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Modeling Supersonic Inlet Boundary-Layer Bleed Roughness

Gerald C. Paynter,* David A. Treiber,t and W. David Kneeling^
The Boeing Company, Seattle, Washington 98124

Boundary-layer mass removal (bleed) through spanwise bands of holes on a surface is used to prevent or
control separation in supersonic inlets. The rough wall algebraic turbulence model of Cebeci and Chang was
added to both boundary-layer and Navier-Stokes analyses to simulate the overall effect of bleed on the growth
of a boundary layer. Roughness values were determined for seven bleed configurations, a range of Mach numbers
between 1.3-4, and bleed rates between zero and choked values. For the bleed experiments considered, the
roughness was found to be a function of the fraction of the upstream boundary-layer mass flux removed. Choked
bleed flow through holes at a low angle, with respect to the surface, minimized the roughness effect and gave
the best improvement in the boundary-layer velocity distribution for separation control.

Nomenclature
A+ = Van Driest parameter, 26
d ~ bleed hole diameter
k = von Karman constant, 0.4
ks = equivalent sand grain roughness
Lid — hole aspect ratio
/ = local turbulent length scale
M = Mach number
N = number of rows of bleed holes in bleed band
P/POO = local static pressure/freestream static pressure
R = roughness parameter, in.
ulue — ratio of local to freestream velocity within the

boundary layer
«r = (TJPJ"1

u' = local turbulent velocity scale
wbl = boundary-layer mass flux below y where

u/ue = 0.99
^bieed = bleed rate
XId - streamwise spacing of bleed holes
Y/d = cross stream spacing of bleed holes
y = distance normal to the wall
y + = yurlvw
a = bleed hole angle to surface
8 = boundary-layer thickness
\jut = turbulent viscosity
vw = kinematic viscosity at the wall
p — density
pw = density at the wall
TW = wall shear stress

Introduction

T HERE is increased interest in the use of Navier-Stokes
(NS) analysis for inlet design support, because such anal-

ysis is now feasible due to increases in computer memory and
speed. Since boundary-layer mass removal or bleed on an
inlet wall is used for boundary-layer control, bleed effects
must be included in the simulations. While it is possible to
predict the flow through individual bleed holes with NS anal-
ysis, this is impractical in the context of an inlet design because
of the size and complexity of the grid that would be required.
If NS analyses are to be useful for inlet design, a simulation
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of the effect of bleed on the boundary layer is needed that
does not require a local grid adequate to resolve the flow
through each hole. The bleed simulation model should relate
changes in the boundary-layer velocity distribution across a
bleed band to the bleed hole configuration, bleed flow rate,
and local freestream Mach number without increasing the
grid required to resolve the boundary layer. The purpose of
this article is to propose an algebraic turbulence model mod-
ified to include the overall effect of bleed for use in NS simu-
lations of inlet flows. Results derived from boundary-layer
and NS analysis of several experiments are reported for
seven bleed configurations tested over a range of freestream
Mach numbers.

A typical bleed band1'2 (Fig. 1) might consist of four rows
of circular holes either at an angle or normal to the surface.
Bleed can affect the aircraft flow in three ways: 1) inlet bound-
ary-layer velocity profile improvement; 2) increased drag; and
3) increased mixing in the boundary layer in the bleed region
and for some distance downstream. Of the three effects, the
increased drag and increased mixing are detrimental. It is
possible to bleed a substantial amount of flow from the bound-
ary layer and achieve a net performance loss, because the
increased mixing from a particular configuration and the drag
overwhelm the beneficial effect associated with removal of
the low-momentum near-wall flow.

Linear and semilog plots of velocity distributions in a tur-
bulent boundary layer are sketched in Fig. 2. The figure shows
the individual effects of mass removal, mixing, and adverse
pressure gradient on the boundary-layer velocity distribution
relative to a smooth flat plate boundary layer. Note that the
adverse gradient and mixing effects reduce the velocity at a
given distance from the wall, and that bleed (idealized bleed
through a smooth porous surface) increases the velocity rel-
ative to a smooth wall velocity distribution. The process of
bleed through individual holes, like surface roughness, in-
creases mixing which reduces the desired increase in ulue. The
local reduction of velocity due to the increase in near-wall
mixing with bleed is the "bleed roughness effect."
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Fig. 1 Typical bleed band configuration.
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Fig. 2 Adverse pressure gradient, roughness, and bleed effects on
the boundary layer.

