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Base-Bleed Experiments with a Cylindrical Afterbody
in Supersonic Flow

Tarun Mathur* and J. Craig Dutton’
University of Illinois at Urbana~Champaign, Urbana, Illinois 61801

The effect of base bleed on the near-wake flowfield of a cylindrical afterbody in a Mach 2.5 flow with a unit
Reynolds number of 45 X 10 m™! has been investigated. This study is aimed at better understanding the complex
fluid-dynamic interactions occurring in the near wake due to base bleed and is motivated by the lack of detailed
velocity and turbulence data in this flowfield. The experimental techniques used include static pressure measure-
ments along the afterbody and the base plane, schlieren and shadowgraph photography, and centerline traverses
in the near wake using two-component laser Doppler velocimetry. Results indicate relatively uniform radial pres-
sure profiles across the base plane. With increasing bleed flow rate, the average base pressure is found to increase
initially, attain a peak value near an injection parameter of I = 0.0148, and then decrease with further increase
in I. The optimum bleed condition near I = 0.0148 is also characterized by a weak corner expansion, a minimum
value of the free-shear-layer angle, and the near-disappearance of the recirculation region (reverse velocity) along

the centerline of the near wake,

Nomenclature

Ap = base area, 7 R, m?

Cy = skin-friction coefficient

H = compressible shape factor, §*/0

1 = dimensionless injection parameter, #tyeea/ 01 U1 Ap

k = turbulent kinetic energy, m?/s?

M = Mach number

Mpleed = bleed mass flow rate, kg/s

P = pressure, kPa

Rt = bleed jet radius, mm

Ro = afterbody radius, mm

r = radial coordinate, mm

Ty = wind-tunnel stagnation temperature, K

U = mean axial velocity, m/s

U, = freestream approach velocity, m/s

Us = friction velocity, m/s

u' = instantaneous axial velocity fluctuation, m/s

A = instantaneous radial velocity fluctuation, m/s

x = axial (streamwise) position relative to the base
plane, mm

y = radial distance from sting surface, mm

& = boundary-layer thickness, mm

é* = boundary-layer displacement thickness, mm

0 = boundary-layer momentum thickness, mm

Vi = kinematic viscosity at the wall (sting surface)
temperature, m%/s

I = boundary-layer wake strength parameter

0 = density, kg/m?

oy = axial rms velocity fluctuation, m/s

Oyr = radial rms velocity fluctuation, m/s

() = ensemble-averaged value

Subscripts

b = base

0 = stagnation or afterbody

1 = freestream approach conditions

Received Nov. 7, 1994; revision received April 27, 1995; accepted for
publication April 28, 1995. Copyright © 1995 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

*Graduate Research Assistant, Department of Mechanical and Industrial
Engineering, 1206 West Green Street. Student Member AIAA.

TProfessor, Department of Mechanical and Industrial Engineering, 1206
West Green Street. Associate Fellow AIAA.

30

Introduction

LOW separation at the base of aerodynamic vehicles such as

missiles, rockets, and projectiles leads to the formation of a
low-speed recirculation region near the base. The pressure in this
region is generally significantly lower than the freestream pressure.
Base drag, caused by this difference in pressures, can be up to two-
thirds of the total drag on a body of revolution. Techniques such
as boattailing, base burning, and base bleed have been used tradi-
tionally to reduce base drag; however, in the past, these techniques
were applied in an empirical manner because of a lack of detailed
data and understanding of the fluid-dynamic interactions occurring
in the base region. With the advent of laser-based optical flow diag-
nostic techniques in the past decade, it is now possible to examine
these flowfields in greater detail in a nonintrusive manner. Recently,
a detailed investigation of supersonic axisymmetric base flows in-
cluding the effects of afterbody boattailing was completed by Herrin
and Dutton."2 The research reported herein on base bleed is the log-
ical extension of this recent investigation.

