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Subsonic Axisymmetric Near-Wake Studies

R. A. Merz*
Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio

and

R. H. Paget and C. E. G. Przirembel{
Rutgers University, New Brunswick, N.J.

The turbulent near-wake of a cylindrical blunt-based body aligned with a uniform freestream was ex-
perimentaily investigated. Tests were conducted over the entire subsonic Mach number range in a wind tunnel
utilizing an upstream model support system. Results indicate that the separation process influences the flow
approaching the blunt base for at least 3 model diameters. The base pressure coefficient is constant for Mach
numbers less than 0.8, but drops rapidly at near-sonic speeds. The size of the near-wake increases with Mach
number. A similarity expression for the near-wake centerline velocity distribution is developed.

656
Nomenclature
C, = pressure coefficient, =2(P—P.)/pUZ
Co =base pressure coefficient
H =boundary-layer shape factor, =46,/6,
D =model diameter
M =Mach number
M, =reference Mach number at x/D= - 3.0
M, = near-wake centerline Mach number
AM =change in Mach number M, — M,
N = power law exponent
P = pressure
Py = base pressure
r =radial distance from model centerline
R, =model radius
U =velocity
Unax  =maximum velocity
U, =near-wake centerline velocity
Uinax =Mmaximum near-wake centerline velocity
X =axial distance from base (positive: downstream,
negative: upstream)
Xsp. = location of rear stagnation point
Y =radial distance from model wall
) =boundary-layer thickness
6; =boundary-layer displacement thickness
6, =Dboundary-layer momentum thickness
o = density
Subscripts
o = freestream condition
L =local condition
atm = ambient atmospheric condition

Introduction

HE abrupt change in the rear geometry of a bluff body
moving through a real fluid causes the external flow to
separate from the body. This separated region, which occurs
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at or near the base of the body, is usually referred to as the
near-wake of the body. The near-wake is dominated by the
mixing process associated with the free shear layer that results
from the flow separation. While not large, this zone has a
significant influence on base drag, base heat transfer, and the
configuration of the far-wake. The components that comprise

. the near-wake flowfield of a blunt axisymmetric body are

shown in Fig. 1.

The subsonic base flow problem has been the subject of a
great deal of study in recent years. References 1-19 represent
only a small portion of the numerous experimental in-
vestigation of the phenomenon. Rather complete reviews of
the available literature may be found in Refs. 20-22.

One of the most common near-wake parameters reported in
the literature is base pressure. Figure 2 represents a com-
pilation of some of the available data and shows base pressure
coefficient plotted against Mach number. These data have
been obtained for a wide variety of model geometries, with
varying approach flow conditions and in numerous facilities
both with and without support interference. From the scatter
in these data, it can be seen that there was a need for a
systematic study of the turbulent near-wake of a simple
axisymmetric blunt body in one test facility over the entire
subsonic speed range.

In view of this apparent need, a comprehensive ex-
perimental investigation was carried out. The present results
represent the first detailed investigation of the near-wake of a
single, simple geometric shape (i.e., the axisymmetric blunt
base of a right circular cylinder aligned with the flow direc-
tion—Fig. 1), in a single test facility free from model support
interference over the entire subsonic speed range.

Experimental Apparatus and Technique

This experimental investigation was conducted in a second
generation Rutgers Axisymmetric Near-Wake Tunnel (RANT
II). This tunnel is an open jet, blow-down type facility capable
of producing speeds over the entire subsonic Mach number
range. RANT II was designed and constructed for in-
terference-free studies of turbulent axisymmetric near-wakes
at subsonic speeds. As shown in Fig. 3, the unique feature of
RANT II js an upstream sting that was designed as an integral
part of the nozzle to produce uniform flow over a 1.9 cm diam
cylindrical model. The nozzle has an overall contraction ratio
of 8:1 and an exit diameter of 10.16 cm. A more complete
description of the facility may be found in Ref. 20.