The physical mechanism responsible for bleed roughness is
not well understood. The failure of smooth wall turbulence
modeling to predict this effect accurately was noted nearly 20
yr ago.3 However, bleed roughness is not always observed.4
The magnitude of the effect appears to depend on the bleed
geometry, local flow conditions, and bleed flow rate. Rough-
ness is a good analogy for inlet bleed, because air enters the
holes with a streamwise component of momentum and emerges
with none.5 Since bleed through an individual hole should
result in time-averaged trailing vortices, it is reasonable to
expect these vortices to further increase the mixing, and there-
fore the effective roughness of a surface, although other flow
processes such as a local flow instability associated with an
individual hole could be responsible for the effect.

Approach
Bleed roughness was simulated using the algebraic turbu-

lence model of Cebeci-Chang.6 The near-wall length scale
distribution was modified to include the effects of surface
roughness as suggested by Rotta,7 through addition of a con-
stant defined as a roughness parameter. A relationship was
developed between the increase in the near-wall length scale
and an equivalent sand grain roughness Reynolds number
valid over a wide range of roughness values. The model was
implemented in the boundary-layer method of Reyhner8

(through a modification of the Cebeci-Smith model), and in
the NS analysis (through a modification of the Baldwin-Lo-
max model). In the near-wall region, the two models are
identical. Roughness values were determined for selected ex-
periments by varying the roughness value input to either anal-
ysis until a match was obtained between the computed and
measured near-wall velocity distributions at a station just
downstream of the bleed band. (Bleed is known to decrease
the near-wall length scale. Consequently, the roughness pa-
rameter actually includes the combined effects of both bleed
and roughness.) The expansion induced by the bleed flow and
the recompression shock downstream of the bleed band were
neglected in the boundary-layer analysis but included in the
NS analysis. The bleed rate and roughness were assumed to
be constant over the streamwise extent of the bleed region.
The roughness was set to zero downstream of the bleed
region.

Roughness values were determined for seven bleed config-
urations, a range of Mach numbers between 1.3-4, and bleed
rates between zero and choked bleed hole values. Although
bleed is used in an inlet both upstream of, and within, regions

of adverse pressure gradient, it was thought important to
separate the effects of pressure gradient and bleed roughness.
Consequently, the pressure gradient was negligible for most
of the cases selected. Several cases were selected, however,
where bleed was used in the region of a shock/boundary-layer
interaction.

Comparisons were made between NS results and the bound-
ary-layer method results to establish that the roughness model
implemented in the NS analysis would produce the same changes
in boundary-layer properties across a bleed region as the
boundary-layer method. The NS code was then applied to
several shock boundary-layer interactions with bleed in the
region of interaction to investigate the effect of a strong ad-
verse pressure gradient on the bleed roughness.

In the mixing length hypothesis, the turbulent viscosity is
assumed to be

fit = plu'

For a smooth wall, in the near-wall region, the velocity scale
is

u' = I

The length scale is assumed to be

/ = ky[l - Qxp(-y+/A+)]

For a rough wall, the Cebeci-Chang model assumes the
length scale in the near-wall region is

= k(y - exp[-(;x

The equivalent sand grain roughness can be computed from
the roughness constant using an empirical relationship9:

ks = fl/0.031

Experiments
Cases were selected to explore a range of Mach numbers

and configurations. No attempt was made to establish rough-
ness values for all of the available boundary-layer bleed ex-
periments. Most selected cases had no streamwise pressure
gradient, and a roughness value could be established using
the boundary-layer analysis. A few cases were selected to
explore the combined effects of bleed and an adverse pressure
gradient. For these, bleed was used in the region of a shock/
boundary-layer interaction, and the NS analysis was used to
establish a roughness.

While a comprehensive review of all of the available bound-
ary-layer bleed data was not attempted, data cases were se-
lected that satisfied the following criteria:

1) The bleed geometry was well-described in the research
article and included the number of holes, spacing, pattern,
angle, diameter, porosity, and the length-to-diameter ratio.

2) The freestream Mach number distribution across the
bleed region was available.

3) The freestream Reynolds number and the local wall tem-
perature were available.

