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In this paper we compare the wakes of various bluff bodies in a stratified fluid at moderately high
Froude numbers (F[2UB /ND.8) and Reynolds numbers~Re'5000!. The size and amplitude of
the long-lasting wakes clearly depend on the shape of the bluff body, the wake width being small for
a streamlined object and large for an object with sharp edges. However, the wake width can be
collapsed when it is normalized by an effective diameter based on the drag force, often called the
momentum thickness. General laws for the wake width, the velocity defect, and the Strouhal number
are thus deduced and fit the data well. Finally, the cross-fluctuations of the velocity and the turbulent
kinetic energy are analyzed. Their amplitudes and widths are proportional to those of the mean
profile. Thus, the wake remembers only the momentum flux given by the bluff body to the fluid and
not any other aspects of its geometry. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1630053#

I. INTRODUCTION

Interest in stratified flows comes primarily from geo-
physical applications, due to the stratification of atmosphere
and oceans. One focus concerns the effect of a stable strati-
fication on homogeneous turbulence,1–3 while another con-
centrates on the evolution of wakes in stratified flows,4,5 es-
pecially for spheres.6–8All these results were obtained in the
presence of a strong stratification, i.e., for small Froude num-
bers. For the wake flows, the Froude number is defined by
F[2UB /ND, whereD is the diameter of the body,UB the
towing velocity, andN5(g/r)1/2(]r/]z)1/2 the buoyancy~or
Brunt–Väisälä! frequency. For high Froude numbers, the ef-
fect of the stratification is negligible at early stages. How-
ever, since in wakes and in decaying turbulence the velocity
decreases with time, the local Froude number will eventually
approach 1 and the buoyancy effects can no longer be ne-
glected. A global mechanism for weakly stratified wakes was
proposed9 for spheres at high Reynolds numbers~Re.4000!
and can be decomposed into three stages.

In the first stage, the wake possess high velocities and
creates a three-dimensional~3-D! flow, equivalent to that of a
nonstratified fluid.10–12 The velocity follows a power law in
time scaling with a decay exponent22/3 and the duration
(NDt'2) of this stage is fairly independent of the type of
wake, in agreement with the general results of stratified
turbulence.3 In units of downstream distance, the duration of
this stage increases withF (Dx/D'F) and the second stage
will never occur for infinite Froude numbers, leaving the
wake in a three-dimensional state as in the case of nonstrati-
fied fluids.

The second stage starts as soon as the buoyancy cannot
be neglected, which removes vertical velocities. The flow

becomes more laminar and organizes into flat horizontal vor-
tices. The fluctuations of density, created by the first stage,
collapse since they are no longer maintained by vertical ve-
locity fluctuations and potential energy is transformed back
into kinetic energy. This mechanism limits the decay of the
velocity defect, whose exponent has been determined experi-
mentally to be close to20.25. This stage is a nonequilibrium
phase~NEQ!, where the flow transitions from the initial 3-D
regime to a last stage.

In the third stage, the wake begins to diffuse in the ver-
tical direction again,13 perhaps due to some kind of Ekman
pumping. This enhances the decay of the velocity defect,
although the wake is still very coherent. The decay exponent
was found to be close to the 3-D case~22/3! and not to the
2-D case~21/2!, although the flow is very close to two-
dimensional. This regime is thus named quasi-two-
dimensional~Q2-D!.

The presence of the second stage slows the decay of the
velocity defect and the stratified flows are thus known to
preserve the wake for longer times than in the absence of
stratification. In nonstratified flows, Bevilaqua and
Lykoudis10 have shown that there can be a memory of the
initial conditions in turbulent bluff body wakes, i.e., that the
structure of the flow depends on the shape of the bluff body.
The objective of this paper is to examine the effect of body
geometry on the intermediate and late wake structure. The
goal is both to determine the possibility of a long-term
memory in the stratified wake, and to determine one specific
set of rescaling parameters if such parameters are found.

