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Wakes of Four Complex Bodies of Revolution
at Zero Angle of Attack

Veysel Atli*
Istanbul Technical University, Istanbul, Turkey

The wakes of four complex bodies of revolution were investigated experimentally with a constant-temperature
hot-wire anemometer. All tests were performed at a low Mach number (M., = 0.1) and zero angle of attack.
Mean and turbulence velocity profiles were obtained along and across the wakes. The structure of the
axisymmetric wake and the effects of the geometric differences of the models on their wakes were investigated.

Nomenclature

d = maximum diameter of the model

i = total length of the model

i/d = fineness ratio of the model

M, = Mach number

Rey = [ = (V.d)/v} Reynolds number based on the
freestream conditions and the maximum body
diameter

Ve = freestream velocity

14 = mean velocity

(Ved) = mean velocity in the x direction on the wake
centerline

(Vie)max = maximum reverse flow velocity in the x direction

- on the wake centerline in the recirculation region

(v5%)" = rms turbulence in the x direction

v = [ = (v£2)"/V,] rms turbulence in the x direction,
normalized with V,,

(v/$)” = rms turbulence in the x direction on the wake
centerline

0 = [(v/8)"/ V] rms turbulence in the x direction, on
the centerline of the wake, normalized with V,,

s =[=(v/#)"/1V,¢|] rms turbulence in the x
direction, on the centerline of the wake,
normalized with | V¢ 1

x = distance from the base of the model in the
freestream direction

Xsp = length of the recirculation region (distance from
the base to the near stagnation point)

= angle of attack

v = kinematic viscosity of air

Subscripts

& = on the wake centerline

max = maximum value

X = in the x direction

o = freestream conditions

I. Introduction

HE flow separation aft of a blunt-based body of revolu-

tion at zero angle of attack creates an axisymmetric wake

just behind the body. This region strongly affects the aerody-

namic characteristics of the body, and it is therefore desirable
to investigate this wake in detail. -

The wake is the most complex part of the flowfield and may

be divided into the recirculation region, the free-stagnation
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point, and the far-wake region. The structure of the wake
depends on many parameters such as the geometric form of
the body, Reynolds number, and Mach number.

Many experimental works already have been devoted to this
problem because of its practical importance. Delery and
Sirieix! outlined the problem and gave a large list of the
literature. References 2-7 represent only some of the recent
experimental works. Calvart? made mean velocity, turbulence,
and static pressure measurements in the wakes of several cones
(including a disk and a cylinder) with different cone angles and
showed that the wakes of these types of bodies at zero angle of
attack are all essentially similar with the form of the near-
wake in a closed bubble. Merz et al.? investigated the effect of
Mach number on the turbulent near-wake of a cylindrical
blunt-based body at the entire subsonic Mach number range
by using a special wind tunnel and a standard Prandtl pitot-
static probe. Gai and Patil,* Gai and Kapoor,® and Porteiro et
al.” have tested some techniques to reduce the base drag by
modifying the wake. However, these and other works gener-
ally have considered simple bodies of revolution such as cones
or ellipsoidal-nosed cylinders. Moreover, the detailed struc-
ture of the wake (especially the turbulence structure of the
near-wake region) and the effects of body geometric parame-
ters on it are not obvious, even for the simple-type bodies of
revolution.

The purpose of this work is to extend our knowledge about
the structure of the axisymmetric wake and the effect of the
geometric form of the body on it. For this purpose, the wakes
of four complex bodies of revolution at zero angle of attack
and at a low subsonic velocity were tested by using a constant-
temperature hot-wire anemometer. The mean and turbulence
velocity profiles both along and across the wake were ob-
tained. Turbulence is treated as the time-averaged rms fluctu-
ating velocities in the present work.

Descriptions of the models and the experimental techniques
are presented in Sec. I1. The results and discussion are given in
Sec. III. The conclusion is presented in Sec. IV. A more
detailed description of the current work can be found in
Ref. 8.