4) The bleed mass flux was available.
5) Boundary-layer velocity distributions were available both

upstream and downstream of the bleed region.
In the selected experiments, freestream Mach numbers

ranged between 1.3-4. Bleed geometries consisted of stag-
gered rows of holes at angles relative to the surface between
20-90 deg, and one porous wall configuration as illustrated
in Fig. 3. Bleed rates ranged between zero and choked flow.
The wall temperature for both experiments was approxi-
mately adiabatic.



624 PAYNTER, TREIBER, AND KNEELING: MODELING INLET BLEED ROUGHNESS

M = 1.3, 1.6 BLEED CONFIG. 1
a= 20 deg
d = .06 inches
Y/d = 2
N = 4
X/d = 2.78
L/d = 3

BLEED CONFIG. 2
M = 1.3,1.6 oi = 30 deg

d = .03 inches
Y/d = 2
N = 4
X/d = 4
L/d

M = 1.3 BLEED CONFIG. 3
oi = 90 deg
d = .06 inches
Y/d = 2
N = 4
X/d = 2
L/d = 1

M = 1.3, 1.6 BLEED CONFIG. 4
1% P°r°us Plate . .J area = 0.164 sq in./in.

1.39 inches

M = 1.6
BLEED CONFIG. 5

Oi = 20 deg
d = .06 inches
Y/d = 2
N = 2
X/d = 2.78
L/d = 3

= 3.9 BLEED CONFIG. 6 & 7
oi = 30 deg
d = .0625 inches
Y/d = 2.53
N = 4
X/d = 1.6
L/d = 16

Fig. 3 Bleed configurations.

Schuehle Experiment
In the Schuehle10 experiment, Fig. 4, the Mach number,

boundary-layer properties over the test surface, and the bleed
geometry could be varied. The bleed hole size and pattern
were varied by using removable inserts with bleed perfora-
tions. The Mach number over the test surface was varied by
rotation of the model to change the strength of the shock at
the test surface leading edge. The boundary-layer properties
on the test surface were varied by translating the rectangular
test section of the model up and down to scoop more or less
of the tunnel wall boundary layer onto the test surface.

The model had two profile measuring stations on the test
surface. The upstream station was 3-in. aft of the test surface
leading edge, and the downstream profile station was 5-in.
aft of the leading edge (measured along the plate). The flow
through the bleed band was measured with a metering device
in the duct from the bleed plenum.

Configurations 1-5 were tested at local freestream Mach
numbers of 1.3 and 1.6. The bleed hole diameter and the hole
angle to the surface were varied in the configurations tested.
The stream wise extent of the bleed regions was between 0.3-
1.4 in. The boundary layer upstream of the bleed region was
fully developed. The displacement thickness was varied be-
tween 0.03-0.06 in., and the boundary-layer thickness varied
between 0.24-0.38 in., depending on the portion of the tunnel
wall boundary layer scooped onto the test surface.

While the range of flow conditions and geometries inves-
tigated by Schuehle were the most extensive of the experi-
ments considered, the experiment had two potential prob-
lems. First, scooping a portion of the tunnel boundary layer
onto the test surface with only 3 in. (about 10 boundary-layer
thicknesses) for redevelopment may have produced a non-
equilibrium boundary layer at the bleed region. The scale of
turbulence in the outer part of the layer may have been char-
acteristic of the thick tunnel wall boundary layer from which

downstream profile static
oblique shock

Boundary layer,
profile station-

bleed outflow
translation

wind tunnel exit plane
Fig. 4 Schuehle experiment.

bleed section'

Fig. 5 Mayer experiment.

it originated.11 Second, the shock originating near the plate
leading edge (used to change the Mach number over the test
surface) may have introduced a nonuniformity in the mean
velocity distribution. Because the Mach number was low
supersonic at the leading edge of the test surface, the shock
at the leading edge was detached and changed in strength as
a function of distance away from the surface. The variation
in shock strength caused a variation in total pressure through
the boundary layer and may have distorted the mean velocity
distribution through the boundary layer on the test surface.12

