole overlap the grid in the plenum by four grid
lines, whereas they overlap the grid above the flat plate by
only two grid lines. The reason for extending the bleed-hole
grids further into the plenum is to accelerate convergence rate
to steady state. Since BCs on overlapped boundaries are of
the Dirichlet type and density-based algorithms such as the
one used here have a slow convergence rate at low Mach
numbers, information transfer between overlapped grids is
slow if the initial conditions involved stagnant flow in both
overlapped grids and if the spacings between the boundaries
of the two overlapped grids are small.

For the zone containing the plenum, a single H-H grid was
used. This H-H grid has either 335 x 29 x 51 or 335 x 41
x 51 grid points, depending upon Lv. The grid points are
clustered near walls and bleed holes.

The grid system described previously was generated by us-
ing algebraic grid generation with one-dimensional stretching
functions. Grid spacings in different grids were made com-
parable in regions where they overlapped in order to minimize
aliasing error. The clustering and the number of grid points
employed in each zone were determined by numerical ex-
periments to ensure the following. First, the grid must be able
to discern effects of the bleed holes on shock-wave/boundary-
layer interactions. This required crisp resolution of the inci-
dent and reflected shock waves above the plate as well as the
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shock structure in the bleed holes. Second, qualitative fea-
tures of the predicted flowfield and the quantitative data ob-
tained for the bleed rate are grid independent.

During computations, the flowfield in each grid was ana-
lyzed 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. The required interpolation coefficients
were obtained by using the Pegsus code.22 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.

Results
Numerical solutions were obtained to investigate shock-

wave/boundary-layer interactions with bleed for the problem
described and formulated in the previous sections and de-
picted in Fig. 1. The focus was to study pressure and Mach
number distributions about the bleed holes with and without
an incident shock and with two different parameters governing
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Fig. 3 Mach number contours (side view): a), b), and c) without incident shock (case 1); d), e), and f) with incident shock (case 2); a) and d)
along a-b; b) and e) along c-d; and c) and f) along e-f.
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staggered-hole arrangements, the angle 0 and the distance
between bleed holes Ly (see Fig. 1). A summary of the cases
studied is given in Table 1.

Results are given in Figs. 3-6. Figure 3 shows Mach number
contours with and without an incident shock (cases 1 and 2
in Table 1) along three planes perpendicular to the plate.
Figure 4 shows the surface pressure for those two cases as
well as a case that was computed with incident shock, but
without bleed. Figure 5 shows pressure contours on the plate
surface for all four cases. Though the bleed holes are not
marked, they can be discerned by the pressure fields induced
by them (e.g., the barrier shocks). Figure 6 gives the flow
coefficient for each bleed hole. The flow coefficient is defined
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as the actual bleed rate divided by the ideal bleed rate with
the ideal bleed rate being sonic flow through the entire bleed
hole at freestream stagnation temperature and pressure. For
the conditions of this study, the ideal bleed rate is 0.01233
kg/s.

Effects of Incident Shock
From Figs. 3a-3c and 4a, it can be seen that even without

an incident shock (case 1), the bleed process itself creates a
barrier shock in each bleed hole. These figures also show that
without an incident shock, all barrier shocks have a similar
structure, although those in rows 3 and 4 are slightly stronger
than those in rows 1 and 2. The following observations can
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Fig. 4 Pressure along plate surface: a) without incident shock (case 1) and b) with incident shock (case 2).
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Fig. 5 Pressure contours on plate surface for all four cases.
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Case 2

Case 1
Fig. 6 Flow coefficient through each bleed hole.

be inferred from Figs. 3a-3c about the nature of the flow
above the plate, in the bleed holes, and in the plenum. First,
the barrier shocks set up considerable disturbances in the flow
above the flat plate that extend beyond the thickness of the
approaching boundary layer. Second, there is a large sepa-
rated region in each bleed hole. Third, the jets issuing through
the bleed holes into the plenum all have similar penetration
depths and only weakly interact with each other. The weak
interactions between the jets in the plenum can also be in-
ferred from the pressure in the plenum. Though not shown
here (see Ref. 23), the static pressure in the region between
the jets in the plenum is nearly the same.

