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Sphere Wakes in Still Surmundings at
Intermediate Reynolds Numbers

J.-S. Wu* and G. M. Faetht
University of Michigan, Ann Arbor, Michigan 48109

' The wakes of spheres in a still environment were studied for sphere Reynolds nambers Rein the range 30-4000.
The experiments consisted of towed spheres in quiescent baths of glycerin and water mixtures. Measurements
included dye traces illuininated by a laser light sheet for visualization and laser velocimetry for streamwise
velocities. The recirculation region on the downstream side of the sphere was stable and symmetric for Re <200,
stable and unsymmetric for 200 < Re < 280, and unstable with vortex shedding for Re = 280. Three wake regions
were identified: a fast-decay region that was observed only when vortex shedding was present, followed in
succession by turbulent and laminar wake regions. Vortex shedding increased the distance to the onset of the
turbulent wake region by an order of magnitude due to the presence of the fast-decay wake region. Mean
velocities within the turbulent and laminar wake regions scaled according to classical similarity theories, with
transition between these regions at conditions where their estimates of mean streamwise velocities along the axis
were the same: this occurred at a local wake Reynolds number Re,, =~ 10. Within the turbulent wake region,
turbulence intensities along the axis were roughly 85% for Re, >70; however, as the onset of the laminar wake
region was approached, turbulence intensities along the axis were proportional to Re,’/4, which is consistent with

scaling proposed earlier for the final decay period of axisymmeitric wakes.

Nomenclature

a = velocity decay exponent in fast-decay wake region
C = constant for final decay period, Eq. (11)
Cp = drag coefficient
= sphere diameter
£ = characteristic wake width, Eq. (3)
2 = scaled characteristic wake width, Eq. (9)
R = sphere radius

Re = sphere Reynolds number, dU;/»
Re,, = local wake Reynolds number, £i./v

r = radial distance

t = time

U, = sphere velocity

(U,), = velocity scale for turbulent wake region

] = mean streamwise velocity

i’ = rms streamwise velocity fluctuation

X = streamwise distance from center of sphere
0 = initial momentum thickness of wake, Eq. (1)
v = kinematic viscosity

Subscripts

c = centerline value

cm = uncorrected centerline value

(/] = virtual origin condition

tr = transition from turbulent to laminar wake
o = ambient condition

Introduction

HE flow associated with spheres has attracted attention
due to numerous_ applications, e.g., dispersed particle-
laden flows, sprays, and rainstorms, among others. Recent
work on the production of turbulence by dispersed phases,!?
however, has shown the need for more information about the
structure of sphere wakes at the intermediate sphere Reynolds
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numbers (10 < Re < 10%) that often are encountered for drops
and particles in sprays and other dispersed flows. Particularly
important issues are the effects of turbulence and vortex shed-.
ding from the sphere on wake structure, and the range of
conditions for which such effects are observed. Motivated by
these observations, the objective of the present investigation
was to measure flow properties near spheres at intermediate
Reynolds numbers, with particular emphasis on properties
within the wake. )
Early studies of the flow associated with spheres at interme-
diate Reynolds numbers are discussed in the extensive series of
review articles by Torobin and Gauvin,? and references cited
therein. Initial work emphasized drag and flow properties near
the sphere, with later experimental and computational work
along these lines reported by Pruppacher et al.,* Rimon and
Cheng,’ and Roos and Willmarth.® Subsequently, several stud-
ies focused on the near wake of the sphere, including the
nature of the recirculation zone behind the sphere and the
characteristics of vortex shedding from this region.” !¢ These
results established that a recirculation zone begins to form at
a Re of roughly ten, that this zone grows in size as the Re
increases, and that vortex shedding.from the sphere into the
wake begins at roughly Re =300 and continues to affect near-
wake properties at higher values of Re in the intermediate
Reynolds-number regime. Within the intermediate Reynolds-
number regime, the configuration of vortices shed from the
sphere involves closed-end double-helix vortex tubes unwind-
ing from a cylindrical vortex sheet around the periphery of the
sphere, giving the appearance of a vortex stréet passing into
the sphere wake when viewed in cross section!>1¢ These results
were obtained from flow visualization, however, so there is
little quantitative information available about the effect of
vortex shedding on wake properties. :
Existing quantitative information about sphere wakes is lim-
ited largely to the turbulent wake (see Refs. 17-22 -and refer-
ences cited therein). This involved measurements in the wakes
of various axisymmetric objects far enough downstream so
that wake properties did not exhibit the periodic behavior
associated with vortex shedding and were controlled by the
drag rather than the shape of the object. These measurements
generally were completed for object (sphere) Reynolds num-
bers on the order of 104 or greater, with local wake Reynolds
numbers on the order of 10 or greater. Thus, the properties of
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wakes for intermediate Reynolds numbers, or even whether
turbulent wakes are present.for such conditions, are unknown
in spite of the importance of this Reynolds-number range for
dispersed multiphase flows."2