Mayer Experiment
In the Mayer13 experiment (Fig. 5), the test surface was the

outer wall of an axisymmetric wind tunnel 3.0-in. in diameter.
The bleed band was 0.425-in. in streamwise extent, the up-
stream measuring station was 0.75-in. forward of the bleed
band, and the downstream measuring station was 1.5-in.
downstream of the bleed band. A contoured centerbody was
used to generate a distributed compression on the outer wall
in the bleed region. Boundary-layer surveys were taken at 15
measuring stations spaced along the surface including the up-
stream and downstream measuring stations. With zero bleed
flow, a rubber seal was placed over the bleed holes within
the bleed plenum to prevent any local flow through the holes
due to recirculation within the bleed plenum. The boundary-
layer thickness upstream of the bleed band was about 0.25
in., and the displacement thickness was about 0.09 in. A
number of flow conditions were investigated including zero
and choked hole bleed flow rates both with and without ad-
verse pressure gradient. Configurations 6 and 7 in Fig. 3,
consisting of four rows of 0.0625-in.-diam 30-deg slanted holes,
were tested at a local freestream Mach number of 3.9. For
configuration 6, the centerbody was positioned to place the
adverse pressure gradient downstream of the aft profile mea-
surement station. For configuration 7, the adverse gradient
was positioned over the bleed band.

Results and Discussion
The effects of bleed and roughness on a boundary layer

developing over a bleed band are illustrated for bleed con-
figurations 1 and 2 from the Schuehle experiment at a local
freestream Mach number of 1.6. The boundary-layer velocity
distributions at the downstream profile measuring station are
compared in Fig. 6. Note that for configuration 1, all of the
velocity profiles are less full than the smooth wall profile,
except the case where wbleed = 0.078 Ib/s (choked). For con-
figuration 2, the hole diameter is half that of configuration 1,
and only the zero bleed profile is less full than the smooth
wall profile. The figure illustrates the effects of bleed rate
and roughness as a function of hole diameter. The larger holes
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Fig. 6 Bleed and roughness effects at M - 1.6.

of configuration 1 allow more mass to be removed at the
choked bleed rate, and this results in more profile improve-
ment than configuration 2.

The roughness for a given configuration was determined
by initializing the boundary-layer or NS analysis at the up-
stream profile measuring station using the measured bound-
ary-layer velocity distribution (assuming an equilibrium tur-
bulent boundary layer), computing the boundary-layer
development over the bleed band to a measuring station
downstream of the bleed band for a range of roughness values,
and then selecting a roughness value that gave a match be-
tween the predicted and measured velocity profiles at the
downstream measuring station in the near-wall region. The
match was determined from semilog plots of the predicted
and measured profiles (similar to those shown in Fig. 2).
Predicted and measured profiles were matched at 10% of the
upstream boundary-layer thickness from the wall. Roughness
values determined through this matching procedure were found
to be insensitive to the distance from the wall where the match
was obtained because of the linear nature of the velocity
profiles in the near wall region on a semilog plot. The bleed
and the roughness were assumed to be uniform over the bleed
band. In a preliminary study with the boundary-layer analysis,
the computed roughness for a given configuration and flow
condition was found to be insensitive to the streamwise dis-
tribution of bleed across the bleed |>and. For the boundary-
layer analysis, a constant wall temperature boundary condi-
tion and a turbulent Prandtl number of 1 were used. For the
NS analysis, an adiabatic wall temperature boundary condi-
tion and a turbulent Prandtl number of 0.9 were used.

Bleed causes a near-wall shift in ulue relative to a smooth
plate velocity distribution. This shift is a measure of the ability
of the boundary layer to traverse a region of adverse pressure
gradient without separation. The near wall shifts in ulue at

the downstream measurement station for configurations 1-5
were compared at the choked bleed rate. The choked bleed
rate for each configuration is unique to that configuration,
and is a function of the hole diameter and angle. The shift in
ulue was determined at a distance of 10% of the upstream
boundary-layer thickness from the wall (still within the log
law region). Configuration 1 provided the most improvement
in the near-wall velocity distribution at both Mach 1.3 and
1.6 because the discharge coefficient of the slanted holes is
substantially better than that for the normal holes; the open
area of configuration 1 is equal to that of configurations 3
and 4. The velocity profile improvement was a strong function
of the bleed rate for these five bleed configurations.

Boundary-Layer Analysis Results
The roughness parameter as a function of the bleed rate

referenced to the upstream boundary-layer mass flux is plot-
ted in Fig. 7 for the angled hole configurations 1, 2, and 5.
Roughness values for all of the configurations ranged between
0-0.001 in. at zero bleed. Most configurations were tested
with two boundary-layer thicknesses over the test surface.
This resulted in the scatter in roughness shown in the figure.
For configuration 1, when there was bleed—but the holes
were unchoked, the roughness was found to vary between
0.0015-0.0025 in. For a choked bleed rate, the roughness was
found to vary between 0-0.0005 in. The negligible roughness
with slanted bleed holes when choked was unexpected.

