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Shock-Wave/Boundary-Layer Interactions with Bleed
Part 2: Effect of Slot Location

A. Hamed,* J. J. Yeuan,t and S. H. ShihJ
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 solutions to the compressible Navier—Stokes
equations reveal the flow details 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 changing the plenum
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 performance of the different
bleed configurations is compared in terms of the discharge coefficient and the boundary-layer characteristics
downstream of the interaction, at the different bleed mass flow rates.

Introduction

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

personic speeds. Proper bleed system design is particularly
important 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 Bleed is required in the regions of oblique shock
reflections with strong adverse pressure gradients to prevent
excessive deterioration of the inlet boundary-layer profiles.4
Meeting the supersonic inlet performance requirements is
achieved through the optimization of bleed system design.
This requires a knowledge of the effect of bleed mass flow,
location, and geometry on the supersonic inlet boundary layer.
Comparisons of internal flow computational results5"7 with
experimental measurements in supersonic inlets7-8 revealed
reasonable agreement between the computed and measured
surface pressures upstream of the ramp bleed. However, dis-
crepancies in the predicted shock locations and velocity pro-
files were observed downstream of shock-wave/boundary-layer
interactions with bleed.

Hamed and Shang1 reviewed the existing experimental data
base for shock-wave/boundary-layer interactions in super-
sonic inlets and other related configurations. According to
this survey, there is enough experimental evidence9"14 to in-
dicate that local bleed can control flow separation in shock-
wave/boundary-layer interactions. There are disagreements,1
however, among the different experimental results regarding
the effects of bleed location relative to the shock.9"12 Strike
and Rippy9 measured the surface pressure in the interaction
zone of an oblique shock wave impinging on a turbulent
boundary layer over a flat plate with suction. They determined
that less suction is required to control separation when applied
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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 conclu-
sions of Strike and Rippy,9 suction within the interaction re-
gion was found to be more effective in suppressing the effects
of separation than suction applied upstream. Hamed et
aj 15-18 modeled bleed by resolving the flow through the in-
dividual bleed ports in the flowfield computations of com-
pressible viscous flows. The effect of slant angle on the bleed
performance when applied across the shock impingement point
was presented in Part 1. The bleed discharge coefficient was
found to increase with decreased bleed port slant angle due
to the reduction in the extent of the recirculating flow zone
inside the slot. Furthermore, the friction coefficient over the
slot surface downstream of the interaction could be increased
by 20% with bleed through normal slot and by 40% for bleed
through the slanted slot compared to the no-bleed case.

As a result of the findings in Part 1, the 20- and 90-deg
bleed slots were selected for further investigation to study the
effect of bleed location relative to the shock impingement.
Flow predictions were obtained through the interaction region
and inside the slot using the PARC code19 with the k-e tur-
bulence model. The flowfield characteristics were determined
at different bleed mass flows up to 60% of the incoming
boundary-layer mass flow by varying the slot width and the
static pressure at the bottom of the slot.

Computational Details
Numerical flow simulations were conducted for bleed ap-

plied through normal and slanted slots in the interaction re-
gion of an externally generated incident oblique shock and a
turbulent boundary layer. The flow was considered to be tur-
bulent throughout the calculation domain; no attempt was
made to model transition and/or relaminarization. The so-
lution domain used in the two-dimensional flow simulations
extends upstream of the flat plate leading edge, downstream
of the interaction region, and inside the bleed slot, where the
specified plenum pressure at the bottom of the slot controlled
the amount of bleed mass flow.

The upper solution domain boundary was set at 0.13 ft from
the flat plate with the lower solution domain at the bottom
of the bleed slot. In the stream wise direction, the domain
extended along the plate length of 1.13 ft and the distance of
0.07 ft, upstream of the plate leading edge to the station where
the uniform upstream conditions are applied. The computa-
tional grid and the boundary conditions used were the same
as outlined in Ref. 20.
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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),
which causes separated flow if no bleed is applied. The flow
characteristics inside the bleed slot and throughout the inter-
action were determined for bleed through a normal and 20-
deg slanted slot. The slot width along the plate surface for
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the normal bleed case was 0.01065 ft, which is equal to 0.8085
times the boundary-layer thickness upstream of the interac-
tion. To maintain comparable bleed mass flows among the
normal and slanted bleed cases the opening at the plate sur-
face was maintained at 0.01065 ft, leading to a 20-deg slot
width, which is 0.2766 times the boundary layer upstream of
the interaction. The effect of bleed location was investigated
by studying the flowfield with bleed applied upstream, across,
and downstream of the incident shock interaction with the
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Fig. 1 Mach number contours for four different slot geometries at choked conditions.
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plate surface. The slot opening center Xref was located at
0.99468, 1.0, and 1.00532 ft from the plate leading edge for
the three cases, respectively. This corresponds to the incident
shock interaction point with the plate situated at the down-
stream corner, the center, and the upstream corner, respec-
tively, for the three bleed locations.

