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The flowfield characteristics are simulated numerically in an oblique shock wave/laminar boundary-layer
interaction for three different bleed configurations. The numerical solution for the flowfield is obtained for the
strong conservation-law form of the two-dimensional compressible Navier-Stokes equations using an implicit
scheme. The computations model the flow in the interaction region and inside the bleed slot for an impinging
oblique shock of sufficient strength to cause boundary-layer separation on a flat plate boundary layer. The
computed results are presented for a normal bleed slot at three different locations: 1) upstream, 2) across, and
3) downstream of the shock impingement point. The detailed flow characteristics in the interaction zone and
inside the bleed slot are compared for the three cases. The resulting surface pressure and shear stress and
boundary-layer displacement and momentum thickness distributions are also compared for the three bleed cases
and for the shock wave/boundary-layer interaction without bleed.

Introduction

A IR bleed systems are used for controlling the shock wave/
boundary-layer interactions when operating at super-

sonic speeds. Proper bleed system design is particularly im-
portant for the efficient and stable operation of mixed
compression supersonic inlets.1 The fundamental objectives
of supersonic inlet bleed system design are to provide good
aerodynamic flow characteristics with minimum boundary-
layer bleed.2-3 The elimination or reduction of separation in
shock wave/boundary-layer interactions4 is essential for con-
trolling the pressure loss and maintaining a stable flowfield
in supersonic inlets. Minimizing the bleed required to achieve
boundary-layer control allows the penalties associated with
incorporation of a supersonic inlet bleed system to be mini-
mized as well. These penalties include a loss of inlet mass
flow and an increase in drag due to venting of the bleed air
into the freestream. Ideally, removal of only that portion of
the low-momentum boundary layer needed to inhibit sepa-
ration is desired.

Comparisons of internal flow computational results5"7 with
the experimental measurements in supersonic inlets4-8 re-
vealed reasonable agreement between the computed and
measured surface pressures upstream of the ramp bleed. How-
ever, discrepancies in the predicted shock locations and ve-
locity profiles were observed downstream of shock/boundary-
layer interactions with bleed.

Hamed and Shang1 reviewed the existing experimental data
base for shock wave/boundary-layer interactions in supersonic
inlets and other related configurations. According to this sur-
vey, there is enough experimental evidence9"14 to indicate
that local bleed can control flow separation in shock wave/
boundary-layer interactions. There are disagreements,1 how-
ever, among the different experimental results regarding the
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effects of bleed hole size,1344 and location relative to the
shock.9~12 Strike and Rippy9 measured the surface pressure
in the interaction zone of an oblique shock wave impinging
a turbulent boundary layer over a flat plate, with suction.
They determined that less suction is required to control sep-
aration, when applied upstream of the shock. Seebaugh and
Childs10 investigated experimentally the axisymmetric flow in
the interaction region of the boundary layer inside a duct.
Contrary to the conclusions of Strike and Rippy,9 suction
within the interaction region was found to be more effective
in suppressing the effects of separation.

The purpose of this study is to clarify the effect of bleed loca-
tion on controlling flow separation in shock wave/boundary-
layer interactions. Numerical computations are performed to
determine the flow characteristics in the interaction zone of
an oblique shock wave/boundary layer, and within a normal
bleed slot, upstream, downstream, and across the oblique
shock impingement point.

Computational Details
The bleed study is conducted initially for laminar flow, in

order to allow the flowfield characterization to be accom-
plished without the uncertainties associated with turbulence
modeling. The partial differential equations used to describe
the flow are the time-dependent compressible Navier-Stokes
equations in strong conservation law form. The flow is treated
as a perfect gas with molecular dynamic viscosity given by
Sutherland's law, and a gas conductivity based on a constant
Prandtl number. An implicit approximate factorization
technique15 is used in the numerical solution of the governing
equations. Prior to the bleed investigation, the code16-17 has
been validated for laminar shock wave/boundary-layer inter-
actions both for separated and unseparated flows18 by com-
paring the computational results with Hakkinen's experimen-
tal data.19