Preliminary measurements were made to insure that the
tunnel produced a satisfactory flowfield for the present in-
vestigation. For these measurements, the centerbody was
extended over 6 model diameters downstream of the nozzle
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Fig. 1 Flowfield schematic.
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Fig.2 Summary of available base pressure data.

exit. With the centerbody extended, it was possible to measure
the flow characteristics of the tunnel without any influence of
the blunt base on the flowfield. Total and static pressures
were measured throughout the flowfield using a standard
Prandtl pitot-static probe. In addition, the static pressures at
various axial locations on the nozzle wall and centerbody were
measured. These results showed that: 1) the freestream was
uniform and axisymmetric to within 0.5% of the freestream
velocity at all Mach numbers; 2) at all speeds, the Mach
number was constant in the axial direction to within 1% for a
distance of =4 model diam of the nozzle exit; and 3) the core
region of the free jet extended over 20 model diameters
downstream of the blunt base and was of sufficient size so
that meaningful near-wake measurements could be made. In
addition, similar measurements with the blunt base, just
upstream of the nozzle exit (Fig. 3), showed that the nozzle
flowfield had not been altered by the blunt base.

The boundary layer on the model was measured at three
axial locations upstream of the base. These measurements
were made at 1, 2, and 4 model diameters upstream of the
base with a model that incorporated a total pressure rake in its
design. The rake model contained nine total pressure probes
that protruded from the model surface. The probes were
equally spaced around the model circumference at 40 deg
intervals. Each probe extended a different distance into the
boundary layer. The probes were constructed of stainless-steel
tubing (0.89 mm o.d., 0.61 mm i.d.) and the nose of each
probe extended 8 probe diameters upstream from the probe
stem. A pressure tap on the surface of the model just up-
stream of the probe tips was used to measure the static
pressure, which was assumed . to be constant across the
boundary layer.

The surface static pressures on the model were measured at
ten axial locations upstream of the base. In addition, six static
taps located on the blunt base were used to monitor the
pressure at different radial distances from the model cen-
terline. All the static taps were 0.762 mm in diam. The leads
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from these taps were brought outside the tunnel through the
hollow centerbody.

Total and static pressures on the near-wake centerline were
measured by extending either a pitot probe or a static probe
from the blunt base through a hole in the center of the base.
Both probes consisted of a straight piece of stainless-steel
tubing (0.89 mm o.d., 0.61 mm i.d.). The tip of the pitot
probe was open and rounded, while the static probe had a tip
which was plugged and rounded. The static probe had an
orifice 0.56 mm in diameter located on the side wall 0.60 mm
from the tip. The location of both probes was changed by
manually sliding them in or out of the base. The position of
each was measured with a precision scale readable to 0.25
mm. During this portion of the investigation, the base
pressure was measured to insure that the probes did not in-
fluence the basic flow. No change in base pressure was ob-
served during the centerline surveys.

Throughout the investigation, the tunnel total pressure was
monitored using a Kiel probe located in the tunnel plenum
chamber. The signal sensed by the probe was measured with a
Statham 172 kPa gage transducer and an X-Y recorder.
Plots of total pressure with time showed that it was constant
during the test portion of each experimental run. The tunnel
total temperature was measured with a copper-constantan
thermocouple located in the tunnel plenum chamber and an
X-Yrecorder.

The pressure signals from all the pressure taps and probes
were read out on manometer banks which were filled with
either mercury or water. The manometers were readable to
0.13 cm of manometer fluid. Solenoid values located in the
pressure leads protected the manometers from transients
during tunnel start-up and trapped the signal just before shut-
down so that readings could be made carefully after each test.
The duration of each test run provided more than adequate
time for the instruments to respond.

Test conditions for this investigation included: 1) the entire
subsonic Mach number range, 2) Reynolds numbers from
0.1x107 to 3.1x107/m, 3) stagnation pressures from just
above atmospheric pressure to 206 kPa absolute, and 4)
stagnation temperatures of 283 K+ 11 K. Velocity profiles of
the boundary layer approaching the blunt base showed that it
was turbulent and fully developed for all approach Mach
numbers.

Results

The development of the near-wake is dependent upon the
flow conditions approaching the separation point. For this
reason, it was necessary to determine the boundary-layer
parameters on the model upstream of the blunt base.