Figure 1 presents the Mach number contours for the six
different slot geometries at choked conditions. The corre-
sponding Mach number and flow angle distribution across the
slot opening are presented in Figs. 2 and 3. The static pressure
and friction coefficient distribution over the plate surface are
presented in Figs. 4 and 5. In Figs. 2-5, the results for the
three different bleed locations were shifted such that they
were all aligned around the center of the bleed opening Xre{
in each case. The wave system across the bleed opening and
the recirculation flow region inside the slot at the upstream
wall were discussed in Part 1. The flow angle is equal to the
slot angle in the 20-deg slanted bleed, but is less than 40 deg
in the case of normal bleed. The initial sharp flow overturning
in the normal bleed case (Fig. 3) is caused by a small sepa-
ration bubble on the plate surface upstream of the slot, which
is confirmed by the negative friction in Fig. 5a. According to
Figs. 1 and 3, the flow turning through expansion at the nor-
mal slot's opening increases as the slot location moves down-
stream. According to Fig. 2, the Mach number across the 20-
deg slot opening is initially higher in the upstream bleed case,
but approaches the same value towards the slot's downstream
corner as the other two bleed locations. According to Fig. 5,
a small separated flow region is predicted upstream of the
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Fig. 2 Mach number distribution across the slot opening at choked
conditions.
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Fig. 3 Flow angle distribution across the slot opening at choked con-
ditions.
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Fig. 4 Static pressure distribution across the slot opening at choked
conditions.
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Fig. 5 Friction coefficient distribution in the interaction region at
choked conditions.

normal slot and an even smaller one at the downstream corner
in all normal bleed cases. On the other hand, no flow sepa-
ration was predicted over the plate surface with the 20-deg
slanted bleed slot, except in the case of bleed downstream of
the shock where the flow separates upstream of the slot open-
ing. Figures 4 and 5 show that the mass removal effects extend
both upstream and downstream of the bleed slot and are
reflected in both the surface pressure and friction coefficient.
The fastest pressure rise downstream of the bleed slot is ob-
served in the case of normal bleed across the shock and the
slowest in the case of slanted bleed upstream of the shock.
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The change in the friction coefficient over the plate surface
downstream of the interaction is characteristically that of
boundary layer redeveloping in the case of bleed through the
slanted slots20 and is slightly higher when the bleed is applied
further downstream. The skin friction distribution increases
downstream of the interaction in the case of normal bleed
since the stagnation point is slightly inside the slot's down-
stream wall. Normal bleed downstream of the shock results
in higher friction coefficient followed by upstream then across
the shock.

Figure 6 presents the variation in the slot discharge coef-
ficient with the plenum pressure Pb normalized by the local
pressure Ploc. For the bleed locations upstream, across, and
downstream, Ploc represents the pressure before the incident
shock (Ploc = 1.0Pinf), behind the incident shock (P,oc =
1.7752Pinf), and behind the reflected shock (Ploc - 2.96Pinf),
respectively. The same data are represented in Fig. 7 in the
form of bleed mass flow as a percentage of the boundary-
layer mass flow upstream of the interaction at x = 0.9 ft.
According to these figures, the highest discharge coefficient
is obtained with the upstream bleed through a 20-deg slot and
the lowest with downstream through a normal slot. The slanted
bleed discharge coefficient is very sensitive to the bleed lo-
cation. Upstream bleed through a 20-deg slot results in the
highest discharge coefficients, which is double that of down-
stream bleed at choked conditions. The choking bleed mass
flow itself, however, is less sensitive to slanted bleed location,
with upstream bleed choked mass flow only 25% higher than
downstream. Bleed through normal slot results in much lower
choked discharge coefficient, less than 50% that of the 20-
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Fig. 6 Variation of discharge coefficient with the bleed plenum pres-
sure.

deg slot downstream of the shock and less than 25% of the
20-deg slot upstream of the shock. There is a very small dif-
ference between the upstream and across the shock normal
bleed cases, but the normal bleed downstream of the shock
gives the lowest choked bleed discharge coefficient, which is
40% below the other two locations. According to Fig. 7, the
bleed mass itself is higher for normal bleed downstream of
the shock, but it decreases rapidly with increased plenum
pressure.