Figures 3d-3f and 4b show that with an incident shock (case
2), the structures of the flow upstream of that shock are almost
identical to those for the case without the incident shock (case
1). After where the incident shock impinged on the boundary
layer (which is slightly upstream of the bleed holes in the third
row), the Mach number and pressure contours begin to differ
considerably from the case without the incident shock. The
most pronounced differences are as follows. First, barrier
shocks in rows 3 and 4 are much stronger than those in rows
1 and 2 for obvious reasons. Second, the jets issuing through
bleed holes in rows 3 and 4 penetrated much deeper into the
plenum than those in rows 1 and 2. This is because the incident
shock increased the amount of bleed by increasing the density
and static temperature of the flow above the flat plate and
by reducing the size of the separation bubble in the bleed
holes. Third, jets issuing through bleed holes in rows 3 and
4 interact. These interactions affect the structure of the jet in
the bleed hole and in the plenum, and hence, the bleed rate.
At this point, it is interesting to note that despite the afore-
mentioned differences, the disturbances in the flow above the
plate created by bleed with and without the incident shock
appear to be of similar magnitude.

Figure 5 shows differences created by an incident shock in
terms of surface pressure. Without an incident shock (case
1), the following observations can be made. First, the surface
pressure reduces as the flow approaches each bleed hole;
reaches a minimum in regions between bleed holes in the
span wise direction; and then increases again until approaching
another bleed hole. The minimum pressure region between
the bleed holes in the spanwise direction arises because the
flow above the plate is highly accelerated towards the holes
by Prandtl-Meyer expansion waves, which lower static pres-
sure. Second, the region of minimum pressure between the
bleed holes has a chevron shape and it connects holes in the
spanwise direction. This indicates that when there are rows
of holes arranged in a staggered fashion, each bleed hole
exerts considerable spanwise influence. This is in sharp con-
trast with the results obtained for a single bleed hole16 and

three holes along the streamwise direction.17 Third, though
not shown, the pressure gradients on the plate surface cor-
respond to the following shear stresses that reflect on the
fullness of the boundary layers above the surface (i.e., the
higher the shear, the fuller the boundary layer, and vice versa):

1) Shear stress is highest in the region just downstream of
each bleed hole because low momentum fluid was just bled
and because of the strong favorable pressure gradient induced
by the barrier shock.

2) Shear stress is lowest in regions between the barrier
shocks in the spanwise direction because of the adverse pres-
sure gradient that they induce.

3) In the spanwise direction, shear stress oscillates between
high (downstream of a hole) and low (downstream of a be-
tween-hole region). With an incident shock, Fig. 5 (case 2)
shows the following: first, holes in row 2 can be seen to block
effectively (though not completely as described later) the ad-
verse pressure gradient created by the incident shock. Thus,
rows of holes arranged in a staggered fashion can behave like
a slot in its ability to block downstream information from
propagating upstream via the barrier shocks. Second, in the
region downstream of the incident shock, the band of mini-
mum pressure about the holes in the spanwise direction does
not have the chevron shape.

From Fig. 6, it can be seen that even when there are no
incident shocks, the flow coefficient (and hence, bleed rate)
increases from row 1 to 4. The increase is small from row 1
to 2 and from row 3 to 4. But, the increases from row 1 to 3
and from row 2 to 4 are more significant because of the barrier
shocks in rows 1 and 2. The increases in bleed rate and flow
coefficient from row 1 to 3 were found to be similar to the
increase from row 2 to 4. When there is an incident shock,
Fig. 6 shows that the flow coefficients in all rows were higher
than those for the case without the incident shock. For cases
1 and 2, the difference indicates that the high pressure down-
stream of the incident shock did propagate upstream through
the subsonic part of the boundary layer, though not appre-
ciably. For cases 1,3, and 4, the differences in the flow coef-
ficients are also due to different spacings between holes. Fig-
ure 6 also showed that the flow coefficients increase considerably
from row 1 to 3 and from row 2 to 4. This, of course, is
primarily due to the markedly increased pressures created by
the incident shock.

