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ABSTRACT
A parametric study is conducted to characterize the flow throughout supersonic flow
bleed regions and to investigate the effects of free stream Reynolds number and incoming
boundary layer thickness. Numerical solutions of the compressible Navier-Stokes
equations are obtained in a domain that includes the passages within a bleed-hole row
and plenum in addition to the external flow. A turbulence model based on the twoequation SST model is employed to enable the resolution of large separated flow regions
inside the normal bleed holes. Computational results are presented to show the effects of
free stream Reynolds number on the external flow above and downstream of the bleed
region. Stagnation pressure contours are compared at various stream-wise locations for
different incoming boundary layer thicknesses as well. The results show that the
freestream Reynolds number has a strong influence on the total pressure distortion and
on the secondary flow in the cross sectional planes downstream of the bleed region.

1. INTRODUCTION
Holes, slots, and scoops have been used in mixed compression supersonic inlet systems to control the
boundary layer and improve supersonic inlet stability and pressure recovery. Because of their higher
pressure recovery slanted bleed angles are used in the forward inlet regions to reduce the momentum
drag of overboard bleed flow. On the other hand, normal bleed is needed in the throat region for
maximum terminal shock stability. The closer to the throat the terminal shock is allowed, the higher the
inlet recovery. However along with this benefit comes the increased risk of unstarting the inlet. The
dynamics of inlet and engine compression systems are coupled, since unstart can result in compressor
surge/stall and vice versa [1]. Hence these unsteady flow events could occur individually or in
combination, where one precipitates the other. The uncontrolled release of energy by these events can
trigger fairly violent aerodynamic responses, including momentary or permanent performance loss of
engine operation and catastrophic physical damage of the engine structure. Preventing boundary layer
separation [2] and controlling its growth in shock wave interaction regions through bleed [3] is
necessary, but must be achieved with minimum loss in performance.
Supersonic inlet bleed is often accomplished through bands of tightly spaced bleed-hole rows
located in adverse pressure gradient regions caused by shock wave/boundary layer interactions. Bleed
models that simulate the effects of mass removal are required in mixed supersonic inlet design and
analysis, since it is impractical to resolve the flow field through each of the individual holes in these
bands. The models, when implemented as a boundary condition in simulations that only resolve the
flow outside the bleed surface should predict not only the mass flux through the bleed regions but also
relate the associated changes in the external flow and boundary layer to the bleed configuration and
local free stream conditions. However, with few exceptions [4-5] bleed models have consisted mainly
of empirical correlations of mass flux. Abrahamson [6] and Dambara et.al [7] derived their bleed
models based on isentropic nozzle flow equations. Harloff and Smith [8] derived generalized sonic flow
coefficient correlations based on Bragg’s orifice flow model [9] which they validated through
comparisons with comprehensive experimental data sets. The data included single, multiple, normal,
slanted, subsonic, transonic and supersonic bleed through round holes as well as normal slots. The
comparisons indicated that the agreement between their model predictions and the experimental data
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was close for subsonic and supersonic flow cases but not for transonic 1.27 free stream Mach number.
Computational results obtained using these bleed models [10] in shock wave/turbulent boundarylayer interactions under-predicted the maximum static pressure downstream of the interactions
compared to the experimental data of Willis et.al [11] which led to discrepancies in the computed bleed
mass flow. Similarly, Dambara et.al [7] attributed the differences between their computational results
and the experimental measurements of Hingst and Tanji [12] and Benhachami and Berger [13] to
discrepancies in the computed bleed mass flux. Hamed et.al [14] also reported differences between the
numerical predictions of external Mach number above the bleed surface and the bleed mass flow
through each of the six rows of staggered normal bleed holes using bleed models and those obtained
from three dimensional simulations which resolved the flow within the bleed-hole passages. Slater [15]
reported differences among the mass flux predictions by three bleed models in the WIND-US code
through an oblique shock-wave/boundary-layer interaction configuration derived from a
"parameterized" supersonic inlet. The differences between the bleed model predictions were noticeable
upstream of the oblique shock where some models did not bleed any flow while others predicted
negative bleed (injection) even though the model coefficients were adjusted to provide the same overall
bleed. Akatsuka et.al [16] and Slater [17] subsequently proposed modifications to improve predictions
at high bleed pressure ratios and to allow blowing into the main stream.
Other computational studies that resolved the flow within the bleed passages [18-23] considered
different bleed configurations including normal, slanted, single and multiple bleed holes and slots and
reported the effects of bleed configuration and its position relative to the impinging shock on both
external and bleed flow in the interaction region. These studies revealed interesting flow features in the
bleed region and within the bleed passages including local shocks that form across each bleed opening,
which were reported first by Hamed and Lehnig [24] and later by Hamed et.al [25] and by Rimlinger
et.al [26] who coined the term "barrier shock". The pressure gradient created by these local shocks
could be higher than that created by the impinging shock since they form after the flow goes through
Prandtl-Meyer expansion into the bleed cavity. Davis et.al [27] presented detailed experimental
measurements within normal bleed slots that compared very closely with the computational results of
Hamed et.al [28] in the same bleed configuration. The agreement between the two studies lends
confidence to the numerical predictions of the complex flow field inside and outside the bleed passages
and its influence on the external flow.
Hamed et.al [14] compared the numerical predictions of external flow above and behind a six rows
of staggered normal bleed holes using bleed models and those obtained from three dimensional
simulations which resolved the flow within the bleed-hole passages. Figure 1 presents the computed

