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Shock-Wave/Boundary-Layer Interactions with Bleed
Part 1: Effect of Slot Angle

A. Hamed,* J. J. Yeuan,t and S. H. Shini
University of Cincinnati, Cincinnati, Ohio 45221

The effect of bleed configuration in the interaction region of an oblique shock wave and a turbulent boundary
layer was investigated using numerical simulations. The numerical solution is obtained for the compressible
Navier-Stokes and A>£ equations throughout the interaction zone and inside the slanted and normal bleed slots.
Different bleed mass flow rates, up to 16% of the incoming boundary layer, are obtained by varying the bleed
slot outflow face pressure. Results are presented for an incident oblique shock of sufficient strength to cause
boundary-layer separation in the absence of bleed. The results show the flow characteristics including an
expansion/compression wave system across the slot opening and recirculation zone inside the slot. The perfor-
mance of the different bleed configurations is compared in terms of the discharge coefficient and the boundary-
layer characteristics downstream of the interaction, over a range of bleed mass flow rates. In Part 1, results
are presented for bleed applied across the shock impingement point through slots at 20-, 30-, 40-, and 90-deg
angles to the plate surface. The results indicate considerable change in the flow characteristics inside the bleed
slot with the slant angle. The bleed discharge coefficient increased as the slot slant angle decreased. The plate
surface friction coefficient downstream of the interaction was much lower in the case of bleed through normal
slots than slanted slots where it had the characteristics of redeveloping boundary layer.

Introduction

E XPERIMENTAL investigations of bleed (suction) in
supersonic flowfields1 have been conducted to character-

ize the bleed flow2"4 and its effect on the boundary layer.5"11

Syberg and Koncsek2 represented supersonic inlet test data
from Refs. 3 and 4 in the form of bleed drag and mass flow
coefficient. These bleed data were obtained in supersonic
flows without shock interactions in the bleed zone and with
fully developed boundary layers upstream of the bleed region.
The data that were obtained over a range of Mach numbers
show the effects of bleed hole size, slant angle, and length-
to-diameter ratio. Bleed holes at 20 deg to the surface had
higher flow coefficient and could be operated at a higher
plenum pressure than the 40- and 90-deg holes.2 The bleed
mass flow increased and drag decreased as the external Mach
number increased. Pitot pressure surveys of boundary-layer
characteristics upstream and downstream of the shock-wave/
boundary-layer interactions were obtained by Fukuda et al.5

and Wong6 across the interaction regions in supersonic inlets,
by Seebaugh and Childs7 on a cylindrical surface, and by
Benhachmi et al.,8 Hingst and Tanji,9 Lee and Leblanc,10 and
Strike and Rippy11 on a flat plate. The conclusions regarding
the effects of bleed hole size5-6 and bleed location relative to
the shock5-7-9-11 on the boundary layer downstream varied among
the different studies. The discrepancies among the different
experimental studies is an indication of the complexity of the
flow in these configurations. Based on the comparison of their
computational results with the experimental data of super-
sonic inlet flowfields, Reddy et al.12 stressed the need for a
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detailed study of the effect of the individual bleed ports. Bleed
optimization can only be accomplished through a parametric
investigation in which the bleed conditions are changed sys-
tematically. The large number of parameters and the diffi-
culties in obtaining accurate flow measurements in the inter-
action zone precludes a complete experimental investigation.

Recently, a number of numerical studies have been aimed
at investigating shock-wave/boundary-layer interactions with
bleed. Paytner et al.,13 Benhachmi et al.,8 and Abramson et
al.14 simulated the hole roughness effects in their numerical
solutions to the Navier-Stokes equations, using Cebeci's al-
gebraic turbulence model for rough wall.15-16 In this approach,
the solution provides the boundary-layer characteristics down-
stream, but not the mass flow distribution across the bleed
zone that are specified as a boundary condition in the nu-
merical solution. Remlinger et al.17 and Hamed et al.18~21