Effects of Hole Arrangement
The effects of the angle 6 on shock-wave/boundary-layer

interactions with bleed can be seen by examining the results
for cases 2 and 4. In case 2, the angle 0 is equal to 60 deg,
and in case 4, that angle is equal to 70 deg. Note that for both
cases, Ly = D, so that the distance between rows (Lx) for
case 4 is greater than that for case 2. Also, note that for both
cases, the third row is positioned at 13D from the inflow
boundary (see Fig. 1). From Fig. 5, it can be seen that case
4 has larger regions with adverse pressure gradients than case
2. This is expected since the distance between rows is in-
creased. Though this implies that case 4 is less resistant to
flow separation than case 2, flow separation did not take place
for either of these cases. This indicates that rows can be spaced
further apart in the streamwise direction and still be able to
control boundary-layer separation. With a larger separation
distance, fewer bleed holes would be needed to span a given
streamwise length, which would reduce the overall amount
of bleed.

The effects of the distance between bleed holes for a given
angle 0 can be seen by examining the results for cases 2 and
3. For both of these cases, the angle 0 is equal to 60 deg, but
Ly equals D for case 2 and 1.5D for case 3. Also, for both
cases, the third row is positioned at 13D from the inflow
boundary (see Fig. 1). By having Ly greater than D it is
possible for information downstream of the incident shock to
propagate upstream between the bleed holes along the
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streamwise direction without having to "wind" around the
holes as in cases 1, 2, and 4. From Fig. 5 (case 3), it can be
seen that this is not the situation, however. Though the up-
stream influence due to the incident shock is greater for case
3 than case 2, the holes in row 2 still effectively blocked the
shock-induced adverse pressure gradient from propagating
further upstream. This blockage was able to prevent flow
separation for case 3.

Case 3 can also be compared with case 4 since these two
cases have the same LA, but different Lv. Comparing these
two cases in Fig. 5 shows that with a larger Lv, the upstream
influence length is longer. With a longer upstream influence
length, the region of minimum pressure between the bleed
holes in the span wise direction is no longer connected. How-
ever, as noted earlier, the configuration represented by case
3 was still able to block effectively the shock-induced adverse
pressure gradient and prevent flow separation. This is because
bleed causes the boundary-layer profiles just downstream of
a hole to be fuller, and this fuller profile can withstand a
larger region of adverse pressure gradient. Thus, both Lx and
Lv, can exceed D. The spacing of the holes should depend
on the boundary-layer profile created by bleed and on the
amount of adverse pressure gradient that profile can withstand
in order to control flow separation with minimum bleed.

Figure 6 shows the following effects of bleed-hole arrange-
ment on bleed rate and flow coefficient. First, bleed rate and
flow coefficient are strong functions of Lx. This can be seen
by comparing these two parameters in cases 2 and 4, which
shows that the higher the value of Lv, the higher are the bleed
rate and flow coefficient. Second, the effect of Lv on bleed
rate and flow coefficient is less than that of Lx. This can be
seen by comparing these two parameters in cases 3 and 4.

Concluding Remarks
This three-dimensional computational study showed how

0, the distance between bleed holes, and whether an incident
shock strikes the boundary layer or not affect shock-wave/
boundary-layer interactions on a flat plate with bleed. Based
on this study, the following conclusions can be made. First,
a barrier shock forms in every hole by the bleed process itself
if the plenum pressure is sufficiently low. Second, these bar-
rier shocks induce considerable disturbances above the plate.
Third, when there are rows of holes arranged in a staggered
fashion, bleeding through these holes exerts considerable
spanwise influence. Fourth, for the bleed-hole spacings in-
vestigated, only two rows of holes were needed to block the
shock-induced adverse pressure gradient from propagating
upstream. This indicates that judicious hole placement can
greatly reduce the amount of bleed needed to control flow
separation. Fifth, both Lx and Lv can exceed D with the
optimum value dependent upon the boundary-layer profile
created by bleed and on the amount of adverse pressure gra-
dient that profile can withstand before separating. This in-
dicates that further optimization can be made by minimizing
bleed per unit area.
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