The present investigation was undertaken to provide new
information about the structure of the flow near spheres at
intermediate sphere Reynolds numbers. This included visual-
ization of the flow near the spheres to provide information
about the recirculation zone and vortex sshedding into the
wake, measurements of mean streamwise velocities both near
the spheres and in their wakes, and measurements of rms
velocity fluctuations along the flow. axis, extending to con-
ditions where the wakes were laminar. The experiments in-
volved spheres towed through quiescent water and glycerol
mixtures to achieve sphere Reynolds numbers in the range
30-4000. Within: both the turbulent and laminar portions of
the wakes, velocity measurements were compared with classi-
cal similarity correlations and correlations of turbulence prop-
erties in wakes,!®-? to help define conditions for the transition
between these regimes and the scaling of turbulence properties
at intermediate wake Reynolds numbers.

Experimental Methods
Apparatus

A sketch of the test apparatus appears in Fig. 1. The exper-
iment involved traversing a sphere through a still liquid bath
and observing flow properties at the center of the bath. The
liquid bath was filled to a depth of 875 mm within a windowed
tank (415 x 535 x 910 mm). The sides and bottom of the tank
were covered with insulation (not shown in Fig. 1) to minimize
natural convection disturbances, aside from small openings
needed for optical access. The viscosity of the bath liquid was
varied so that a range of sphere Reynolds numbers could be
considered using a sphere of fixed size and a modest range of
velocities.

The test sphere was a 10-mm diam plastlc ball (polished
polycarb ball, +50 um radius tolerance, sphericity within 50
um, surface roughness less than 16 um). The sphere was
mounted on a 125-um-diam stainless-steel wire which passed
horizontally through its center-and was sealed with epoxy. The
wire was mounted in tension between two struts that could be
traversed down the corners of the tank. Tests with no sphere
present showed that disturbances from the wire support system
were negligible in comparison to background disturbances.
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Fig.1 Sketch of the experimental apparatus.

Additionally, the arrangement was sufficiently rigid so that
sphere vibrations during a traverse could not be detected.

_The traversing system involved a counterbalanced mounting
plate, which could move along a linear bearing system, to
support the struts. The motion of the plate was controlled by
a stepping motor driven linear positioner (Daedal, Model 008-
2686 single-axis positioner). The positioner was programmed
so that it accelerated to the appropriate sphere velocity (147-
476 mm/s) in the first 150 mm of travel, just prior to entering
the bath. The test velocity was maintained for the next 700 mm
(300 mm beyond the measuring station) before decelerating to
a stop at the bottom of the tank in the last 150 mm of travel.
The arrangement provided test sphere velocities with an accu-
racy of 1%, based on the position indicator of the traversing
system, with velocity variations within this range for the con-
stant speed portion of the traverse.

Instrumentation
Flow Visualization

Light sheet illuminated dye traces were used to observe the
recirculation region behind the sphere and the vortex shedding
process, similar to past work 516 This was done by painting a
liquid soluble dye (Higgins drawing ink no. 4085) near the
forward stagnation point of the sphere and photographing the
dye trace after illumination by a vertical light sheet passing
through the axis of the flow. The light sheet was formed by
focusing the 488-nm line of an argon-ion laser with a spherical
lens to yield a waist diameter of 200 um, and then spreading
the beam with a cylindrical lens to illuminate a 300-mm section
along the axis of motion. The resulting dye pattern was photo-
graphed using an SLR camera (3200 ASA black and white
film) with exposure times of 1-4 ms to stop the motion of the
fluid. Visualizations shown here extend roughly +30 mm from
the center of the tank.