A second unexpected trend was found for configuration 2;
whether the roughness was a strong function of the bleed rate
or not seemed to depend on the relative thickness of the initial
boundary layer. With a thick initial boundary layer, the rough-
ness was found to range between 0-0.0005 in. for bleed values
between zero and choked; the bleed rate had little effect on
the roughness. With a thin initial boundary layer, the rough-
ness at an unchoked bleed rate was similar to that of config-
uration 1; the roughness was significant and a strong function
of the bleed rate.

The roughness parameter for configuration 3 (90-deg holes)
(Fig. 8) was found to be zero, except at the choked bleed rate
where it ranged between 0-0.002 in. The trends of low rough-
ness for the 90-deg holes at unchoked bleed rates and high
roughness when choked, are inconsistent with the trends
for the angled hole configurations. For configuration 4 (a po-
rous surface), the roughness was found to increase with the
bleed rate with a maximum value of 0.002 in. at the choked
bleed rate.

The roughness results can be summarized as follows for all
of the configurations considered. For bleed rates up to about
3% of the upstream boundary-layer mass flux, bleed has little
effect (other than the mass removal) on the boundary-layer
development and the roughness is insignificant. Between bleed
rates of 3-15%, bleed has a strong effect on the boundary-

0.0025

^^^3 Config. 2, thick boundary
layer

I C9nfig. 1 & 5, thick and
thin boundary layers

I Config. 2, thin boundary
layer

0.002

0.
12. 16. 20.

Wbleed/Wbi X 100.

Fig. 7 Roughness for configurations 1, 2, and 5.
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0.0025 .

Config. 4
Config. 3

Fig. 8 Roughness for configurations 3 and 4.

layer development and the roughness is important. Above a
bleed rate of about 15% of the boundary-layer mass flux, the
boundary-layer growth rate is unaffected by the bleed (except
for the mass removal) and the roughness is insignificant. A
bleed rate of 12-15% of the upstream boundary-layer mass
flux represents removal of the log law portion of the upstream
boundary layer. It may be that while the disturbances due to
the bleed holes are still present, removal of the log law region
brings the large scale wake region turbulence in contact with
the wall and that this would then become the dominant mixing
mechanism.

For all configurations except the porous wall, the peak
roughness can be related to the hole diameter through the
empirical relationship between sand grain roughness and the
roughness parameter. Using this expression, the maximum
equivalent sand grain roughness for a configuration is ap-
proximately equal to the bleed hole diameter.

NS Analysis Results
The NS code used for the bleed study was PARC,14 a ver-

sion of the NASA-Ames code ARC2D.15 Implementation of
the bleed roughness model in the code was straightforward.
The Baldwin-Lomax turbulence model16 was modified in the
near-wall layer in the same way as the Cebeci-Smith model
of the boundary-layer analysis method. Both methods use
identical formulations of the near-wall length scale. The im-
position of bleed at the wall in the code was done by specifying
a uniform normal mass flux along the wall encompassed by
the bleed holes, and extrapolating density and pressure.

Figure 9 shows a Mach contour plot of the computed flow-
field for configuration 7. 7.2% bleed was imposed and, over
the bleed band, a smooth wall was assumed. The effect of
the compression produced by the centerbody can be seen as
a slight thickening of the boundary layer just upstream of the
bleed region. The computational grid in the downstream part
of the channel had 151 uniformly spaced points in the stream-
wise direction (A* = 0.02 in.) and 50 points in the cross stream
direction, tightly spaced on one side to resolve the wall bound-
ary layer. The bleed band is covered by 16 streamwise points.
The inflow plane of the constant area channel segment was
initialized with the boundary-layer profile from the first ex-
perimentally measured station. For runs with the centerbody
present, an Euler solution consisting only of the centerbody
was computed using a 212 x 50 mesh. The outflow boundary
flowfield of that solution was then superimposed on the mea-
sured boundary-layer profile and used as the inflow condition
of the constant area bleed section.