Figure 1 is a flowfield schematic of supersonic flow over a blunt,
cylindrical body with base bleed. The supersonic freestream flow
undergoes an expansion at the base corner as the turbulent approach
boundary layer separates and forms a free shear layer. This shear
layer eventually undergoes recompression, realignment, and rede-
velopment in the wake of the afterbody as it is constrained to turn
along the axis of symmetry. The shear layer entrains fluid from the
region behind the base and accelerates it. A recompression shock
system returns this fluid to the base region, forming a recirculation
region in the process. Injection of low-speed fluid into the base re-
gion displaces the forward stagnation point downstream of the base
plane. The location of the forward stagnation point is determined by
a balance between the momentum of the injected gas and that of the
recirculating fluid. The magnitude of the bleed flow rate is quanti-
fied using a nondimensional injection parameter, I, defined as the
bleed mass flow rate normalized by the product of the base area and
the freestream mass flux. This definition of the injection parameter
does not account for the approach boundary-layer thickness and the
bleed flow momentum, both of which have been shown to affect the
base pressure in a manner analogous to base bleed.

The effect of varying the bleed mass flow rate on the base
pressure ratio, P,/ P;, has been studied experimentally by several
researchers.>~7 The results of these experiments exhibit certain com-
mon trends and indicate three distinct operating regimes determined
by the quantity of mass injected. The base pressure ratio increases
fairly linearly with bleed rate at low values of I (regime 1). A peak
in the base pressure ratio occurs at an intermediate value of I (near
I = 0.01 for air), the value of which depends on several factors
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Fig. 1 Schematic of the near-wake flowfield with base bleed.

including the freestream Mach number, the size and geometry of
the bleed orifice, and the flow rate, molecular weight, and temper-
ature of the bleed gas. Increases in base pressure ratio (relative to
the no-bleed case) from 10 to 90% have been reported for vari-
ous combinations of the aforementioned parameters. As the bleed
rate is increased past the optimum value, the base pressure ratio
decreases (regime 2) until it reaches a relative minimum. A further
increase in the bleed flow leads to the onset of power-on conditions
(regime 3) when the bleed flow becomes supersonic, resulting in an
increase in base pressure ratio. :

From the combined results of the above experiments, base-bleed
effectiveness is seen to increase with freestream Mach number, i.e.,
at higher Mach numbers, the peak base pressure occurs at lower
I, and the percentage increase in base pressure is also higher. The
effects of the bleed jet exit area on base pressure have also been
investigated.>*5~% At very low bleed rates, the increase in base
pressure with bleed is nearly independent of the area ratio; however,
at higher bleed rates, the effectiveness of base bleed was shown to
be improved by larger jet-to-base diameter ratios. Injection with
porous bases is found to be the most effective.’

Experiments using air, hydrogen, helium, argon, and nitrogen
have shown that base bleed is more effective when a bleed gas with
lower molecular weight (relative to the freestream gas) is used.®?
The peak base pressure is higher, and occurs at a lower value of 1
with a lighter bleed gas. Significant increases in base pressure have
also been observed using a heated bleed gas.'® At low injection
rates, the base pressure rise is nearly proportional to the enthalpy
of the bleed gas. The peak base pressure is higher, and occurs at a
lower value of I, than for the corresponding cold bleed case. Base
burning with hydrogen results in even higher base pressures than
with hot bleed.® Base bleed with fuel-rich solid combustion!! has
been shown to be even more effective. The advantage of combustion
and burning over hot gas injection is suspected to be due to the
different mechanisms and locations of enthalpy release in the wake.
Investigation of the combined effects of boattailing and base bleed!?
showed that although the two effects were additive, there was a very
weak dependence of optimum boattail angle on bleed rate, and of
optimum bleed rate on boattail angle.

While the effectiveness of base bleed as a drag-reducing tech-
nique is well known, the details of the fluid-dynamic interactions
caused by base bleed are not clearly understood. Most of the above
experimental investigations were carried out prior to the develop-
ment of reliable nonintrusive diagnostic methods, and their scope
was primarily limited to determining the global influence of various
base-bleed parameters on base pressure. Some results from earlier
studies are also unreliable due to possible interference arising from
model support effects®® or nozzle flow nonuniformity. In addition,
the results of some of the previous investigations of base bleed have
been confounded by the added influences of boattailing, hot gas in-
jection, and/or base burning. A clear understanding of the base-bleed
phenomenon is hampered by a lack of detailed flowfield data.

Analytical models based on an empirical component-type
approach!?® provide some insight into the physical processes that

might be associated with base bleed. Although these models can only
represent the base-bleed flowfield in a time-mean sense, and cannot
account for its instantaneous turbulent nature, they have been fairly
successful in predicting the qualitative effects of base bleed on base
pressure.!~!7 Base-bleed computations'®-?? using the Reynolds-
averaged Navier—Stokes equations have also been successful in pre-
dicting qualitative base pressure trends and in capturing flowfield
structure details. Numerical techniques are currently limited by tur-
bulence modeling issues, insufficient grid resolution, and lack of
detailed experimental data for validation.?