modeled bleed by resolving the flow through the individual
bleed ports. The advantage of this approach is that the mass
flux distribution, bleed drag, as well as the boundary-layer
characteristics downstream can be determined from the nu-
merical solution. Comparative information regarding the ef-
fect of bleed hole size, slant angle, and bleed location relative
to the shock obtained using this approach can therefore be
used to help resolve the discrepancies among the different
experimental data. For bleed through a normal slot, Hamed
et al.19 investigated the effects of bleed location19 and slot
width and depth20-21 on the flowfield in the interaction zone
of an oblique shock-wave/boundary-layer interaction. The re-
sults obtained in these investigations for shock strength suf-
ficient to cause flow separation with no bleed indicate that
slot width equal to or greater than the incoming boundary-
layer thickness was required to eliminate turbulent boundary-
layer separation by removing 20-30% of the incoming bound-
ary-layer mass flow. Across the shock bleed location was most
effective in eliminating separation.

The purpose of the present study is to characterize the
flowfield in oblique shock-wave/turbulent boundary-layer in-
teractions with bleed through slanted slots. In the investigated
configuration, flow suction (bleed) is applied across the in-
cident oblique shock location on a flat plate turbulent bound-
ary layer through slots slanted at different angles relative to
the surface. The results show the effect of the slant angle on
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the bleed slot discharge coefficient, total pressure recovery,
and on the boundary-layer characteristics downstream of the
interaction at the different bleed mass flow rates up to choked
conditions.

Analysis
The partial differential equations used to describe the flow

are the full two-dimensional compressible Navier-Stokes
equations in strong conservation form and general curvilinear
coordinates. The PARC code22 was used in the numerical
solution with a two-equation turbulence model based on Chien's
low Reynolds number k-s model23 with Nichols'24 modifica-
tions to add compressibility effects. The flow was considered
to be turbulent throughout and no attempt was made to model
transition or relaminarization. Figure 1 shows the solution
domain used in the two-dimensional flow simulations. It ex-
tends upstream of the flat plate leading edge, downstream of
the shock-wave/turbulent boundary-layer interaction region,
and inside the bleed slot. The specified plenum outflow face
pressure controls the amount of bleed mass flow. The incident
oblique shock crosses the upper boundary, and all other wave

systems including the reflected, and any separation and reat-
tachment shocks cross the outflow boundary. The location of
the incident shock is fixed at the upper boundary with free-
stream and postshock conditions specified upstream and
downstream. Uniform freestream flow conditions are applied
at the inflow boundary and all variables were extrapolated at
the outflow boundary. No-slip adiabatic flow conditions are
applied at the plate and bleed walls. The static pressure is
specified and first-order extrapolation is applied for the rest
of the flow variables at the bottom of the bleed slot. The slot
was always centered around the shock impingement location
at 1 ft from the flat plate leading edge.

Referring to Fig. 1, the computations were performed using
a 308 x 68 grid over the plate surface and an 89 x 68 grid
inside the bleed slot. Variable grid spacing was used in both
x and y directions for grid clustering around the bleed walls
and at the plate surface, with ymln = xmin = 0.2579410"4 ft
corresponding to y+ = 2.0 at x = 0.9 ft. Computations for
a typical bleed case required 5000 local time steps at 0.2
Courant-Friedrichs-Lewy number to reach steady-state so-
lution based on six orders of magnitude reductions in the
averaged rms error in the flux.
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Fig. 1 Schematic of computational domain.
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Fig. 2 Mach number contours for four different slot geometries at choked conditions.
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Results and Discussion
The computations were conducted at the incoming flow

conditions of M = 2.96, Re = 1.2 x 107/ft, and an impinging
oblique shock angle of 25.84 deg (wedge angle of 7.93 deg)
corresponding to the separated flow case with no bleed.21 The
flow characteristics inside the bleed slot and throughout the
interaction were determined for bleed through slanted slots
at 20, 30, and 40 deg to the plate surface and for normal (90-
deg) bleed. The slot width for the normal bleed case was
0.01065 ft, which is equal to 0.8085 times the boundary-layer
thickness upstream of the interaction. To maintain compa-
rable bleed mass flows among the normal and the different
slanted bleed cases, the opening at the plate surface was main-
tained at 0.0106 ft in all cases while the slot width changed
with the sine of the slant angle, leading to Did ratios of 0.2766,
0.4039, and 0.5202 for the 20-, 30-, and 40-deg slanted slots,
respectively.