The total and static pressure data from the boundary-layer
model were reduced to velocity profiles by assuming constant
static pressure across the boundary layer and isoenergetic flow
for the tunnel. The velocity profiles were corrected for errors
due to shear flow and wall proximity, as suggested by
MacMillan.?* Each velocity profile, especially those nearer
the blunt base, exhibited a maximum velocity at the outer
edge of the boundary layer. This maximum velocity was
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Fig. 4 Typical boundary layer velocity profile.

greater than the local freestream velocity. This velocity
overshoot is due to the influence of the separation process at
the blunt base on the subsonic approach flow. This upstream
influence of the blunt base will be discussed in detail later in
the paper. The velocity data were normalized with respect to
the maximum velocity in each profile and plotted against
vertical distance from the wall. Least-square curve fit
procedures were used to obtain analytical expressions for the
velocity profiles. These expressions were of a power law form.
The power law exponent N was determined by the least-
squares curve fit. In addition, rather than defining the
boundary-layer thickness é in the usual manner as the distance
from the model surface at which the velocity in the boundary
layer obtained some arbitrary percentage of the freestream
velocity, the boundary-layer thickness was also determined by
the best fit of the power law expression to the data. Thus, the
boundary-layer thickness was defined as the distance from the
model surface at which the power law expression for the
normalized velocity was equal to 1.0. Figure 4 shows typical
boundary-layer data and the best fitting power law. It should
be noted that in Fig. 4 the power law was fit to the data points
in the boundary layer. The three points furthest from the wall
in Fig. 4 are in the freestream rather than the boundary layer.

Values for the displacement thickness and momentum
thickness of each velocity profile were determined by
numerically integrating the analytical. expressions. The
standard definitions of these parameters for axisymmetric
flow were used for the integrations. The results of the analysis
showed that the profiles of all three axial locations could be
adequately represented as power laws for all Mach numbers
tested. The power law exponent N was found to be between
5.5 and 9.5 for all cases, indicating that the boundary layer
was turbulent and fully developed.

It is impossible to list the values of the boundary-layer
parameters at all locations for every Mach number tested.
However, Table 1 gives some representative values which
show the order of magnitude of the boundary-layer
parameters at the three locations for all the Mach numbers
tested.

In general, the boundary layer thickness 8, displacement
thickness &;, and momentum thickness &, increased as the
boundary layer approached the base. These three parameters

Table1 Boundary layer parameters, M, =0.54

X/D 8/R, 5;/R, 5,/R,
~4.0 0.420 0.060 0.045
-2.0 0.425 0.070 0.048
-1.0 0.430 0.075 0.052
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Fig. 6 Upstream influence of near-wake.

decreased with increasing Mach number at all three axial
locations. Figure S shows the shape factor H as a function of
Mach number. The shape factor at all three axial locations
increased with Mach number, in agreement with the
theoretical calculations of Tucker?* as shown in Fig. 5.

As previously mentioned, the separation process at the
blunt base was found to have an influence on the subsonic
flow approaching the base. This phenomenon has been ob-
served by other investigators.”!>2! The presence of the blunt
base resulted in a local acceleration of the flow along the
model wall. This influence was found to extend 3 model
diameters upstream of the base. Figure 6 shows the percentage
change in the maximum local Mach number along the model
wall for various freestream Mach numbers. In all cases, an
increase in local Mach number of between 3.0% and 4.0%
was found at x/D= —0.167. The location at which this ac-
celeration started was approximately 3 model diameters
upstream of the base at low Mach numbers. As the freestream
Mach number increased, this point moved toward the base.
Thus, the increase in local Mach number became more rapid
at the higher freestream velocities.

Based on these results, the reference state for all the data
obtained in this investigation was selected to be 3 model
diameters upstream. For all cases, the local Mach number at
this location was within 0.1% of the freestream Mach
number.