Recent experimental efforts have provided insight into the com-
plex interactions prevalent in the near-wake flowfields of blunt-
based! and boattailed? afterbodies; however, no known detailed
measurements of the base-bleed flowfield have been made to date.
The objectives of the present research are to investigate the effects
of base bleed on the near-wake flowfield of a cylindrical afterbody in
supersonic flow, and to identify the dominant fluid-dynamic mech-
anisms inherent in this complex flow with the aid of laser-based
optical diagnostic techniques. The measurements obtained provide
a set of benchmark baseline data that will enhance the overall under-
standing of base flow phenomena and also serve to validate modeling
and computational efforts in this field.

Experimental Facilities and Equipment

Figure 2 is a schematic of the supersonic, blowdown-type wind
tunnel at the University of Illinois Gas Dynamics Laboratory de-
signed solely for the study of axisymmetric base flows. High-
pressure air from atank farm enters the top of the stagnation chamber
and passes through a screen~honeycomb—screen flow-conditioning
module. The air is expanded to a design Mach number of 2.5 in
the test section using a converging—diverging nozzle. The pressure
and temperature in the stagnation chamber are 471 - 3.5 kPa and
300 + 2 K, respectively, for these experiments. Two square glass
side windows provide optical access to the flowfield. The air in the
test section exits through a conical diffuser and exhaust duct to the
atmosphere. The afterbody is mounted at the end of a hollow sting,
which is supported at two axial locations upstream of the nozzle to
avoid support disturbances in the flowfield. A detailed description
of the wind-tunnel design is provided in Ref. 24.

For the purposes of the base-bleed study, several additions were
made to the existing wind tunnel. A stainless steel bleed line was
designed and constructed with 50.8-mm-diam pipe sections to fa-

- cilitate conditioning, measurement, and control of the bleed flow.

Since the base pressure is significantly subatmospheric, ambient

-Toom air at 293 £ 2 K is an adequate source for the bleed air supply.

The inlet consists of a screen followed by an elliptically rounded
intake section to condition the incoming bleed flow. This is followed
by about 1.3 m of pipe to ensure adequate flow development prior
to the mass flowmeter. The electronic flowmeter consists of a tem-
perature and a velocity probe and works on the hot-wire principle.
The linearized output is directly proportional to the actual mass flow
rate, and is unaffected by pressure and temperature fluctuations in
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Fig. 2 Axisymmetric wind-tunnel and base-bleed facility.
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Fig. 3 Location of static pressure taps on base-bleed afterbody.

the supply air. The flowmeter is followed by a butterball valve for
coarse bleed flow control mounted in parallel with a needle valve for
fine control.

A schematic of the afterbody used in the base-bleed studies is
shown in Fig. 3. The 63.5-mm-diam cylindrical afterbody contains
a 0.4 caliber bleed orifice, which is preceded by an elliptically con-
toured section based on ASME long-radius nozzle standards?’ to
ensure a uniform velocity profile for the bleed flow exiting the base.
Ten 0.635-mm-diam static pressure taps on the base plane are used
to measure the radial distribution of the base pressure. Two sets
of five taps each along the sting side surface, located diametrically
opposite to each other, are used to measure the approach pressure
distribution upstream of the base. The taps in each set are stag-
gered along the periphery to prevent interference waves from the
upstream taps affecting the measurements of the taps downstream.
Static pressure measurements are obtained using a digital pressure
transmitter controlled by a desktop computer via a serial interface.
A removable retaining ring confines the pressure tubing near the
inner wall of the afterbody in the region upstream of the bleed exit
orifice to minimize disturbances in the bleed flow.