Figure 2 presents the Mach number contours for the four
different slot geometries at choked conditions. The corre-
sponding static pressure, Mach number, and flow angle dis-
tribution across the slot opening are presented in Figs. 3-5.
The contours reveal a complex wave system across the slot
opening starting with an expansion fan at the upstream slot
corner, then an oblique shock at the downstream corner of
the slanted bleed slots or a bow shock that originates inside
the normal slot. The effect of this bow shock is depicted as
a sharp rise in the static pressure across the normal slot open-
ing at the plate surface as shown in Fig. 3.

A recirculating flow region inside the slot at the upstream
wall is observed in all cases. Its size and location depends on
the slant angle. The separated flow region occupies more than
50% of the slot width in the case of normal bleed and is
reduced with increased slanting to less than 20% of the slot
width, in the case of 20-deg slot. The results in Figs. 2-5
suggest that the formation of the recirculation region is con-
trolled by two flow mechanisms. One is insufficient flow turn-
ing into bleed slot and the other is the shock wave generated
at the downstream edge of the bleed slot, crossing the slot
passage and impacting the upstream slot wall. The first mech-
anism dominates the normal and 40-deg slanted bleed cases
in which the flow separates close to the upstream wall corner
near the plate. The second flow mechanism affects the 20-
and 30-deg slanted bleed cases where the separated flow re-
gion on the upstream bleed wall is observed inside the slot.
Further insight is gained by examining the flow angle distri-
butions across the slot opening (Fig. 5). The results in this
figure suggest that only in the case of the low 20-deg angle is
the flow turning into the slot limited by the bleed slot angle.
Generally, lower static pressures (Fig. 3), higher Mach num-
bers (Fig. 4), and higher flow turning angles (Fig. 5) are
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Fig. 4 Mach number distribution across the slot opening at choked
conditions.
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Fig. 5 Flow angle distribution across the slot opening at choked con-
ditions.

— - no bleed
--- - - normal, Pb/Ploc=0.529

20 deg. Pb/Ploc=0.383
30 deg. Pb/Ploc=0.383
40 deg. Pb/Ploc=0.529

Fig. 3 Static pressure distribution across the slot opening at choked
conditions.
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Fig. 6 Friction coefficient distribution in the interaction region at
choked conditions.

predicted across the slot opening for the other configurations.
However, the flow angles in the case of 30-, 40-, and 90-deg
bleed slots are smaller than the physical slot angle. The dif-
ference is associated with the separation bubble inside the
slot at the upstream upper corner.

According to Fig. 5, the normal slot initially generated 36-
deg turning flow angle at the upstream corner, which quickly
settled to an average angle of approximately 30 deg. This is
caused by a small separation bubble on the plate surface up-
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stream of the slot that is confirmed by the negative friction
in Fig. 6.

Figure 6, which presents the skin friction distribution over
the plate surface, indicates that flow separation (negative fric-
tion coefficient) in the no-bleed case extends over a 0.04-ft
region. A very small separated flow region (less than 0.01 ft)
is predicted in the normal bleed case over the plate surface
upstream of the slot and an even smaller one at the down-
stream corner. No plate surface flow separation was predicted
in the three cases of slanted bleed.

The effect of boundary-layer mass removal extends both
upstream and downstream of the bleed slot and affects both
surface pressure and friction coefficient as can be seen in Figs.
3 and 6. The pressure rise downstream of the bleed slot is
more rapid in the normal bleed case. The change in the friction
coefficient over the plate surface downstream of the slanted
slots is characteristically of redeveloping boundary layer. In
the case of normal bleed, the skin friction initially reaches
slight negative values over the plate near the normal slot's
downstream corner before it eventually starts to increase fur-
ther downstream.