Laser Veloci'metry

The laser velocimeter was identical to the fixed channel
arrangement used by Parthasarathy and Faeth! and will be
described only briefly. A dual-beam forward-scatter config-
uration was used which had a measuring volume diameter
and length of 0.1 and 1.2 mm, respectively. Directional bias
and ambiguity were eliminated using a Bragg-cell frequency
shifter. The bath liquid was seeded with titanium dioxide par-
ticles (2.8 um nominal diameter) to provide data rates in the
range 0.5-2 kHz. The velocities were found from the low-
pass filtered analog output of a burst-¢ounter signal proces-
sor, using a 12-bit analog/digital converter operating at a con-
stant sampling frequency (1-4 kHz), and storing 120 k samples
per traverse.

The laser velocimeter measuring location was fixed; there-
fore, the trajectory of the sphere was traversed to observe
various points in the flow. The streamwise traverse was carried
out by the motion of the sphere itself, with distances known
from the position indicator of the linear positioner. Position-
ing accuracy in the streamwise direction was controlled pri-
marily by uncertainties of locating the center of the sphere at
the measuring volume and the time between samples, yielding
an uncertainty of 0.4 mm for each velocity determination used
during ensemble averaging. Cross-stream traverses were car-
ried out by moving the wire support points with a manual
traversing system attached to the struts, yielding a positioning
accuracy of 0.2 mm.

Measurements were carried out by ensemble averagmg Te-
sults from 20 to 120 traverses at a particular radial position
and sphere Reynolds number. The number of traverses was
selected to control the experimental uncertainties and was
large in regions where effects of vortex shedding were impor-
tant (due to large traverse-to-traverse variations of flow prop-
erties) and when rms velocity fluctuations were sought. Tra-
verses only were initiated after bath disturbances from the
previous traverse were sufficiently decayed (specified to be
a'’/U; <0.5%).
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Table 1 Test conditions?

Re Glycerin Cp
-) concentration® v, mm?2/s U, mm/s - 0, mm W) /U f
35 81 42.0 147 1.91¢ 4.88 1.9
60 81 42.0 252 1.42¢ 4.22 2.0
90 81 37.8-41.0 340-369 1.16¢ 3.81 2.3
170 76 24.0-28.0 408-476 0.86¢ 3.29 2.6
280 62 10.1-11.7 283-328 0.594 2.72 2.4
400 62 10.2 408 0.603¢ 2.75 2.0
960 50 4.8 461 0.430¢ 2.32 0.9
4000 0 1.02 408 0.381¢ 2.18 ~ 0.8

aSphere diameter of 10 mm; bath temperature variation <0.5 K during tests; #’/ U, <0.5% before tests.

bPercent glycerin in water by mass.
°Cp =24(1 + Re”/6)/Re, from Putnam.?®

dFitted from measured radial mean velocity distribution.

€Cp=0.28+6/Re” +21/Re, from Kiirten et al.?’
fBased on a fixed virtual origin at x,/6=1.

Experimental uncertainties varied. with sphere Reynolds
number and position in the wake, with measurements in the far
wake terminated when background disturbances became sig-
nificant in comparison to wake velocities. For data reported
here, uncertainties (95% confidence) of mean streamwise ve-
locities were less than 13%, and those of rms streamwise veloc-
ity fluctuations were less than 25%. All measurements were
repeatable within these ranges over a period of testing of sev-
eral months. These uncertainties are high in comparison to
conventional laser velocimeter measurements due to the rela-
tively low velocities and the ensemble averaging technique of
the present tests.

Test Conditions

Test conditions are summarized in Table 1. Here and in
the following, all velocities are relative to an inertial refer-
ence frame. The densities and viscosities of the test liquids
were measured periodically during testing with a hydrometer
and a Cannon/Fenske viscometer. Effects of bath temperature
changes on kinematic viscosities were compensated by adjust-
ing the sphere velocity to obtain the desired sphere Reynolds
number. .