II. EXPERIMENT AND ANALYSIS

The experiment has been described in detail in previous
papers,8,9 and only the main features of the apparatus, and of
the data acquisition and treatment are outlined here.
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A. Experimental setup

The tank of dimensions 3803244 cm2 is filled up to a
height of 20 cm with stably stratified salted water, whose
linear density gradient creates a buoyancy frequencyN
5(2g/r0)1/2(]r/]z)1/2'2 s21. A bluff body is towed at
mid-height of the tank between three guide cables, using
three thin towing cables under a strong tension. This setup
prevents any oscillation of the body and the disturbances
from the wire wakes are negligible. The bluff body is towed
at a velocityUB along thex axis, while thez axis is aligned
with the vertical, as shown in Fig. 1. To investigate the in-
fluence of the shape of the body, several objects are used: a
sphere for comparison with previous results, two slender ob-
jects such as a 6:1 cylinder and a 6:1 prolate spheroid, a disk

perpendicular to the towing direction, a hemisphere whose
flat face is turned backward and a cube with edges parallel to
the axis~see Fig. 1!. The diameterD of the bluff bodies~D
being the size of the edges for the cube! was equal to 1.3 or
2.5 cm. These three quantities lead to two nondimensional
parameters: the Froude numberF[2UB /ND was equal to 8
or 32 and the Reynolds number Re[UBD/n ~n is the kine-
matic viscosity! was always close to 5000. In this paper we
focus on the shape of the bluff body, which can be charac-
terized by a third parameterA,14 or by measuring its drag
coefficient in a nonstratified fluid.

B. Definition of the flow characteristics

The evolution of the wake is analyzed by customized
particle image velocimetry measurements, by introducing
small reflecting particles with the density of the middle
isopycnal. Digital images are analyzed by the correlation im-
age velocimetry algorithm15 to estimate instantaneous hori-
zontal velocity fields (u,v) with dimensions 79356 cm2.
The vertical component of the vorticityvz5]v/]x2]u/]y
is shown in Fig. 2 for the prolate spheroid as a function of
time. The vorticity fields are qualitatively similar for other
objects~the case of the sphere being extensively shown8,9!
and reveal the presence of coherent alternate vortices, whose
size increases due to merging. Such a behavior has been
already revealed by dye visualizations for various bluff
bodies4 and for a moving momentum source.16

Mean profiles are analyzed in Sec. III A. Second, the
longitudinal distancelx between two vortices of the same
sign defines a Strouhal number (St5D/lx), which is com-
pared to an extensive previous analysis on spheres.17 The
fluctuations of the velocity (u8,v8) are analyzed in Sec. IV.

FIG. 1. Schematic of a cube~a!, a 6:1 cylinder~b!, a 6:1 prolate spheroid
~c!, a sphere~d!, a hemisphere~e!, and a disk~f! towed at a velocityUB in
a stably stratified fluid.

FIG. 2. ~Color! The time series of the vertical vorticity distribution,vz(x,y,Nt) for the slender spheroid.F532, Re55.83103, and the time steps are equally
spaced fromNt55 ~top left! to Nt5300 ~bottom right!. The observation area has dimensions 61343 D and the spheroid passed from right to left through it.
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In this towed configuration, mean quantities are obtained by
averages over the streamwise direction and are plotted as a
function of timeNt or as a function of the downstream dis-
tancex/D ~they two are simply linked byx/D5Nt F/2).

III. A LOSS OF MEMORY?

Although the wakes are qualitatively similar, some quan-
titative differences have been observed and we will explain
in this section how to collapse the results obtained on these
various objects.

A. Mean profiles

Mean profiles of the streamwise velocity have been mea-
sured as a function of the downstream distance for each bluff
body. They are shown in Fig. 3 for the slender spheroid and
for the cylinder. The profiles are very close to Gaussian over
a large band of downstream distances, in agreement with the
theory of self preserving three-dimensional wakes.18 They
can be fitted by a Gaussian function,

U~y!5^u&x~y!5U0e2y2/2Ls
2
, ~1!

characterized by amplitudeU0 and wake half-widthLs .
The wake widthLs is plotted in Fig. 4~a! as a function

of downstream distance for the various objects.
For the sphere, the growth has an exponent of10.35 and

is in very good agreement with the previous results9 ~solid

line!, also shown to be close to the nonstratified case. The
magnitude of the wake width seems to be sensitive to the
shape of the bluff body. For a streamlined object like the
slender spheroid, the wake width is 30% smaller, but the
growth rate is similar. On the contrary, for objects with sharp
edges~open symbols in Fig. 4!, the wake is slightly larger
~up to 20%! while the growth rate is again very similar.

The same analysis can be performed for the amplitude
U0 of the mean profile, shown in Fig. 4~b!. Spedding9 has
shown that the amplitude should be plotted as a function of
time Nt to collapse all the results at different Froude num-
bers in the NEQ regime. Figure 4~b! shows that the results
collapse for different Froude numbers in these coordinates
and that they are in very good agreement with the results of
Ref. 9. The velocity is much higher than in the absence of
stratification due to the low decay in the NEQ regime. For a
streamlined object such as the spheroid, the amplitude of the
mean profile is smaller. The presence of sharp edges on the
bluff body increases the amplitude. As for the wake width,
the growth/decay rates appear to be independent of the shape
of the bluff body.