The two-component laser Doppler velocimetry (LDV) system
used for this investigation: uses the green (514.5 nm) and blue

(488 nm) lines of a 5-W argon-ion laser. The nominal blue and
green fringe spacings are 10.3 and 11.3 pm, respectively. The mea-
surement volume diameter is 120 pum. Upstream frequency shift-
ing of 40 MHz is used to discriminate flow direction and reduce
fringe biasing, and the beam pairs are oriented at =45 deg to the
mean-flow direction to minimize fringe blindness. The receiving
optics collect light scattered by particles crossing the measurement
volume in 20-deg-off-axis forward scatter mode (effective length
of measurement volume 730 pm). The scattered light intensity is
converted to an analog voltage signal by photomultiplier tubes and
fed to a digital burst correlator to extract frequency, and hence,
velocity information. Three sets of stepper motors, encoders, and
drives operate in a closed loop with a desktop computer to provide
translation of the optical table in all three directions. A six-jet atom-
izer containing 50-cP silicone oil provides seed particles (nominal
diameter 0.8 pm) to four seed tubes through a manifold and system
of regulating valves. Three seed tubes for the freestream flow, ar-
ranged 120 deg apart circumferentially, are located just downstream
of the flow-conditioning module. The seed tube for the bleed flow
is located in the bleed line, just downstream of the butterball valve.
A detailed description of the LDV system, including an error anal-
ysis, has been provided in Ref. 24. The worst-case rms error due
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to particle lag just downstream of separation has been estimated
at 6%. This error is 1.7% one base radius downstream of the base
plane, and continues to diminish further downstream. The estimated
worst-case uncertainty is 1.2% of U in the mean velocity, and 2.3%
of U in the rms velocity fluctuation measurements.

Results and Discussion .
Pressure Measurements
Static pressure distributions along the afterbody and on the base
plane were obtained for ten bleed rates ranging from I = 0 to
=0.032. The axial pressure distribution of the approach flow along
the afterbody was independent of the bleed rate. The approach static
pressure was also nearly constant in the streamwise direction at

P/ Py=0.061+0.001, yielding an isentropic Mach number of 2.47.
A slight rise in pressure approaching the base corner was consistent
on both sets of diametrically opposed pressure taps, and was most
probably due to weak waves originating at the wind-tunnel nozzle
throat interacting with the boundary layer on the sting near the base
plane.

- The radial distribution of base pressure ratio is shown in Fig. 4
for all ten bleed flowrates. At any given bleed rate, the base pres-
sure ratio profile is radially symmetric across the base annulus and
fairly independent of radial location, except for a slight increase
near the base corner in some cases. This slight increase in base
pressure is probably due to the sharp change in flow direction dur-
ing entrainment of the low-speed flow by the high-speed shear layer
near the base corner. It is also evident that the base pressure ratio ini-
tially increases with bleed rate (solid-symbol cases), peaks at around
I =0.0148, and then decreases rapidly as the bleed rate is increased
further (open-symbol cases). This behavior is more clearly seen
when the average base pressure ratio, based on the area-weighted
average of each profile, is plotted as a function of the injection pa-
rameter (Fig. 5). Data from the blunt base and the 5-deg boattailed
afterbody results®? are also presented in this plot. The peak average
base pressure ratio of P,/ P; = 0.669 at I = 0.0148 is 18.5% higher
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Fig. 6 Comparison of base-bleed results with other experiments (bleed
orifice diameter ratio d;/dp = 0.4).

than the average base pressure ratio of the blunt-based cylinder and
5.7% higher than that of the boattailed afterbody. The difference
in the average base pressure ratio between the blunt base! and the
I = 0 no-bleed case is discussed later.

As seen in Fig. 6, the peak in the average base pressure ratio at
I = 0.0148 is consistent with earlier experiments.*7 All of these
data were obtained with bleed orifices of 0.4 caliber. There are, how-
ever, significant differences in the magnitudes of the base pressure
curves. In spite of operating at nearly the same Mach number, the
base pressure ratios of Ref. 6 are noticeably lower than those of
the current study, possibly because of interference from the struts
that were used to support their model. On the other hand, data* at
Mach 2 are very similar to the current data. The difference in the
bleed nozzle contours used in the two models could be responsible
for the similarity of these data sets at different Mach numbers. The
model used in the current study (and by Ref. 7) employs a con-
toured converging nozzle, whereas the orifice used in Ref. 4 was
preceded by a 5-deg conical Mach 2.0 nozzle, similar to the one
used in the study of Ref. 6. In addition, a thick boundary layer has
a base-pressure-enhancing effect similar to that of base bleed. Dif-
ferences in the approach boundary-layer thicknesses of the different
experiments could therefore also contribute to the discrepancies dis-
cussed above. Although the second peak in base pressure in Ref. 7
is attributed to the converging nozzle preceding the bleed orifice, no
secondary peak was observed in the current investigation. In view
of the lower Mach number used in the present study, it is possible
that the secondary peak could occur at a bleed rate higher than the
range of the flowmeter.