Drag coefficients for the various sphere Reynolds numbers
generally were computed from correlations due to Putnam?®
and Kiirten et al.2° The one exception was Re =280, which was
at the onset of vortex shedding where existing drag correlations
were suspect; therefore, Cp at this condition was found from
the measured velocity defect in the wake. Values of the initial
momentum thickness of the wakes then were computed as
follows?!:

9 = (Cpd?®/8)" N

Wake Similarity

Turbulent Wake

It is well known that mean velocity distributions in high
Reynolds-number axisymmetric turbulent wakes become self-
preserving far from the drag-producing object. Within the
self-preserving region, mean velocities correlate reasonably
well with predictions based on a constant eddy viscosity over
the wake cross section, in spite of the crudeness of this ap-
proximation; see Uberoi and Freymuth!® and references cited
therein. Based on results appearing in Tennekes and Lum-
ley,?! this yields the following expression for streamwise mean
velocities!:

#/U, = 2.23[(x —x,)/6] =% exp(~ r2/20?) @
where the characteristic width of the wake is given by
£/ = 0.47[(x —x,)/6] ¥ €))

and x, is the virtual origin of the flow. The local wake Rey-
nolds number based on the centerline velocity and characteris-
tic wake width then becomes

Re, = tc/» = 1.0480U,/m[(x—xo)/60] " @

Re = 200 Re = 220 Re = 240 Re = 280

Fig. 2 Visunalization of near wakes for intermediate Reynolds num-
bers (Re =40-280).

Laminar Wake

Laminar wake regions also were observed during the exper-
iments. Streamwise mean velocities in this region are given by
classical similarity analysis, as follows?3:

/U, = [0°U,/4v(x —x, )| exp(—r?/2£?) ®)

where
/0 = [2v(x —x,)/0°U ] * (6)
From Egs. (5) and (6), the local wake Reynolds number based

on the centerline velocity and the characteristic width in the
laminar wake regime becomes

Re,, = lit./v = 02[U2 /8% (x —x,)| * 0

The mean velocity # has been used in Egs. (5-7), even for a
steady laminar flow, because present values were obtained as
ensemble averages which were influenced to some extent by
background disturbances in the bath.

Results and Discussion

Near- and Fast-Decay Wake Regions

Photographs of the light-sheet illuminated dye traces for
sphere Reynolds numbers in the range 40-280 appear in Fig. 2.
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This range is representative of conditions where vortex shed-
ding is not present, Re <240, up to conditions where vortex
shedding just begins, Re = 280. In the region where they over-
lap (Re <200), present observations are very similar to those
Nakamura®® for freely falling spheres, except for minor effects
due to different methods of introducing the dye. This suggests
that the present horizontal wire support did not have a signif-
icant effect on flow properties near the sphere. For
20 < Re <200 (the former being the lowest value considered),
a stable and symmetric recirculation zone is attached to the
downstream side of the sphere, with the size of the recircula-
tion zone progressively increasing as Re increases. Within this
region, present measurements of the angle between the attach-
ment points of the recirculation region were in good agreement
with measurements for freely falling spheres due to Naka-
mura.'’ Throughout this region, dye traces leaving the down-
stream end of the recirculation zone were smooth and gave
little evidence of unsteady or turbulent-like behavior over the
region where they could be seen. For 20 < Re <240, the recir-
culation zone still remained attached and stable; however, it
generally was no longer symmetric. Additionally, the dye trace
leaving the recirculation zone remained along the axis and was
only slightly more irregular than for Re <200. As is evident
from Fig. 2, however, this behavior changed significantly at
Re =280 where vortex shedding began. Typical of behavior at
higher Re, where effects of vortex shedding on wake proper-
ties were very significant, the recirculation zone was very un-
symmetric and the dye trace leaves the recirculation zone near
its edge.

As noted earlier, the wake flow changed at Re =280 so that
the recirculation zone was no longer stable and vortex shed-
ding began. This observation is in good agreement with re-
sults for freely falling spheres, suggesting small effects of the
wire support on the vortex-shedding process. For example,
Magarvey and MacLatchy® and Goldberg and Florsheim!© re-
port Re =300 and 270, respectively, for this transition for
freely falling spheres. Dye traces at higher Reynolds numbers
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Fig. 3 Mean streamwise velocities along the wake axis (Re = 400-
4000).
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Fig. 4 Mean streamwise velocities along the wake axis (Re = 35-280).

were similar to the observations of others,'%!¢ with increas-
ing sphere Reynolds numbers yielding dye traces having finer
scaled features and a large-scale back and forth distortion
of the dye traces that is consistent with the double helix vor-
tex tube structure thought to represent the vortex-shedding
process. 6