The solution is obtained in a domain that includes the in-
teraction region and the interior of the bleed port as shown
schematically in Fig. 1. The specified static pressure at the
bottom of the bleed slot simulates the plenum pressure that
controls the bleed level for a given slot and flow configuration.
Zero-order interpolations are applied for the rest of the flow
variables at the bottom of the bleed slot. The no-slip condi-
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Computational Boundary

0.011"

Fig. 1 Schematic of the solution domain for the shock-wave/boundary-layer/bleed interaction.

tion, adiabatic wall, and zero normal pressure gradients are
specified at the solid surfaces. The impinging shock wave is
explicitly introduced at the upper boundary using the Ran-
kine-Hugoniot relations. Zero-order extrapolation of the flow
variables is enforced at the downstream boundary, which is
carefully positioned such that all generated or reflected shocks
exit through it.

The orthogonal grid spacing was varied in both the stream-
wise and normal directions to capture the important flow
characteristics in the shock wave/boundary-layer interaction
zone and inside the bleed slot.18 The computational grid con-
sisted of (243 x 107) mesh points in the streamwise and
normal directions, respectively, with grid clustering at the
plate and around the slot walls. The following grid distribution
was implemented in the solution of the shock-wave/laminar
boundary-layer interactions with bleed:

Ay,. - 0.0375 77 < / < 107 (1)

Ay,- - 1.125AY 36 >; > 76 (2)

AY,- - 1.5625 x 10-4 28 < ; < 35 (3)

where j = 1 represents the bottom, and/ = 32 the top of the
bleed slot.

The grid inside the bleed slot consisted of (34 x 32) mesh
points in the streamwise and normal direction, respectively.
Stretching was used in the streamwise direction, in order to
cluster the grid points inside, and near the slot as follows:

=. 0.03 / < / - 64, / + 63 < / (5)

= 1.5625 x 10~4 / - 20 < / < / - 13

/ + 13 < / < / + 20

r, - 1.125AAT,.+ 1 / - 21 > / = > / - 63

/ + 12 > i > / + 1

(6)

- 1.125AAr
/_1 / - 12 < i < /

/ + 21 < / < / + 62
(8)

The flow solution convergence monitoring was based on
the shear stress at the plate surface TM,, as follows:

where / = / represents the grid at the center of the bleed
slot.

The specified convergence criterion was s < 10 ~4 for the
evaluation points at X < XKh, and e < 10~5 for the evaluation
points located at X > X^h to account for the different rates
for convergence at the different locations from the plate lead-
ing edge (where 'X^ is the tested shock impingement point
location).

Results and Discussion
Results are presented for the computed flowfield in the

interaction zone of an oblique shock/laminar boundary-layer
interaction with bleed applied through a normal slot at three
different locations relative to the shock impingement point.
The freestream conditions are 2.0 Mach number and 2.96 x
105 Reynolds number, based on the shock impingement lo-
cation, x = 1.96 in., from the flat plate leading edge. The
shock angle of 32.585 deg corresponds to the test conditions
of Hakkinen et al.19 for the separated flow case. The com-
putations are performed at the same freestream conditions
and shock strength, with bleed applied through a normal slot
that is 0.011 in. wide and 0.033 in. deep. The slot width was
equal to the boundary-layer displacement thickness before
the interaction, and its depth-to-width ratio of 3 is selected
based on the experimental results of the optimization study
by Syberg and Koncsek.2 The slot was positioned at three
different locations, upstream, downstream, and across the
shock impingement point. For across the shock bleed, the slot
center was positioned directly at the shock impingement point
with the flat plate surface (Xsh = 1.96 in.). The downstream
bleed case was chosen such that the centerline of the bleed
slot is at the location of the maximum computed surface shear
stress in the separated flow case without bleed (x = 2.167
in.). The upstream bleed location was similarly selected at
the opposite side relative to the shock impingement point with
the centerline at x = 1.753 in. from the leading edge. The
slot base pressure was maintained at the same value (0.42 of
preshock pressure), which resulted in bleed mass rates of 3.42,
4.65, and 5.05% of the upstream boundary-layer mass flow
for upstream, across, and downstream bleed cases, respec-
tively. Some of the computed results for downstream bleed
configuration were reported earlier.18 Here, the results of the
flowfield computations in the shock/boundary-layer/bleed in-
teraction zone are presented for the upstream and across the
shock bleed. The computed results are compared for the three
bleed locations and for the case with no bleed.
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Fig. 2 Pressure contours for the no-bleed case.
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Fig. 3 Comparison of surface pressure distribution for the different
bleed configurations.
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Fig. 4 Pressure contours for upstream bleed.