The results indicate that the growth mechanism of the
wake might be identical for all bluff bodies and that the

FIG. 3. Mean profiles of the streamwise velocity behind~a! the slender
spheroid and~b! the cylinder. The averages are calculated on the global field
of view for a downstream distancex/D5170 ~j!, x/D51000 ~s!, and
x/D55000 ~3!. F532 and Re'5000. The solid lines correspond to the
nondimensionalized Gaussian profile defined by Eq.~1!. FIG. 4. Temporal evolution of the wake widthLs ~a! and of the velocity

defectU0 ~b!, defined by Eq.~1!. The objects are a sphere~d!, a slender
spheroid~* !, a cylinder~n!, a disc~L!, a cube~h!, and a hemisphere~s!.
Small symbols correspond toF58 and large symbols toF532. Re'5000.
The solid line corresponds to the case of a sphere~Ref. 9! and the dotted line
to a nonstratified sphere wake~Ref. 10!.
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shape of the bluff body only changes the scaling of the flow.
We thus seek to explain these differences by finding another
length scale, which takes into account the shapes of the ob-
jects.

B. Toward universality

It seems intuitive that a streamlined object should have a
narrower and slower wake than the sphere, since less fluid is
entrained behind it. On the other hand, the presence of sharp
edges modifies the vortex shedding and might create bigger
vortices, leading to a thicker and more energetic wake. The
appropriate length scale of the problem seems to be linked to
the section of entrained fluid. The wakes of complex objects
are not very well known in the literature and we would like
to use a better defined quantity. Such a length scale has al-
ready been used theoretically by Tennekes and Lumley,18

who showed that the momentum of the entrained fluid per
unit time is exactly equal to the drag force on the object. If
the entrained fluid has a section of diameterDeff , also called
the momentum thickness, inside which the velocity isUB

and zero outside, then the drag force is

Fdrag5r0

pDeff
2

4
UB

2. ~2!

This definition of an effective diameterDeff is very con-
venient since the drag force has been extensively studied in
the literature.19 It is thus easy to calculate the effective diam-
eter for various shapes of bluff bodies, as shown in Table I,
where the results of Blevins19 are used. It can be noted that
for axisymmetric bluff bodies the drag coefficientcD is de-
fined by

Fdrag5
1

2
cDr0

pD2

4
UB

2, ~3!

leading to a simplified definition of the effective diameter:
Deff5DAcD/2. Figure 5~a! shows the wake width normalized
by the effective diameter as a function of the downstream
distance~similarly normalized!. A reasonable collapse of the
results is obtained@cf. Fig. 4~a!#, indicating that the effective
diameter is a more relevant length scale than the physical
diameter of the bluff body. Moreover, the results for the am-
plitude U0 also collapse when the Froude number is defined
using the effective diameter (Feff52UB /NDeff). It can be
noted that the same collapse occurs when plottingU0 /UB as
a function of x/Deff , since the two representations are
equivalent in the Q2-D stage~but not in the NEQ regime!.

The wake geometry depends only on the amount of en-
trained fluid and not on the real shape of the bluff body. The

same conclusion was recently obtained by Voropayev and
Smirnov16 in the case of a towed jet, by introducing the same
length scale as in~2!.

The collapse of the results allows a prediction of the
wake width and amplitude for any bluff body, based only on
its drag coefficient in a nonstratified fluid. Universal laws are
found empirically to be

Ls /Deff50.35~x/Deff!
0.35, ~4!

U0 /UBFeff
2/356.6~Nt!20.76. ~5!

The results collapse very well in these experiments since
the bluff bodies were moderately modified. When the nature
of the forcing from the body to the fluid is rather different,
e.g., when a large force doublet or force quadruplet is added,
the results might be affected more strongly. However, Voro-
payev et al.20 studied a maneuvering self-propelled body,
and found that even if the momentum is small compared to
the force doublet, the final stage of the flow is mainly deter-
mined by the momentum, consistent with the differing decay
rates derived theoretically for a laminar21 or turbulent18 non-
stratified wake. Consequently, the relationships~4! and ~5!
might be quite general.