Flow Visualization

Spark-schlieren photographs and shadowgraphs, obtained with a
standard Z-type two-mirror configuration and a 1.4-us micropulser
light source, were used to confirm interference-free operation and
to obtain qualitative information on the effect of base bleed on the
near-wake flowfield. Schlieren photographs using a horizontal knife-
edge at five different bleed rates are shown in Fig. 7. The absence of
any strong interference waves emanating from the nozzle-exit/test-
section junction confirms interference-free flow conditions in the
test section at all of these bleed flow rates. At zero bleed, a strong re-
compression shock system is evident near the rear stagnation point.
As expected, the shear-layer angle becomes flatter, the base cor-
ner expansion weakens, the wake widens, and the recompression
shocks become weaker as the bleed flow rate is increased from zero
to I = 0.0033. The recompression shock system seems to weaken
considerably near I = 0.0131, when the bleed flow presumably pro-
vides most of the fluid required for shear-layer entrainment. As the
bleed rate is increased further to 7 = 0.0199, the recompression
shock system reappears slightly upstream of its earlier location.
When the bleed exit velocity approaches sonic conditions at around
I = 0.0279, the Mach disk emanating from the bleed orifice in-
teracts with the oblique recompression shocks from the outer flow
and forms a fairly complex shock system. This shock system also
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Fig. 7 Schlieren photographs of the base flowfield at different bleed flow rates.
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appears to be highly unsteady, as indicated by imaging the flowfield
on a screen and by visual inspection of a series of photographs at this
bleed rate. The horizontal knife-edge makes it difficult to discern
the vertical Mach disk in the schlieren photographs; however, it is
clearly visible in shadowgraphs taken at the high bleed rate. The
axisymmetric nature of the flow also causes smearing of the flow
features due to line-of-sight integration effects. ‘

A parametric study of the mean axial velocity and turbulence
quantities along the centerline has been performed using LDV. The
approach flowfield and boundary layer and the flow conditions at
the exit of the bleed jet have also been documented for the five
bleed cases studied. Care was taken to match data rates at the
freestream and bleed flow nozzle exits, in an effort to minimize
particle concentration bias errors. Post-facto corrections for veloc-
ity bias were made using the interarrival time weighting method,
which has been shown? to be the most reliable technique for high-
speed separated flows.

The freestream approach flow was found to be uniform and inde-
pendent of the bleed rate. The mean freestream approach velocity
was found to be 574 m/s with 0.3% variation between the different
bleed cases. The mean Mach number based on adiabatic expansion
from the tunnel stagnation temperature to the freestream velocity
was 2.45, in close agreement with the isentropic value of 2.47 based
on pressure measurements. The unit Reynolds number was calcu-
lated to be 45 x 10° m~! at the nozzle exit. Approach boundary-
layer mean velocity profiles for all bleed cases were similar, as
seen in Fig. 8. Curve fits?’ of these profiles were used to deter-
mine boundary-layer parameéters such as-integral thicknesses and
skin-friction coefficient. These results (mean values and percent-
age variations over the five bleed cases) are presented in Table 1.
The thicknesses and the friction velocity have been normalized by
the afterbody radius and the freestream velocity, respectively. Rather
large variations in the computed parameters (between the different
bleed cases) are due to the sensitivity of the curve fit to accurate y-
position determination (limited to 0.1 mm due to hysteresis of the
traverse table). The axial turbulence intensity and Reynolds shear
stress distributions in the boundary layer collapse very well for the
different bieed rates, as seen in Figs. 9 and 10. As expected, the mag-
nitudes of these quantities are high in the boundary layer, dropping
rapidly to low values in the freestream.

Radial traverses performed 1.5 mm downstream of the bleed exit
plane show uniform velocity distributions in the bleed flow, as seen

Tablel Approach
boundary-layer properties
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in Fig. 11. The effect of the compliant (open) boundary presented
by the bleed hole can be seen for the bleed-off case. There is a
mean inflow into the base along the centerline, and a mean outflow
along the periphery of the bleed orifice. Bimodal velocity histograms
were observed at all radial locations for the no-bleed case, indicating
large-scale turbulence interaction between the recirculation region
and the long passive cavity presented by the bleed hole and the
hollow sting. The 5% difference in the average base pressure ratio
between the blunt base! and the I = 0 case (Fig. 5) could be due to
this compliant boundary effect.