Figure 2 shows the pressure distribution near the interaction
zone for the no bleed case. The incident shock and the sep-
aration and reattachment shocks are seen in this figure. Figure
3 shows the plate surface pressure distribution of the three
bleed cases and for no bleed. The wall pressure distribution
shows a significant reduction in the length of the interaction
region compared to the nonbleed case, and an elimination of
the pressure plateau in all three bleed configurations. Fur-
thermore, the pressure ratio downstream is slightly increased
over the nonbleed interaction case. These observations agree
with previous reports on the effect of bleed, as discussed by
Hamed and Shang.1 Figure 3 clearly shows that there is a big
difference in the static pressure, at the corner of the flat plate
surface and the downstream slot wall for the three bleed cases.
This pressure is lowest (p/px = 1.22) for the upstream bleed
case, and highest (plp^ = 1.5) for the downstream bleed case
with the across the shock pressure value in between (plp^ =

1.36). As for the static pressure distribution downstream of
the bleed slot, there is an abrupt pressure drop for a short
distance followed by a gradual pressure rise in the upstream
bleed case. However, in the downstream bleed case, the static
pressure over the plate surface drops downstream of the bleed
slot, whereas in the across the shock bleed case the pressure
rises first, then drops slightly.

One can see that in both the upstream and across the shock
bleed cases, the pressure starts to drop before the slot opening
and reaches a value of p/p^ ~ 0.8 at the intersection of the
flat plate with the upstream slot wall. In the case of down-
stream bleed, the pressure initially builds up on the plate
surface upstream of the slot opening, reaching a value slightly
higher than that of the plateau pressure in the case of sepa-
rated flow without bleed (p/p^ ~ 1.2), followed by a very
sharp drop to 0.8 at the upstream slot wall corner. In all three
cases, there is an initial moderate pressure drop over the first
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part of the slot opening followed by a sharp rise across a shock
emanating inside the slot as shown for the upstream bleed
pressure contours of Fig. 4.

The Mach number contours are presented in Figs. 5-7. The
contours indicate a choked flow in all three bleed cases. The
subsonic boundary-layer flow entering the bleed slot initially
accelerates due to the separation bubble at the upstream wall
of the bleed slot that acts as a converging-type constriction.
After passing through the convergent section of the constric-
tion, the now choked flow goes through a brief expansion
region where the flow is further accelerated. The flow then
decelerates towards the slot exit as it reaches an effectively
constant area downstream of the separation bubble.

The velocity distributions across the slot opening are shown
in Figs. 8-10. Generally the normal velocity component in-
creases gradually across the slot opening and reaches a plateau
v/U^ ~ - 0.3 somewhere in the downstream half of the bleed
slot, with a slight increase further near the downstream slot
wall in the two cases of across the shock and downstream

Fig. 7 Mach number contours for downstream bleed.
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Fig. 5 Mach number contours for upstream bleed. -0.4
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Fig. 8 Velocity distribution across slot opening for upstream bleed.
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Fig. 6 Mach number contours for across the shock bleed.
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Fig. 9 Velocity distribution across slot opening for across the shock
bleed.
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Fig. 10 Velocity distribution across slot opening for downstream bleed.
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Fig. 11 Comparison of the skin friction coefficients for the different
bleed configurations.