II. Description of the Models and
Experimental Technique

The models used for tests are shown in Fig. 1. All of the
models had the same fineness ratio //d = 7.5. The geometric
forms of the models were chosen in such a way as to permit the
observation of the effects of the certain geometric differences
on the structure of the wake. Whereas the first model is a
constant-diameter cylinder, the last one has a geometric shape
of a particular missile, with junctions, gaps, and flat nose,
consisting of cylindrical and conical parts. The other models
have the forms in-between the first and last one, so that the
second one is a hemiellipsoid nose-cylinder and the third one
a truncated cone nose-cylinder.
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All of the tests were conducted at zero angle of attack, o = 0
deg, in an open-circuit, low-speed wind tunnel with a closed
test section of 30 x 30 x 100 cm. The freestream velocity
Ve was 25 m/s with the freestream turbulence intensity
(vi2)"/ Ve =0.5%. The Reynolds number Re, (= V..d/»)
was 1.16 x 10°. A DISA 55M10 hot-wire anemometer (CTA)
with a 55D2S auxiliary unit, 55D31 digital voltmeter, 55D35
rms unit, 55D15 linearizer (with 52A40 power supply); a
traversing mechanism with 52C01 external stepper motor,
52B01 sweep drive unit; a standard-type hot-wire probe (P01)
of DISA; and two X-Y recorders (for recording the mean
velocity and turbulence velocity outputs of the anemometer)
were used to measure the wake velocities. In these tests, for
each model, first a traverse along the centerline of the wake
was made, followed by the cross traverses at several longitudi-
nal stations. Hence, the mean and turbulence velocity profiles
both along and across the wake were obtained. These profiles
were analyzed in detail. The positional accuracy of the probe
traverse was =+ 0.1 mm.

III. Results and Discussion

The mean velocity distributions along the centerline of the
wake for all the models are presented in Fig. 2. The length of
the recirculation region is about 1.1 times the maximum body
diameter (x,, = 1.1d) for all of the models. Reverse flow on
the centerline of the wake in the recirculation region reaches
its maximum velocity at a distance from the base of about
60% of the length of the recirculation region. The maximum
velocity of the reverse flow on the centerline of the wake
(V¢ Jmax Tanges from 25 to 35% of the freestream velocity V,,
(25% for model 2 and 35% for model 4), depending on the
model configuration. It seems that the geometric complexity
at the rear part of the body causes an increase in the reverse-
flow velocity. As seen from Fig. 3, the mean velocity distribu-
tions along the centerline of the wake in the recirculation
region for all of the models are consistent with those of Merz
et al.’ obtained experimentally for a cylinder in the entire
subsonic Mach number range.

The velocity fluctuations (turbulence velocity) on the center-
line of the wake were expressed in terms of freestream velocity
and local mean velocity as v; = (v/£)"*/ V. and v, = (v/¢)"/
[ Ve |, respectively. Figure 4 shows the variation of v; along
the centerline of the wake for all of the models. As seen from
this figure, v; attains its maximum value before the midpoint
of the distance between the base and free-stagnation point and
just after the free-stagnation point. It also receives its mini-
mum values near the base and near the free-stagnation point.
Figure 5 shows the variations of v, along the wake centerline
for all of the models. As shown in this figure, v,
has two maximum points: one near the base and the other near
the free-stagnation point. It has a minimum point near the
midpoint of the distance between the base and the free-stagna-
tion point. It decreases continuously in the far-wake region
along the centerline of the wake. Since v, expresses the local
unsteadines of flow, it is observed from this figure that the
wake near the base and the free-stagnation point is less steady
than the rest of the wake. The variations of v, and v, obtained
in this work are similar to those obtained by Calvert? for
cones, plate, and cylinder.