The effect of bleed mass flow on the boundary-layer char-
acteristics downstream of the interactions at X = 1.13 ft is
presented in Figs. 8-11 for all six configurations. According
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Fig. 8 Effect of bleed mass flow on the friction coefficient downstream
of interaction region, at x = 1.13 ft.
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Fig. 9 Effect of bleed mass flow on the displacement thickness down-
stream of interaction region, at x — 1.13 ft.
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Fig. 7 Variation of bleed mass flow rate with the bleed plenum pres-
sure.

1.50 n

1 1.25 H

, 0.75 -

! 0.50 -

0.25

• •••• no bleed
QQQQO 20 deg. upstream

20 deg. across
deg. downstream

normal, upstream
0-00-00 normal, across
J-U--H- normal, downstream

0.00 0.05 0.10 0.15 0.20
Bleed Mass / Boundary Layer Mass

Fig. 10 Effect of bleed mass flow on the momentum thickness down-
stream of interaction region, at x = 1.13 ft.
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Fig. 11 Effect of bleed mass flow on the transformed form factor
downstream of interaction region, at x = 1.13 ft.
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to these figures, all slot configurations produce nearly the
same displacement thickness 5* = 0.0024 ft and momentum
thickness 0 = 0.0007 ft at choking, but the bleed through the
normal slot across the shock produces lower values (8* =
0.0021 ft and 0 = 0.0006 ft) at bleed mass flow rate values
as low as 8% of the boundary layer. The transformed form
factor downstream of the interaction had the smallest value
(Hlr = 1.36) for the normal slot at a bleed mass flow rate
equal to 15% of the boundary layer. Because of the small
differences in the bleed slot locations (a maximum of 0.0106
ft or 0.8085 times the boundary-layer thickness upstream),
additional results were obtained for wider normal slots whose
centers were located at X = 0.97872, 1.0, and 1.04256 ft from
the leading edge to gain a better understanding of the effect
of bleed location relative to the shock and of bleed mass flow
on the boundary-layer characteristics downstream. The re-
sulting boundary-layer characteristics for these wide slots (Dl
8 = 3.234) are presented in Figs. 12 and 13. According to
the results in these figures, all three configurations produce
approximately the same effect at bleed mass flows equal to
28% of the coming boundary layer. The performance of the
normal bleed slot downstream of the shock deteriorates with
further increases in the bleed mass flow, causing both the
displacement and momentum thickness to increase. Across
the shock bleed generally produces larger reductions in both
displacement and momentum thickness than either upstream
or downstream bleeds. This is especially more evident at the
lower bleed mass flows that are less than 20% of the incoming
boundary layer. However, these large bleed mass flows with
the wider normal slots do improve the downstream boundary-
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Fig. 13 Effect of bleed mass flow on the momentum thickness down-
stream of interaction region, at jc = 1.13 ft.

layer characteristics compared to the small bleed mass flows
through the narrow slots.

Conclusions
A numerical investigation was conducted to study the effect

of a 20-deg slanted and normal bleed slot location relative to
the shock on the flowfield in an oblique shock-wave/turbulent
boundary-layer interaction. The results indicate that the slanted
bleed slot discharge coefficient is more sensitive to bleed lo-
cation and had the highest value when the slanted bleed slot
was located upstream of the incident shock. From the six
different bleed configurations with bleed mass flows up to
16% of the incoming boundary layer, the normal slot pro-
duced the highest friction coefficient downstream of the in-
teraction when located downstream of the shock and the low-
est friction coefficient when located upstream. For slanted
slot bleed mass flows between 9-16% of the incoming bound-
ary layer, the momentum and displacement thickness of the
boundary layer downstream decreased with increased mass
flow, but were insensitive to the slot location relative to the
shock impingement pouch. At 26% of the incoming boundary-
layer mass flow, the bleed through the three normal slots
reduced the boundary-layer displacement and momentum
thickness by 50%. A sharp deterioration in the effectiveness
of normal bleed downstream of the shock in reducing 5* and
6 downstream was maintained over the range of bleed mass
flow rates when the normal bleed slot was located across the
shock impingement point. The smallest reduction in the 6*
and 6 was obtained with normal upstream bleed and the larg-
est reduction with the across the shock unchoked normal bleed.
The effect of normal bleed slot width was investigated and
the boundary-layer characteristics were more sensitive to bleed
location for larger bleed mass flows up to 50% of the bound-
ary-layer slots. In general, across the shock normal bleed
resulted in larger reductions in both 8* and 0, but all bleed
locations were most effective and produced similar reductions
when 26% of the incoming boundary layer was bled through
the normal slots.
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