Figure 7 presents the variation in the discharge coefficient
with the plenum pressure that is normalized by the inviscid
pressure Pl behind the incident shock (Pi/Pinf = 1.7752). The
same data is represented in Fig. 8 in the form of bleed mass
flow as a percentage of the boundary-layer mass flow up-
stream of the interaction at .AT = 0.9 ft. According to these
figures, the low-angle slots reach higher discharge coefficient
at choking, but for the same opening at the plate surface, the

0.6 -|

0.5 -

0)
O 0.4 -

03

|o.2H

0.0

0-0000 normal
AA&AA 20 deg. slanted
QQQQO 30 deg. slanted

^ nnpnp 40 deg. slanted

0.2 0.4 0.6 0.8
Pb/Ploc

1.0 1.2

Fig. 7 Variation of discharge coefficient with the bleed plenum pres-
sure.

maximum bleed mass flows as a percentage of the incoming
boundary layer is slightly lower for the 20-deg slot bleed than
for the 30-, 40-, and 90-deg slot bleed. The plenum pressure
at which bleed flow initiates is low for the low-angle slot and
higher for the normal bleed slot. Reference 2 presented ex-
perimental data for bleed through 20- and 30-deg slanted and
normal holes over a range of freestream Mach numbers with-
out incident shock. The data suggests that as the plenum
pressure is reduced, the bleed mass flow in the 20- and 30-
deg holes remain unchanged, then it drops sharply at a given
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Fig. 9 Effect of bleed mass flow on the friction coefficient downstream
of interaction region, at jc = 1.13 ft.
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Fig. 10 Effect of bleed mass flow on the displacement thickness down-
stream of interaction region, at jc = 1.13 ft.
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Fig. 8 Variation of bleed mass flow rate with the bleed plenum pres-
sure.
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Fig. 11 Effect of bleed mass flow on the momentum thickness down-
stream of interaction region, at x = 1.13 ft.



HAMED, YEUAN, AND SHIH 1235

2.0 -i

-P 1 Oo ' •"
03

En

O 1.6

1.0

• •••• no bleed
0-00-00 normal
AAA-AA 20 deg. slanted
QOQOO 30 deg. slanted

deg. slanted

0.00 0.05 0.10 0.15
Bleed Mass / Boundary Layer Mass

0.20

Fig. 12 Effect of bleed mass flow on the transformed form factor
downstream of interaction region, at x = 1.13 ft.

value of the pressure that depends on the freestream Mach
number. Since the bleed mass flow variation was accom-
plished in the numerical simulations by changing the bleed
slot's outflow surface pressure, the ability to simulate non-
choked slanted bleed was limited to near choking values. This
was not the case for bleed through normal slots where the
discharge coefficient decreases more gradually with the in-
creased plenum pressure in the case of normal bleed.

Figures 8-12 show the effect of bleed mass flow on the
friction coefficient, displacement and momentum thickness,
and transformed form factor downstream of the interactions
at x = 1.13 ft. According to this figure, all slot configurations
produce nearly the same boundary-layer displacement thick-
ness of approximately 0.0024 ft and of boundary-layer mo-
mentum thickness of 0.0007 ft at choking. The normal bleed
slot, however, produces larger reductions in the displacement
thickness to 0.002 and transformed form factor to 1.36.

Conclusions
A numerical investigation was conducted to study the effect

of bleed mass flow and slot slant angle on the flowfield in an
oblique shock-wave/turbulent boundary-layer interaction. The
results for bleed-through slots located across the shock im-
pingement point indicate that the choked discharge coefficient
increases as the bleed slot angle to the plate surface decreases.
Consequently, less bleed hole area is required for the same
bleed mass flow as the bleed hole slant angle decreases. How-
ever, for the same slot opening at the plate surface, the bleed
mass flow approaches the same choking value of approxi-
mately 16% of the boundary layer's before the shock for the
30-, 40-, and 90-deg bleed slots. Since the flow turning into
the slot is limited by the slot angle in the case of 20-deg bleed,
the corresponding choking mass flow is slightly lower at 14.5%
of the boundary-layer mass flow before the shock. A major
difference is observed in the plate surface friction coefficient
downstream of the interaction, between the slanted and nor-
mal bleed slot cases. In the first case, the friction coefficient
is higher and its variation along the plate surface downstream
of the slot is characteristically that of a redeveloping boundary
layer. In the case of normal bleed, after reaching a negative
value due to the small separation bubble on the plate surface
at the downstream corner of the slot opening, the friction
coefficient quickly increases and decreases again to reach that
of the no-bleed case before increasing slightly further down-
stream.
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