Figure 10 compares the computed and experimentally
measured boundary-layer profiles downstream of the bleed
band for the case of 3.8% bleed without the pressure inter-
action present (configuration 6). The rough wall computation
used a roughness factor of R = 0.006 in., which was found
from the data correlation using the boundary-layer analysis
program. The calculation correctly predicts the increased tur-

bleed band
Fig. 9 Mach number contours for configuration 7.
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Fig. 10 Boundary-layer profiles for configuration 6.
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Fig. 11 Wall static pressure distribution for configuration 6.

bulent mixing in the near-wall region, while at the same time
removing the correct amount of mass from the duct. In Fig.
11, the wall static pressures from the calculations assuming
smooth and rough walls are compared to test data. The strengths
of the predicted local expansion and compression at the lead-
ing and trailing edges of the bleed band are decreased with
surface roughness, and this improves agreement with the pres-
sure measured in the bleed region.

The final case is 7.2% bleed in the presence of the pressure
rise over the bleed band. The calculation correctly predicts
fully attached flow as a result of the bleed. The downstream
velocity profile (Fig. 12) is not accurately predicted, even
when the bleed roughness factor arrived at from the 3.8%
bleed zero adverse pressure gradient case is used in the pre-
diction. A higher value of roughness would have been re-
quired to obtain a good match between predicted and mea-
sured boundary-layer velocity profiles at stations downstream
of the bleed band.

The results for this 7.2% bleed case are qualitatively con-
sistent with the results from the Schuehle experiment. Al-
though the bleed holes were choked in both the 3.8 and the
7.2% bleed cases (for the same geometry), more bleed is
removed with the adverse pressure gradient over the bleed
band because of the higher local static pressure on the bleed
surface. At 7.2% bleed, more of the log-law part of the bound-
ary layer is brought into contact with the surface, and the
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Fig. 12 Boundary-layer profiles for configuration 7 with pressure
interaction.

bleed roughness should be higher than for the 3.8% bleed
case to be consistent with roughness values derived from the
Schuehle experiment.

Mesh refinement studies were performed on selected runs.
Initially, a near-wall normal grid spacing of 0.001 in. was
selected, which yielded a y + = 2 for the converged boundary
layer, which is within the viscous sublayer. The mesh was
refined to 0.0001 in. (y + = 0.2), and convergence was slowed
slightly for the cases without bleed, but the results showed
no plottable difference. For the cases with bleed, the refined
spacing was used because of rapid boundary-layer thinning
over the bleed band. This caused all the coarse mesh points
to be in a supersonic region of the boundary layer. As a result,
the bleed boundary condition was ill-posed, and convergence
was slowed. With the refined mesh, the first five points away
from the bleed band were subsonic, and good convergence
was achieved.

Conclusions
The algebraic turbulence model of Cebeci and Chang pro-

vides an adequate description of the boundary-layer devel-
opment over, and downstream, of a bleed region in a super-
sonic turbulent boundary layer. The model is capable of
predicting the overall increased mixing effect that may result
from mass removal through a band of discrete bleed holes.

The roughness of a given bleed configuration was found to
be a function of the hole diameter, hole angle, and bleed rate.
The roughness was almost independent of Mach number for
the Schuehle configurations tested at Mach numbers of 1.3
and 1.6. The roughness of the angled hole configurations was
found to be zero when 12-15% of the upstream boundary
layer was removed with bleed.

For the same open area in a bleed band, the choked bleed
mass flux through 90-deg bleed holes was only about one-
fourth that obtained through low-angled holes. Low-angled
bleed holes were found to be more effective than 90-deg holes
in increasing u!ue in the near-wall region. An increase in

ulue in the near-wall region should increase the adverse pres-
sure gradient required to separate the boundary layer. The
current study suggests that inlet bleed configurations with
holes at low angle (20 or 30 deg) to a surface are more effective
for preventing or delaying separation than configurations with
90-deg holes or a porous surface material for a given bleed
flow rate.

For the bleed experiments considered, the roughness was
found to be a function of the fraction of the upstream bound-
ary-layer mass flux removed with bleed. Up to a bleed rate
of about 3% of the upstream boundary layer mass flux, the
boundary-layer growth rate was relatively unaffected (except
for the mass removal). At bleed rates between 3% and 12-
15%, the boundary-layer growth rate was strongly affected.
Above a bleed rate of 15% the growth rate was relatively
unaffected.
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