Streamwise mean velocities along the wake axis are illus-
trated in Fig. 3 for conditions where vortex shedding has a
strong effect on mean velocities (Re =400, 960, and 4000) and
in Fig. 4 for conditions where effects of vortex shedding are
either weak (Re =280) or absent (Re =35, 60, 90, and 170).
The results are plotted as a function of x/6 [or (x —x,)/6 with
X,/8=1 as described later], so that they can be related to
the similarity expressions for turbulent and laminar wakes,
Egs. (2) and (5). The measurements on the plots begin close to
the rear stagnation point of the sphere, x/d in the range
0.5-1.0, and are ended when wake velocities become too low
for accurate measurements.

The first feature evident from the results illustrated in
Figs. 3 and 4 is the increase of velocity with increasing distance
very near the sphere. This behavior is caused by deceleration of
the backflow along the axis of the recirculation zone as the
sphere is approached. The maximum velocity along the axis,
however, is reached relatively close to the sphere, at (x —x,)/8
of 4-6 or x/d =1.4+0.2, with the maximum tending to ap-
proach the sphere when the recirculation zone becomes smaller
as Re decreases.

When vortex shedding is present, Re =280, mean velocities
along the axis initially exhibit a more rapid decay than far-
ther into the wake (cf. Figs. 3 and 4). The rate of decay in this
region tends to decrease as Re decreases toward the onset of
vortex shedding. For example, if #t/U; ~x~¢ in the fast-decay
wake region, maximum values of ¢ are 1.8, 1.7, 1.6, and 1.2
for Re =4000, 960, 400, and 280, respectively. Thus, the
strength of the vorticity being shed from the sphere affects the
enhancement of near-wake mixing rates.
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Turbulent Wake Region

The end of the fast-decay wake, and regions behaving like
turbulent and laminar wakes, were identified using the classi-
cal similarity expressions of Eqs. (2) and (5). It was found that
laminar wake behavior was in good agreement with Eq. (5),
after choosing x,/6=1; therefore, these correlations are en-
tered directly for Re in the range 35-280 where laminar wakes
were observed (Fig. 4). Additionally, the turbulent portions of
the wakes were in fair agreement with Eq. (2) using the same
value of x,/6 when eddy shedding was absent; however, the
plots were offset when eddy shedding was present due to the
influence of the fast-decay wake region on the virtual origin.
Thus, to display results for the various wake regimes, with no
change of virtual origin, a generalized correlation for the tur-
bulent wake region was developed from Egs. (2) and (3) as
follows:

/Uy = (U,)1/ Us [(x — X,)/6] =% exp(—r?/2£2) ®
where
0/0 = [Us/2(Us )] " [(x —x6)/8] ¥ ©)

The values of the parameter (U, ),/ U; were selected to provide
the turbulent wake fits illustrated in Figs. 3 and 4 and are
summarized in Table 1. The parameter (U,),/U,=2.23 for
exact agreement with Eq. (2): present measurements agree with
this estimate for Re <400, with an average value and standard
deviation of 2.2 and 0.3. Results at Re = 960 and 4000 exhibit
lower values of (U, ),/ Us, near unity, which are consistent with
the value of 0.9 found for the turbulent wake of a sphere at
Re =8600.17

The results plotted in Fig. 3 indicate that the turbulent wake
region is reached at x/8 =200 for Re =960, which corresponds
to x/d in the range 40-50. This is comparable to other observa-
tions of the onset of fully developed turbulent wake properties
for spheres and other blunt objects for Re > 1000 (which in-
volve vortex shedding from the object).!”"!° In contrast, when
vortex shedding is absent, Fig. 4 for Re <170, the onset of the
turbulent wake region is reached at (x —x,)/0 <4, which corre-
sponds to x/d =1.7-2.5; this is comparable to Chevray’s?
observation of a rapidly developing turbulent wake behind a
slender spheroid at Re = 458,000 (based on the body diameter)
for conditions where vortex shedding also is absent. Chevray®
also points out that his behavior agrees with Townsend’s3°
prediction that the self-preserving turbulent wake should de-
velop rapidly if production of turbulence within the separation
region is small, i.e., stronger turbulence production in the
presence of vortex shedding both enhances mixing rates in the
fast-decay wake and causes the onset of the turbulent wake
region to be deferred. Conditions at Re =400 and 280 (Figs. 3
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Fig. 5 Correlation of radial profiles of mean streamwise velocities in
_ the turbulent wake region.