Figure 1: Static pressure contours in cross-sectional planes for multiple hole case (M = 1.27, Re = 1.426  107/m)
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Figure 2a: Static pressure contours for resolved bleed multiple hole case (M = 1.27, Re = 1.426  107/m)

Figure 2b: Static pressure contours for multiple hole case with bleed boundary condition (M = 1.27, Re = 1.426
 107/m)

Mach number contours by Hamed et.al [14] at different axial locations through the six rows of bleed
holes. This figure demonstrates the cascading of expansion and compression waves that are generated
at each of the bleed holes. This phenomenon could not be predicted by the simulations that used bleed
boundary conditions and only resolved the flow field above the bleed surface as can be concluded from
a comparison of Figure 2a and b. The bleed model is seen to produce a strong localized expansion at
the start of the bleed zone and a strong shock at the end, that are unlike the alternating expansion
compression wave pattern seen in the computations that resolved flow through bleed passage. No
experimental or numerical supersonic bleed studies have considered the effect of free stream Reynolds
number in spite of experimental evidence that it strongly influences flow separation [2].This paper
presents results from numerical simulations conducted to investigate the three-dimensional flow
characteristics associated with bleed through multiple holes in supersonic flow. Numerical solutions to
the compressible Navier-Stokes equations were obtained in a domain that includes the plenum and the
passages inside the bleed holes in addition to the external flow. Results are presented for the external
flow development at various locations downstream of bleed indicate bleed generated pressure waves
that propagate into the external flow and the formation of a complex three-dimensional flow near the
bleed surface. Each bleed hole in the row induced either two or four counter-rotating vortices that
distorted the stagnation pressure contours. The external flow interactions are compared for different
free stream Reynolds numbers and incoming boundary layer thicknesses.
2. BLEED CONFIGURATION AND COMPUTATIONAL DETAILS
The bleed geometry consisted of a single row of 6.35 mm diameter, 90 degree round holes with a lateral
distance of 2D between the centers of neighboring holes, and a length to diameter ratio, L/D, of one.
These parameters correspond to one of the configurations used in the experimental investigation of
Willis et al. [29]. Figure 3 depicts the computational domain employed in the flows simulations with
X,Y,Z = 0 at the bleed surface hole center. The solution domain extended 50D above the bleed surface
and 50D downstream of the bleed-hole row, to minimize the upper solution domain boundary
interactions with the bleed flow, and to study the effect of bleed on the development of the external flow
downstream of bleed respectively. The solution domain’s width extended 1D from the center of the
bleed hole to the central plane between two neighboring holes to take advantage of symmetry, and the
inlet plane was located at X/D = -5. All flow variables at the downstream supersonic free-stream
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Figure 3: Schematic of computational domain with BCs