Although the original hot-wire signal has no directional
information, flow reversal in the near-wake may be inferred
from the abrupt change in the magnitude of the signal at the
edge of this region. Figure 6 shows flow reversal to be stronger
in the near-wake of model 4 than in other configurations. This
fact may be because of the diverging conical shape of the rear
part of model 4. The very broad wake region at large x/d for
model 1 may be attributed to flow separation at the sharp
leading edge of the body. -

Figure 7 shows the turbulence [vy = (v12)"/V.] profiles
across the wake at several longitudinal stations for all of the
models. As shown in this figure, the maximum turbulence in
the wake takes place on an approximately cylindrical surface
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Fig.2 Mean velocity distribution along the centerline of the wake for
all of the models.

around the wake centerline, which extends toward the free-
stagnation point where it diverges and reaches its highest value
(vy = 15%) on a circle around the free-stagnation point with a
radius of 0.6 times the maximum radius of the body. One
might also identify another maximum turbulence surface in
the recirculation region. This conical surface converges from
the base toward the free-stagnation point. It is clear that the
geometric complexity at the rear part of the body (as model 4)
increases the turbulence in the recirculation region, whereas
the flow separation at the front part of the body (as model 1)
increases the turbulence at the edge of the wake. This fact may
be important from a practical point of view. For instance, the
increase in turbulence in the recirculation region can increase
the base pressure due to the enhanced mixing between the
recirculation and the outer regions.

The mean and turbulence velocity profiles across the wake
for model 4 are plotted together in Fig. 8. The points that were
observed from Figs. 6 and 7 may be seen more clearly in
Fig. 8. In addition, the maximum points on the turbulence
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Fig. 4 Longitudinal variations of velocity fluctuations in terms of
percentage of freestream velocity for all of the models.
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percentage of the local mean velocity on the wake centerline for all of
the models.
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Fig. 6 Mean velocity profiles across the wake at several stations for all of the models: ¢, model 1; ®, model 2; a, model 3; x, model 4.

profiles correspond to the points on which the mean velocity
gradient has the maximum values.

IV. Conclusions

The wakes of four complex bodies of revolution were inves-
tigated experimentally at a low Mach number (M, = 0.1) and
zero angle of attack by using a constant-temperature hot-wire
anemometer. The effect of body shape in the wake structure
was examined, and the following observations were made:

1) All wakes have a recirculation region between the base
and the free-stagnation point and a far-wake region after the

free-stagnation point.

2) The length of the recirculation region is about 1.1 times
the maximum body diameter (x,, = 1.1d) for all of the mod-
els.

3) The reverse flow on the centerline of the wake in the
recirculation region reaches its maximum velocity at a distance
from the base of about 60% of the length of the recirculation
region. The geometric complexity at the rear part of the body
causes an increase in the reverse-flow velocity; thus, the max-
imum velocity of the reverse flow on the centerline of the wake
ranges from 25 to 35% of the freestream velocity (25% for
model 2 and 35% for model 4).
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Fig. 7 Turbulence profiles across the wake at several stations for all of the models: o, model 1; @, model 2; 2, model 3; x, model 4.
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Fig. 8 Mean velocity and turbulence profiles across the wake at several stations for model 4: o, mean velocity profiles; x, turbulence profiles.

4) Two local maxima of the ratio of the rms of turbulence
on the wake centerline to the freestream velocity lie before the
midpoint of the distance between the base and the free-stagna-
tion point and just after the free-stagnation point. The mini-
mum values are near the base and the free-stagnation point.

5) The ratio of the rms of turbulence on the wake centerline
to the local mean velocity has two maxima: one near the base
and the other near the free-stagnation point. This means that
the wake near the base and the free-stagnation point is less
steady than the rest of the wake.

6) The mean velocity profiles across the wake for the near-
wake region have peak values greater than the freestream
velocity just before leaving the wake (in the free-shear layer)
unlike the mean velocity profiles of the far-wake region.

7) The geometric complexity at the rear part of the body

affects the recirculation region, as evidenced by an increase in
the mean velocity and turbulence, whereas large flow separa-
tion at the front part of the body affects the wake outside the
recirculation region, making the wake larger and increasing
turbulence but decreasing the mean velocity at the edge of the
wake.

8) There is an approximately cylindrical surface around the
wake centerline on which turbulence reaches its highest value
in every cross section of the wake. Another maximum turbu-
lence surface might be identified in the recirculation region.
This conical surface converges from the base toward the free-
stagnation point.

9) The maximum points on the turbulence profiles across
the wake correspond to the points on which the mean velocity
gradient has the maximum values.
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