» and 4) represent intermediate behavior as the onset of vortex

shedding is approached; at Re =400, onset of the turbulent
wake region occurs near x/6=300 or x/d=80 while at
Re =280, onset occurs near x/6=20 or x/d =5. It is not sur-
prising that x/d for onset of the turbulent wake becomes
smaller as the onset of vortex shedding is approached; how-
ever, additional study is needed to establish that different rel-
ative rates of decay of vortices shed from the sphere and devel-
opment of turbulence yield a maximum in the streamwise
distance required to develop a turbulent wake structure for
Re <10°.

For Re <280, the measurements extended far enough so
that a laminar wake region scaling according to Eq. (5) was
reached (see Fig. 4). It is seen that the transition from turbu-
lent to laminar wake behavior occurs where the two similarity
expressions for &./U; cross Eq. (2) for the turbulent wake
because (U,),/ U, =2.23 for this range of Re and Eq. (5) for
the laminar wake. Thus, an expression for the transition condi-
tion can be obtained by equating Eqs. (2) and (5) to yield

(X ~ X, )u/0 = 1.41 X 10~3(0U, /»)* (10)

where this expression only has been established for Re <400.
Substituting Eq. (10) into either Eq. (4) or Eq. (7) yields a wake
Reynolds number at transition from the turbulent to laminar
wake regimes of Re,, =9.4. Tennekes and Lumley?! note that
this transition should take place for Re,, on the order of unity.
This is not in disagreement with present findings in view of the
somewhat arbitrary selection of velocity and length scales in
the definition of Re,, and the range of (x —Xx,)/0 required to
complete transition from turbulent to laminar wake behavior.

The radial profiles of mean streamwise velocities in the
turbulent wake region are illustrated in Fig. 5. In addition to
present measurements, results from Uberoi and Freymuth!?
for a sphere having a Re = 8600 and Chevray?® for a slender
body having a Re =458,000 (which involve conditions where
vortex shedding is present and absent, respectively) are shown
on the plots. Variations of the virtual origin are handled by
scaling in terms of (U,),/ U, through Eqs. (8) and (9) as before.
The value of (U,),/U; =0.9 for the measurements of Uberoi
and Freymuth,!° which is comparable to present results when
effects of vortex shedding are strong, as noted earlier. The
higher value of (U,),/U; =3.0 for the measurements of Chev-
ray?° is typical of present measurements when vortex shedding
is either absent or weak; see Table 1.

All of the results illustrated in Fig. 5 are seen to be reason-
ably correlated with each other and with the Gaussian velocity
distribution function found from simplified similarity theory
for the self-preserving turbulent wake.?! Present measure-
ments are identified by x/d but they extend over the full range
where @i,/ U; agrees with turbulent wake scaling in Fig. 4. Thus,
results illustrated in Fig. 5 extend from Re,, > 90 for measure-
ments from Refs. 19 and 20 down to Re,, =~ 10 near transition
to laminar wake behavior for the present measurements, with
effects of vortex shedding both present and absent. Clearly,
mean velocity distributions within turbulent wakes generally
are independent of these factors, after appropriate definition
of a virtual origin or a velocity scale like (U,),.

The relative insensitivity of mean velocities within turbulent
wakes to the specific properties of the turbulence are high-
lighted by considering streamwise rms velocity fluctuations
along the axis. These results are plotted in terms of the tur-
bulence intensity at the axis (&’/#). as a function of x/d in
Fig. 6. The measurements of Uberoi and Freymuth!® are
shown in the figure, along with present measurements for Re
in the range 280-4000 (present measurements were not feasible
at lower values of Re because excessive numbers of traverses
were required to establish reliable values of @). Results for the
full range of x/d of the measurements are illustrated with the
portion in the turbulent wake region (or the fully developed
turbulent wake region identified in Ref. 19) denoted by solid
symbols. These results have not been corrected for back-
ground disturbances due to uncertainties about these effects in
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the strongly directed near-wake region. Outside this region,
the corrections are small except for the latter parts of the
wakes for Re <960; corrected results for the turbulent wakes
will be considered subsequently.