boundary were extrapolated from the interior and the static pressure was maintained sufficiently low at
the plenum exit to sustain choked flow in all cases. The plenum was of a cylindrical cross-section with
diameter = 10D and height = 10D.
The solution domain was discredited using a combination of O and H grids, and included a total of
2,518,808 grid points in 20 sub-domains. Referring to Figure 4, the number of grid points within the
bleed hole and plenum were 634,654 and 941,391 respectively. The minimum grid spacing was 3.05
× 10-7 m in the turbulent boundary layers above the bleed surface and 3.99 × 10-6 m within the bleed
hole. This ensured a maximum y+ of 1.88 for all cases.
Numerical simulations for the compressible turbulent supersonic flow were conducted using WINDUS code [30] developed and supported by the NPARC (National Program for Applications-Oriented
Research in CFD), which is an alliance of NASA Glenn Research Center, U.S. Air Force Arnold
Engineering Development Center, and the Boeing Company. The two-equation SST turbulence model
was employed based on prior experience in simulating complex supersonic flow fields involving flow
separation [31-33]. In solving the compressible Navier-Stokes equations, the 2nd order upwind HLLC
scheme was used for the spatial derivative with a single stage Euler implicit local time stepping scheme.
A point Jacobi implicit operator was used for the left hand side of the N-S equations with a relaxation

(a) Isometric view

(b) View in negative Z direction

Figure 4: Computational grid in bleed region
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factor of 0.75. The simulations were initialized with supersonic free-stream external flow conditions
above the bleed surface and with a very low total pressure and Mach number within the holes and
plenum. The initial CFL number was 0.5. It was gradually increased up to 5 as convergence was
approached, for a criterion set at 10-8. The effect of incoming boundary layer upstream of bleed was
examined for two different boundary layer thicknesses, δ. Flow solutions for supersonic flow over a flat
plate were used to provide the initial profiles at the required δ/D. FPRO, an auxiliary utility with
WIND-US, was used to extract the required profiles from the flat plate solutions and initialize the bleed
solutions with them. All numerical simulations used WIND-US parallel processing capability.
3. RESULTS AND DISCUSSIONS
In all simulations presented here, the freestream Mach number was 1.27. The freestream Reynolds
numbers investigated were 1.138 million and 27.385 million per meter corresponding to a stagnation
temperature of 292.4 K and stagnation pressures of 7.17 and 172.1 kPa, respectively. For each Reynolds
number, results are presented for incoming turbulent boundary layer thicknesses of δ/D = 1.0 and 0.5.
Sample Mach contours and streamlines through a bleed hole symmetry plane are shown in Figure 5.
The flow is characterized by an expansion wave into the hole and a bow bleed shock that crosses the
hole opening. Within the bleed hole, the flow forms a jet adjacent to the back wall. Figure 6 presents
the computed stream-wise velocity profiles at the downstream edge of a bleed hole along the two lateral
symmetry planes at Y/D = 0 through the bleed-hole center line, and at Y/D =1 mid way between two
neighboring holes. One can see velocities higher than the freestream value caused by the supersonic
flow expansion into the bleed hole. The lower velocity near the surface at Y/D = 0 is attributed to the
bow shockwave seen in Figure 5. Also included in the figure is the reference velocity profile at the inlet
to the solution domain for comparison.
The corresponding static pressure contours presented in Figures 7-8 show the bleed generated
expansion and shock waves above and on the bleed surface. The Reynolds number influence can be
seen in the pressure contours’ footprint on the bleed surface where the pressure waves extend laterally
between neighboring holes at the higher Re. The wave propagation into the freestream is similar to the
pattern previously predicted in multiple bleed rows (Figure 1).
Figures 9 through 12 present the stagnation pressure contours, normalized by the freestream value,
at various locations downstream of the bleed-hole row with superimposed secondary flow streamlines.
Only one pair of counter-rotating vortices are seen to form behind each hole in the case of Re=
1.138x106/m and d/D = 1 (Figure 9). This is similar to the experimental observations of in the case of
a single bleed hole in subsonic flow (M=0.6) at a Reynolds number of 4.66x106 /m by Schoenenberger
et al. [34]. However, Figures 10 through 12 indicate that an additional pair of secondary counterrotating vortices form above the primary vortices in all other cases. The less pronounced secondary