C. Strouhal number

The Strouhal number has been shown to decay with
downstream distance due to merging of like-signed vortices17

with constant exponent21/3. This is the inverse of the

FIG. 5. Temporal evolution of the wake widthLs ~a! and of the velocity
defectU0 ~b!, defined by Eq.~1!. Quantities are normalized using the effec-
tive diameterDeff defined in Eq.~2! using the drag force. Symbols are as in
Fig. 4. The solid line corresponds to the case of a sphere~Ref. 9! and the
dotted line to a nonstratified sphere wake~Ref. 10!.

TABLE I. Values of the effective diameterDeff for various bluff bodies
defined by Eq.~2! using the drag force. The values for the drag force are
taken from Blevins~Ref. 19!.

Bluff body Spheroid Sphere Hemisphere Cylinder Disk Cube

Deff /D 0.30 0.45 0.46 0.65 0.74 0.82
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growth rate ofLs , and can be explained by the fact that if
the wake structure is self-preserved,lx is proportional to
Ls . Consequently, the Strouhal number should be larger for
a streamlined object than for the sphere and slightly smaller
for objects with sharp edges. This is clearly shown in Fig.
6~a! for the two different Froude numbers. Moreover, the
results collapse very well when the Strouhal number is de-
fined by the effective diameter (Steff5Deff /l) instead of the
diameter of the bluff body. Hence,

Steff50.65~x/Deff!
20.34. ~6!

The results show that the global properties of the wake
depend only on the amount of entrained fluid, which can be
linked to the drag force. They are quite insensitive to the real
shape of the bluff body and collapse very well using an ef-
fective diameter defined by~2! instead of the body’s diam-
eter. However, Bevilaqua and Lykoudis10 have shown in a
nonstratified wake that some memory could remain in the
turbulent structure of the flow, even though the mean quan-
tities follow the same evolution. The fluctuating quantities
are examined in the next section.

IV. TURBULENT STRUCTURE OF THE WAKE

In three-dimensional turbulent wakes, Tennekes and
Lumley18 showed that the production of turbulence is due to
the mean shear and can thus be modeled by an eddy viscos-
ity, which should be independent of the bluff body. However,

Bevilaqua and Lykoudis10 showed that the amount of turbu-
lence was three times smaller in the wake of a porous disk
than in the wake of a sphere~of equal drag!, at least for early
stages (x/D,110). Their explanation was that the size of
the turbulent eddies is smaller in the case of a porous disk,
which would create a lower eddy viscosity.

In the theory of 3-D turbulence, the hypothesis of a con-
stant eddy viscositynT requires the cross-velocity fluctua-
tions ^u8v8& to be proportional to the mean shear:

^u8v8&5nT

]U

]y
. ~7!

The cross-fluctuation profile should thus be well fitted by the
derivative of a Gaussian function:

^u8v8&x~y!52u08
2 y

Ls8
e2y2/2Ls8

2
, ~8!

characterized by an amplitudeu08 and a widthLs8 . If Ls8 is
close to the mean wake widthLs the amplitudeu08 defines a
turbulent Reynolds number:

RT5
U0Ls

nT
5

U0
2

u08
2

. ~9!

Figure 7 shows the cross-fluctuation profile for the cyl-
inder and for the spheroid at three downstream distances.
They are very well fitted by the function defined in Eq.~8!
and Fig. 8~a! shows that the width of the fluctuationsLs8 is

FIG. 6. The Strouhal number obtained by the mean streamwise distance
between vortices. Quantities are normalized using~a! the real diameterD
and~b! the effective diameterDeff for a sphere~d!, a slender spheroid~* !,
a cylinder~n!, a disk~L!, a cube~h!, and a hemisphere~s!. Small sym-
bols correspond toF58 and large symbols toF532. Re'5000. The solid
line corresponds to the case of a sphere~Ref. 17! and the dotted line to a
nonstratified sphere wake at early stages~Ref. 26!.

FIG. 7. Streamwise-averaged profile of the Reynolds stressu8v8 for the
slender spheroid~a! and the cylinder~b! at three downstream distances:
x/D5170 ~j!, x/D51000~s!, andx/D55000~3!. F532 and Re'5000.
Solid lines correspond to the theoretical prediction~8! found in self-
preserving wakes.
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very close to the mean wake widthLs . This implies that the
hypothesis of a constant eddy viscosity is valid not only at
early stages, where the flow is close to two-dimensional, but
also at late stages, where the structure of the flow is Q2-D.

To see if the eddy viscosity depends on the shape of the
bluff body, Fig. 8~b! shows the turbulent Reynolds number
for various objects. At early stages,RT is three times higher
for the cylinder and for the spheroid. This could be because
the 3-D flows remember the shape of the bluff body, but it
could also be because the flow is not yet at equilibrium, since
this behavior is observed during the NEQ regime. Indeed, at
late stages, all the results collapse to a constant value of the
turbulent Reynolds number:

RT'1565. ~10!