Present measurements of (&’ /&), within the turbulent wake
region at Re =4000 are in reasonably good agreement with
Uberoi and Freymuth!® in Fig. 6: turbulence intensities are
nearly constant at roughly 85% and the onset of this regime is
in the range x/d =40-60. Thus, within this regime, @}
~(x—x,)"% from Eq. (2) as observed during a number of
past studies. For Re =960, however, turbulence intensities in
the turbulent wake region progressively decrease with decreas-
ing Re; nevertheless, even though these turbulence intensities
are low in comparison to high Reynolds-number turbulent
wakes, they still are comparable to values found in the actively
turbulent flows, e.g., near the axis of turbulent jets and pipe
flows.21:22 Additionally, at these lower Reynolds numbers,
there is a tendency for the turbulence intensity to decrease with
increasing distance; this is particularly evident beyond the ini-
tial development region for Re =280 (i.e., x/d =40) where
present measurements captured an extended turbulent wake
region. Such behavior is expected as the turbulent wake decays
toward transition to the laminar wake region and will be con-
sidered in more detail later.

Effects of vortex shedding on turbulence intensities in the
near wake region also can be seen from the results plotted in
Fig. 6. For present measurements at Re = 4000, the turbulence
intensity reaches a peak near x/d =10, due to strong effects of
vortex shedding, and then decreases as the vortex pattern de-
cays; subsequently, the development of wake turbulence
causes the turbulence intensity to increase again and finally
become nearly constant in the self-preserving wake region (this
latter portion corresponding to behavior seen by Uberoi and
Freymuth'? at comparable Re). With strong effects of vortex
shedding at low Re, e.g., Re =960 and 40, the peak in turbu-
lence intensity due to vortex shedding still is evident near the
sphere; however, the intensity subsequently decays monotoni-
cally to conditions in the turbulent wake region. For Re =40,
the maximum turbulence intensity due to vortex shedding is
largest in comparison to values in the turbulent wake region,
roughly 2.5 times larger; thus, the greater decay required to
reach turbulent wake conditions probably accounts for the
larger x/d required to reach self-preserving turbulent wake
conditions, as noted earlier. Finally, when vortex shedding is
weak (Re =280) there is no peak in the turbulence intensity

prior to the turbulent wake region and the onset of this region
(with respect to the mean velocity distribution) occurs close to
the sphere. However, turbulence still develops near the sphere,
reaching a maximum intensity near x/d =40, which is repre-
sentative of the development region for high Reynolds-number
turbulent wakes.!®

The character of the decay of turbulence during approach to
transition from turbulent to laminar wake behavior (with re-
spect to mean velocities) is illustrated in Fig. 7. Present data on
this figure has been corrected for ambient disturbances in the
usual manner, i.e., #,2= /2 — %, where @172 is the initial mea-
sured value and #.2 is the bath disturbance level prior to
traversing the sphere. The results involve turbulence intensity
at the wake axis plotted as a function of the local wake Rey-
nolds number. The findings of Carmody!” and Uberoi and
Freymuth!® a high wake Reynolds numbers are shown on the
plot along with present results at moderate wake Reynolds
numbers. These measurements involve fully developed turbu-
lent wake conditions observed at x/d =40 for Uberoi and
Freymuth'® and present tests, and at x/d = 15 for the high Rey-
nolds-number results of Carmody.!

Taken together, the results illustrated in Fig. 7 suggest a
reasonable correlation of wake turbulence properties in terms
of the wake Reynolds number. For Re,, > 70, turbulence inten-
sities along the axis are nearly constant with @/, in the range
0.85-0.92. At lower wake Reynolds numbers, however, turbu-
lence intensities rapidly decrease (in terms of Re,,) in the final
decay period as conditions for transition to a laminar wake are
approached. Several proposals for the decay of turbulence
energy in the final decay period have been made®-2"; present
results are in reasonable agreement with estimates for axisym-
metric wakes,”-” where &1’2~¢ =52, Noting that x ~ U,z for the
fully developed turbulent wake region (x/d =40) then yields
the following relationship between turbulence intensity and
local wake Reynolds number, using Eqs, (2) and (4):

(@' /#). = C Rej}* (11)

The best fit of present data (10<Re, <30) yields C=1.3
% 103 with a standard deviation of 4x 10-4.