bleed. On the other hand, the stream wise velocity component
reaches a local ulU^ of 0.5-0.6 upstream of the slot shock,
then drops linearly reaching slightly negative values (-0.02
to —0.1) near the downstream slot corner. Typically, in the
computations of flowfields involving bleed, the bleed mass
flux is specified while the tangential velocity is set equal to
zero across the bleed zone. The results of Figs. 8-10 suggest
that the neglect of the streamwise velocity component in the
bleed zone of shock wave/boundary-layer interaction can con-
stitute a serious source of error in the computations. This
might be a major cause of discrepancies between the com-
puted and experimental results downstream of the interaction
bleed zone in supersonic inlets.5~7

Figure 11 presents the computed skin friction distribution
over the flat plate surface for the three bleed locations and
for the no bleed separated flow case. The reduction in the
length of the interaction zone due to bleed is clear in this
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Fig. 12 Comparison of the velocity profiles downstream of the in-
teraction zone for the different bleed configurations.
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Fig. 13 Comparison of separation region for the different bleed con-
figurations.
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Fig. 14 Comparison of the boundary-layer displacement thickness
for the different bleed configurations.

NO BLEED
UPSTREAM BLEED
ACROSS-SHOCK BLEEI
DOWNSTREAM BLEED

Fig. 15 Comparison of the boundary-layer momentum thickness for
the different bleed configurations.

figure for all three cases. However, a small flow separation
zone as indicated by the negative skin friction coefficient can
be observed for the upstream and downstream bleed cases,
but not for across the shock bleed. The friction coefficients
are higher for all three bleed cases downstream of the inter-
action zone in comparison to the no bleed friction, indicating
fuller velocity profiles. The highest friction coefficient value
downstream of the interaction is for the downstream bleed,
and the lowest for the upstream bleed. These differences in
the velocity profiles appear to persist for a long distance down-
stream of the interaction as can be seen in the velocity profiles
of Fig. 12.

Figure 13 compares the extent of the separation regions as
determined from u = 0. One can observe that the separation
bubble height is reduced to 32 and 25% of its value without
bleed for the cases of upstream and downstream bleeds, re-
spectively. Across the shock bleed completely eliminates sep-
aration as indicated by the skin friction results of Figs. 11 and
12. The boundary layer's displacement and momentum thick-
ness are presented for the three bleed locations and for no
bleed in Figs. 14 and 15. One can see that the largest reduction
in 5* and 6 are realized in the downstream bleed case and the
least reduction for upstream bleed.

Conclusions
A numerical investigation was conducted to determine the

effect of bleed location on the flow in an oblique shock/bound-
ary-layer interaction. The implicit factored scheme of Beam
and Warming15 was used to obtain numerical solutions of the

two-dimensional compressible Navier-Stokes equations in
strong conservation law form. The investigation was restricted
to laminar flows to avoid the uncertainties associated with
turbulence modeling. The solution domain extended inside
the normal bleed slot, and computational grid was clustered
near the surfaces. Three bleed locations upstream, across,
and downstream of the shock impingement point were in-
vestigated for the same slot size and static pressure at the
bottom of the bleed port. Results were presented for pressure
and Mach number throughout the interaction region and in-
side the bleed port, and for the surface pressure and skin
friction distribution. According to the computed results, the
across-shock bleed proved to be the most effective in pre-
venting separation and shortening the interaction length,
whereas the upstream bleed slot proved to be the least ef-
fective. The results indicate that the downstream bleed slot
location produced the most favorable velocity profiles and
skin friction recovery downstream of the interaction region,
as well as the maximum reduction in boundary-layer mo-
mentum and displacement thickness. The results suggest that
a combination of across-shock and downstream bleed slots
might provide the two advantages, namely no flow separation
in the interaction region and fuller boundary-layer profiles
downstream of the interaction zone.
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