This value is in good agreement with the valueRT'20 that
can be deduced from the results of Spedding22 and it is close
to the values found for 3-D turbulent wakes, whereRT

ranges from 5 to 30,10 even though the physical mechanism
might be slightly different. The memory of the initial shape
of the bluff body is lost in the turbulent fluctuations, just as it
was for the mean quantities.

A complete description of the fluctuating quantities must
include the turbulent kinetic energy, which should be mainly
contained in the horizontal components since, at late times
(Nt*50), the vertical velocity is very small.17 The horizon-
tal turbulent kinetic energy can therefore be fit by a function
characterized by an amplitudeu09 and a widthLs9 :

~^u821v82&x!
1/2~y!5u09S 11

y2

Ls8
2D e2y2/2Ls9

2
. ~11!

Such a fitting function has been introduced by Dommermuth
et al.,23 to describe the results of Bevilaqua and Lykoudis10

in the nonstratified sphere wake. The experimental profiles
are shown in Fig. 9. The noise in the measurements is very
high, and the profiles do not always present a double peak.
However, the width of the fluctuating profileLs9 is in good
agreement with the widthLs of the mean profile, as shown
in Fig. 10~a!. The amplitudeu09 of the kinetic energy is
shown in Fig. 10~b!. As for the cross-fluctuations, the ampli-
tude is slightly smaller for the cylinder and the spheroid at
early stages, but at late stages, the amplitude of all bluff body
data collapse onto

u09/U0'0.2560.05. ~12!

This value is in good agreement with values that can be
derived from previous experimental (u09/U0'0.25) and nu-
merical (u09/U0'0.4) results on the sphere.22,23 Moreover, it
is very close to the value found for the nonstratified wake of
a porous disk (u09/U0'0.24)10 but smaller than for the case
of a nonstratified sphere wake (u09/U0'0.6).10 However,
this last result was obtained at relatively small downstream
distances, where the equilibrium might not be settled yet.

FIG. 8. Characteristics of the profile of the Reynolds stressu8v8 defined by
Eq. ~8!. ~a! Half-width Ls8 nondimensionalized by the wake widthLs of the
mean profile.~b! Turbulent Reynolds numberRT5U0

2/u08
2. The objects are

a sphere~d!, a slender spheroid~* !, a cylinder~n!, a disk~L!, a cube~h!,
and a hemisphere~s!. Small symbols correspond toF58 and large sym-
bols toF532. Re'5000.

FIG. 9. Streamwise-averaged profile of the turbulent kinetic energy for the
slender spheroid~a! and the cylinder~b! at three downstream distances:
x/D5170 ~j!, x/D51000~s!, andx/D55000~3!. F532 and Re'5000.
Solid lines correspond to the fitting function of Eq.~11!.
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V. DISCUSSION

Even though measurable differences have been observed
in the wakes of different bluff bodies, the mean and fluctu-
ating quantities can be easily collapsed using an effective
diameter based on the drag coefficient. The wake does not
remember the exact shape of the bluff body: it is only sensi-
tive to the amount of fluid entrained behind the object. This
idea suggests that the structure of the wake might be equiva-
lent among objects and that its characteristics could be de-
rived from this structure.

One may attempt to deduce the results of the previous
sections from a simple 2-D model of the flow. The
wake is imagined to be a row of alternate vortices of
circulation G, with a Gaussian profile of vorticity
@v5G/pa2 exp(2r2/a2)# of core sizea. Such a flow model
and its stability has been studied in detail in the case of point
vortices24 and in the case of vortex patches,25 but not in the
case of Gaussian vortices. If the vortices are separated bylx

in the x direction and by 2b in the y direction, using the
periodicity of the flow, it can be shown that the mean profile
is

U~y!5
G

2b FerfS y1b

a D2erfS y2b

a D G . ~13!

This profile is close to a Gaussian fora/b close to 1 as is the
case in the experiment, sincea andb are of the order of the
vortex sizes. The result, obtained by a two-dimensional

model, is thus in good agreement with the global properties
of the flow, although the flow is not two dimensional. This
model does not predict the time evolution of wake width and
velocity defect, which might be achieved by calculating the
crossed fluctuations. However, a rough calculation shows
that the crossed fluctuations vanish if the flow is exactly
periodic. The model of the flow is therefore too simple to
explain the velocity fluctuations and either some noise in the
velocity field, or some aperiodicity of the flow should be
taken into account.
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