The best-fit correlation of Eq. (11) is plotted in Fig. 7, where
it is seen to provide a reasonable fit of present measurements
for various values of Re and 10=<Re,, <30. If the same decay
law was adopted from the laminar wake region, Egs. (5) and

" (7) yield (@), ~ Re,}?, which implies a much slower decay rate in

terms of Re,, for laminar than turbulent wakes. Unfortunately,
experimental evaluation of the transition of velocity fluctua-
tions from turbulent to laminar wake behavior was not possi-
ble due to limitations of experimental uncertainties. Finally,
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Fig. 7 Streamwise turbulence intensities along the axis as a function
of wake Reynolds number in the turbulence wake region (Re =280
~71,000).
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Fig. 8 Correlation of radial profiles of mean streamwise velocities in
the laminar wake region (Re =90-280).

the alternative final decay behavior proposed by Tan and
Ling,?® 22~ ¢ -2, yields (&’ /i), ~ Re? and Re,, in the laminar
and turbulent wake regions, the latter implying a much slower
rate of decay than present observations.

Laminar Wake Region

The radial profiles of mean streamwise velocities in the lam-
inar wake region are illustrated in Fig. 8. Results are shown
for Re =90, 170, and 280 for x/d in the range 50-120, plotted
according to the similarity relationships of Egs. (5) and (6)
with x, /6 =1. The measurements do not extend to the edge of
the flow because low velocities in this region precluded results
within the experimental uncertainties specified earlier. Over
the range considered, however, the measurements agree with
Egs. (5) and (6) within experimental uncertainties in spite of
the relatively high turbulence levels and the slow rate of decay
of turbulence. An explanation for this behavior is that tur-
bulence in the final decay period is not connected over the
flow cross section similar to high Reynolds-number turbulent
wakes; instead, it involves noninteracting localized regions
of decaying turbulence (called turbulence spots, stratified tur-
bulence, or dilute vortex streaks).?*?’ The absence of connect-
edness prevents mixing (entrainment or engulfment of ambient
fluid) by large-scale turbulence structures that extend over a
significant portion of the width of the wake, characteristic of
high Reynolds-number turbulent wakes. Then, the overall
mixing is dominated by laminar viscous effects so that mean
velocity distributions adjust accordingly with the decaying tur-
bulence spots only mildly affecting flow properties.

Conclusions

The major conclusions of the study are as follows:

1) The properties of the recirculation zone on the down-
stream side of the sphere were similar to earlier observa-
tions”-16: the recirculation zone was stable and symmetric for
Re =200, stable and unsymmetric for 200 < Re < 280, and un-
stable with vortex shedding present for Re =280.

2) The wakes exhibited three regions: a fast-decay wake
region near the sphere that only was observed when vortex
shedding was present, followed in succession by turbulent and
laminar wake regions.

3) Mean velocities within the turbulent wake region scaled
according to similarity predictions for self-preserving turbu-
lent wakes, Eqs. (2), (3) or (8), (9), even though turbulence
intensities along the axis varied in the range 10-85% and vor-
tex shedding was present or absent. The main effect of vortex
shedding on the turbulent wake region was to defer its onset,
by an order of magnitude, due to the presence of the fast-decay
wake region.

4) Transition from the turbulent to the laminar wake region
occurred where similarity estimates of mean streamwise veloc-

ities along the axes for laminar and turbulent wakes were the
same, Eq. (10). This corresponded to Re,, =~ 10.

5) Within the fully developed turbulent wake region (x/d
=40), (u'/n). =85% for Re, >70, typical of high Reynolds-
number axisymmetric wakes; however, as conditions for tran-
sition to laminar wakes were approached, (&'/&t). ~Rel/*,
which is consistent with the final decay period of turbulence in
axisymmetric wakes.2527 ‘ ;

6) Even though velocity fluctuations in the laminar wake
region were significant, mean velocity distributions scaled
according to laminar similarity predictions, Egs. (6) and (7).
This is plausible because turbulence in the final decay pe-
riod involves isolated turbulent spots so that overall mixing is
not controlled by the connected large-scale structures found
in turbulent wakes; instead, mixing is dominated by laminar
viscous effects and the mean velocity distributions adjust
accordingly.
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