A complete survey of the pressure acting on the blunt base
was made. Measurements were made at the following radial
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Fig.7 Base pressure coefficient vs Mach number.

locations on the blunt base: r/R,=0, 0.167, 0.333, 0.500,
0.667, and 0.833. The base pressure was found to be a weak
function of radial location at all Mach numbers. The
maximum variation was approximately x5% of the cen-
terline base pressure. Figure 7 shows the base pressure
coefficient, referenced to the flow conditions 3 diameters
upstream of the base, as a function of Mach number. It can be
seen that the base pressure coefficient has a relatively constant
value of —0.11 for Mach numbers between 0.0 and 0.8. It
should be noted that there was a very slight increase in the
base pressure in the mid Mach number range and that a
maximum value was achieved at Mach numbers between 0.4
and 0.6. At Mach numbers above 0.8, the base pressure begins
to fall rapidly as sonic velocity is approached. These data
provide a set of consistent base pressure results for a single
simple geometry free of support interference and obtained in
one test facility. These data are well within the range of the
data shown in Fig. 2. It should be remembered that the data in
Fig. 2 have been obtained in many facilities for a wide range
of geometries and various approach flow conditions.

As discussed earlier, the separation process at the blunt
base has an effect on the upstream approach flow. Many
investigators use the static pressure onthe model wall a short
distance upstream of the base as a reference pressure, and
claim that this pressure is equal to the freestream static
pressure. This investigation and others have shown that this is
not true. If the reference condition is located sufficiently close
to the base, so as to be in the region of upstream influence,
misleading results and trends can be obtained. Figure 7 shows
the base pressure coefficients from this investigation plotted
against Mach number using two different reference locations.
In one case, the reference state is 3 model diameters upstream
of the base, which has been shown to be outside the region of
upstream influence and equal to the freestream condition. The
second curve in Fig. 7 shows the same base pressure data
referenced to the flow state just upstream of the base, which is
within the region of upstream influence of the base. It can
easily be seen that the use of this second reference state not
only results in a magnitude difference, but completely hides
the drop in base pressure which occurs at near-sonic speeds.
Thus, when computing the base pressure from a set of
pressure coefficients, particular attention must be given to the
reference state of the coefficients. Since, in general, the
freestream conditions for a particular problem are known or
specified, it is desirable to use coefficients which have been
referenced to a flow state, which is outside the region of
upstream influence of the base and equal to the freestream
state.

The base pressure results presented thus far have been time-
averaged. An attempt was made to measure the fluctuating
component of the base pressure using a base-mounted
pressure transducer with a frequency response of 70,000 Hz
and a light beam oscillograph. Although the method was too
crude to obtain quantitative results, some qualitative remarks
are in order. Figure 8 shows a trace of the output signal from
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the transducer. This plot is typical of the data obtained at alt
Mach numbers. It is quite evident that the base pressure is not
constant with time, but rather exhibits rapid fluctuations
about a mean value. The fluctuations were of the same order
of magnitude as the difference between the time-averaged
base pressure and the ambient atmospheric pressure. The
magnitude of the fluctuations increased with increasing Mach
number. The frequencies of the fluctuations decreased with
increasing Mach number from approximately 2000 Hz at the
low Mach numbers to about 1000 Hz at the high Mach
numbers.

The total and static pressures on the near-wake centerline
are shown in Figs. 9-14 for six different approach Mach
numbers. In each case, the static pressure decreases from the
base pressure to a minimum value. The exact location and
extent of the region over which this minimum value occurs
depends on the Mach number of the approach flow. In
general, the minimum value occurred between 0.5 and 0.7
model diameters downstream of the base. At the lower Mach
numbers, the static pressure is essentially constant at the
minimum value over the very small region behind the base. At
the higher Mach numbers, this region becomes larger and
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approaches 0.5 model diameters in length. After the region of
approximately constant pressure, the static pressure increases
to a maximum value that is greater than the upstream
reference pressure. This maximum pressure occurs between
1.5 and 2.0 model diameters downstream of the base,
depending on the approach Mach number. Although not
shown in the plots, the static pressure for all six cases was
essentially equal to the ambient atmospheric pressure at 4
model diameters downstream of the base.

For all cases, the total pressure at first decreased slightly
from the base pressure. This slight decrease was followed by a
steady increase to a value approximately equal to the up-
stream reference pressure as the rear stagnation point is
approached. It should be noted that data points from the total
pressure probe are shown beyond the rear stagnation point in
each plot. However, since the flow did not impinge on the
probe orifice, these data points do not represent the total
pressure on the near-wake centerline.