Bleed Expansion
Bleed Shock

Figure 5: Mach number contours through the bleed hole central plane (M∞  1.27, Re  2.739  107/m,
δ/D  1)
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Figure 6: Stream-wise velocity profiles upstream and behind the bleed hole (M∞  1.27, Re  2.739 
107/m, δ/D  1)

Figure 7: Static pressure contours (M  1.27, Re  1.138  106/m, δ/D  1.0)

vortices dissipate before the primary vortices in the case of low Reynolds number and _/D = 0.5 (Figure
11). On the other hand, the primary vortices fold into the secondary vortices which persist further
downstream in the high Reynolds number cases (Figures 10 and 12). One would conclude that, overall,
more stagnation pressure distortion occurs for the thinner boundary layer; and for that case it appears
that the distortion is less for the higher Reynolds number investigated.
Table 1 lists the computed maximum stream-wise vorticity (wx max) and circulation (G) magnitudes
for the primary vortices. The circulation was calculated from the integration of the stream-wise
vorticity over the area in which it was at least 1% of the maximum value at X/D = 2.5. The lower
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Figure 8: Static pressure contours (M  1.27, Re  2.739  107/m, δ/D  1)

Figure 9: Total pressure contours and secondary flow (M  1.27, Re  1.138  106/m, δ/D  1.0)

Figure 10: Total pressure contours and secondary flow (M  1.27, Re  2.739  107/m, δ/D  1.0)

Volume 3 · Number 1 · 2011

43

44

Bleed Interactions in Supersonic Flow

Figure 11: Total pressure contours and secondary flow (M  1.27, Re  1.138  106/m, δ/D  0.5)

Figure 12: Total pressure contours and secondary flow (M  1.27, Re  2.739  107/m, δ/D  0.5)

Reynolds number cases are seen to have higher values of circulation and maximum stream-wise
vorticity than the higher Reynolds number cases at all locations. The thinner boundary layer cases have
higher values of circulation and maximum stream-wise vorticity for both Reynolds numbers.
It is traditional to use the non-dimensional sonic flow coefficient (Qsonic) that normalizes the actual
bleed mass flow rate by the maximum theoretical value corresponding to sonic flow through the hole.
Qsonic =

Wbleed
Wsonic

(1)

Table 1. Circulation and maximum stream-wise vorticity of primary vortex

Re

δ /D
0.5

1.138  106 /m
1
0.5
2.739  107 /m
1

X/D
2.5
5
2.5
5
2.5
5
2.5
5

Γ (m2/s)
0.149
0.0779
0.117
0.0530
0.0573
0.0245
0.0530
0.0203

ωx max (1/s)
82374
24290
59411
15054
49760
11340
47735
10428

International Journal of Flow Control

A. Hamed , S. Manavasi , D. Shin, A. Morell, C. Nelson

45

Wsonic is defined as follows:
Wsonic

 γg 
= pt A

 RTt 

1/ 2

− ( y +1)

1 + γ − 1 2 ( y−1)

2 

(2)

where pt and Tt are the freestream stagnation pressure and temperature, A is the bleed area, R is the ideal
gas constant, and g is the acceleration due to gravity. The computed sonic flow coefficient and the
percentage of the incoming boundary layer mass bled are listed in Table 2 for the four cases. The results
indicate that Qsonic is not sensitive to Reynolds number or boundary layer thickness.
Table 2. Sonic flow coefficient and % of boundary layer mass bled

Re
δ/D
Qsonic
BL mass bled

1.138  106 m
0.5
0.194
23.7%

1
0.199
10.1 %

2.739  107 m
0.5
1
0.193
0.191
21.1 %
8.9 %

CONCLUSION
Numerical simulations were conducted to characterize the effect of bleed though a row of normal round
holes in the turbulent boundary layer of supersonic flow. The three dimensional computational results
indicate that the free stream Reynolds number has great influence on the stagnation pressure distortion
and secondary flow behind the bleed. The distortion was greater at low Reynolds number and the
associated secondary flow more complex at the high Reynolds number. The incoming turbulent
boundary layer thickness was also found to influence the same parameters. However both Reynolds
number and incoming boundary layer thickness did not have a significant effect on the sonic flow
coefficient Qsonic.
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