The effect of base bleed on the mean axial velocity distribution
along the centerline can be seen in Fig. 12. In all cases, the mea-
sured radial velocity component was less than 2% of Uj, and the
Reynolds shear stresses were nearly zero, confirming that the LDV
measurement volume was located at the centerline of the flowfield.
For the no-bleed case, the peak reverse velocity (30% of U;) and
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the rear stagnation point occur 1.5 and 2.8 base radii downstream of
the base, respectively. These results are nearly identical to measure-
ments done with a blunt base.! At the base plane (x = 0), however,
the extrapolated axial velocity is nonzero and negative, due to the
compliant-boundary effect discussed above. As the bleed rate is in-
creased, the bleed jet exit velocity increases, causing a downstream
shift of the forward stagnation point where the bleed flow and re-

verse flow meet. This downstream shift of the forward stagnation

point with increasing bleed rate has the effect of diminishing the
size of the recirculation region, since the rear stagnation point loca-
tion is nearly constant at x / Ry = 3.2 (note that this position for the
bleed-on cases is shifted relative to the bleed-off case). The peak
reverse velocity location occurs progressively downstream, and its
magnitude decreases with increasing bleed. At I = 0.0148, the op-
timum bleed rate from a base pressure viewpoint, the recirculation
region along the centerline almost disappears. No reverse velocity
is detected along the centerline for the J = 0.0226 case, indicating
penetration of the bleed jet into the reattachment zone. The velocity
profiles for the bleed-on cases become similar for x/Ry > 3, the
wake redevelopment region.

Figures 13 and 14 present the axial and radial turbulence intensity
distributions along the centerline. For each bleed case (except I =
0.0226), two peaks are observed in the distribution of turbulence
intensity. The first peak occurs at the forward stagnation point be-
cause of the change in flow direction from axial to radial when the
bleed flow meets the reverse flow in the recirculation region. The
magnitude of this peak is seen to decrease with increasing bleed
rate, because of the smaller influence of the diminishing recircula-
tion region. The second peak occurs at the rear stagnation point due
to reattachment phenomena. The influence of the flow mechanisms
occurring at both stagnation points is much stronger in the axial
direction. Consequently, the peaks in the radial turbulence inten-
sity distributions are not as pronounced as the axial intensity peaks.

At the higher bleed rates, the bleed flow penetrates further into the.

wake, accounting for the low centerline turbulence intensities seenin
Figs. 13 and 14 for these cases. Anisotropy of the turbulent normal
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Fig. 14 Radial turbulence intensities along the centerline.
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Fig. 15 Tarbulent kinetic energy distributions along the centerline.

stress along the centerline is also evident from the differences in
the axial and radial turbulence intensity profiles. Figure 15 shows
the centerline distribution of turbulent kinetic energy, calculated
using

k =0.5(cf +202,) (1

The occurrence of the peak energy magnitudes at the stagnation
points, and likewise the decreasing energy levels with increasing
bleed rate, are similar to those discussed for the turbulence intensity
distributions. ’

Conclusions

An experimental investigation has been conducted to study the
effects of base bleed on the near-wake flowfield of a cylindrical
afterbody in supersonic flow. Data have been obtained using static
pressure measurements, schlieren and shadowgraph photography,
and LDV traverses along the centerliné. Results indicate nearly uni-
form radial pressure profiles across the base plane. With increasing
bleed flow rate, the average base pressure is found to increase ini-
tially, attain a peak value, and then decrease with further increase in
the injection parameter, /. The approach flowfield upstream of sep-
aration is unaffected by the bleed rate. An increase in the bleed rate
is accompanied by the diminishing size and intensity of the recircu-
lation region (due to the downstream displacement of the forward
stagnation point) and a decrease in the peak axial and radial turbu-
lence intensities at the forward stagnation point. Near the optimum
bleed rate of I = 0.0148, the base pressure is maximized, and the
flowfield is characterized by the widening of the wake, flattening of
the shear-layer angle, and the near-disappearance of reverse velocity
along the centerline.
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