The time-averaged rear stagnation point was located from
the plots of centerline total and static pressures. The point on
each plot where the total and static pressures are equal is the
time-averaged rear stagnation point. At this point, the
average centerline velocity is zero. Figure 15 shows the
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location of the rear stagnation point as a function of Mach
number. It can be seen that as Mach number increased, the
rear stagnation point moved downstream. For all subsonic
Mach numbers, the rear stagation point was located between 1
and 2 model diameters downstream of the base. The present
results are in agreement with those of McErlean?' for the
incompressible case.

It is interesting to note that there appears to be a second
point on each plot where the total pressure and static pressure
are equal. These points, which are very near the base, indicate
another stagnation point and the presence of a secondary
separated region. This phenomerion has been observed and
measured in two-dimensional separated flows.,

The near-wake centerline velocity distributions were
computed from the total and static pressure surveys. For all
cases, tHe maximum centerline velocity was between 35% and
40% of the freestream velocity. The location of the maximum
velocity varied from approximately 0.6 model diameters
downstream of the base for the incompressible case to about
1.0 model diameters downstream for the near-sonic case.
Figure 16 shows the centerline Mach number distributions for
six approach Mach numbers. Clearly, the recirculation region
is not a relatively stagnant region, as suggested by some in-
vestigators.
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An attempt to find a similarity expression for the near-wake
centerline velocity distribution was made. When the velocity
data were normalized with respect to the maximum centerline
velocity and plotted against distance to the rear stagnation
point, an excellent correlation was obtained for all approach
Mach numbers. A curve was fit to the data. The curve was of
the form

U /U, =sin"[x(x/x,,)"] (1)

where n=1.356915 and m =0.612949,

The data showed that the maximum centerline velocity
occurred at a location approximately 0.6 of the distance to the
rear stagnation point. Therefore, the value of n was deter-
mined such that U,./U,, . =1.0 at x/x,, =0.6. The value of
m was determined from the data by a least-squares method.
The data and the curve fit are shown in Fig. 17.

Conclusions

The turbulent near-wake of a cylindrical blunt-based body
has been investigated. The experiments were conducted in a
special wind tunnel. Model support interference in this facility
has been eliminated by incorporating an upstream sting into
the nozzle design. The experiments were conducted over the
entire subsonic Mach number range and at Reynolds numbers
between 0.1x 107 and 3.1 x107/m. The following are the
major conclusions of this study:

1) The influence of the near-wake extends at least 3 body
diameters upstream of the base. The reference condition for
normalizing near-wake data should be outside of this region
of influence.

2) The local flow adjacent to the body accelerates as the
blunt base is approached. The maximum local Mach number
at x/D= —0.167 was 3-4% greater than the freestream Mach
number.

3) The time-averaged base pressure coefficient was con-
stant at a value of —0.11 for Mach numbers between 0.0 and
0.8, with a very slight increase noted between Mach numbers
0.4 and 0.6. A rapid drop in base pressure was observed above
a Mach number of 0.8 as near-sonic speeds were approached.

4) The instantaneous base pressure was found to fluctuate
about a mean value. The frequency of the fluctuations was
found to decrease with increasing Mach number, while the
magnitude of the fluctuations increased. Frequencies between
1000 and 2000 Hz were observed. Magnitudes were
significant.

5) Significant total and static pressure gradients existed on
the near-wake centerline. The static pressure did not become
equal to the freestream static pressure until x/D >4.0.

6) The size and location of the constant pressure mixing
region was found to depend on Mach number. In general, this
region started between x/D =0.4 and 0.5. Its length increased
with increasing Mach number.
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7) The rear stagnation point was located between 1 and 2
model diameters downstream of the base. The length of the
recirculation region was relatively insensitive to changes in
Mach number for incompressible flow (M <0.3). As Mach
number increased (M >0.3), the rear stagnation point moved
downstream. The static pressure at the rear stagnation point
was slightly greater than the freestream static pressure.

8) The maximum velocity on the near-wake centerline was
35-40% of the freestream velocity and was found to occur at
x/x,, =0.6 for all Mach numbers.

9) The centerline velocity distributions in the recirculation
region exhibit similarity for all approach Mach numbers and
can be represented by a simple expression derived from a
correlation of the data.
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