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A loss of memory in stratified momentum wakes
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In this paper we compare the wakes of various bluff bodies in a stratified fluid at moderately high
Froude numbersH=2Ugz/ND>8) and Reynolds numbefRe~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.
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I. INTRODUCTION becomes more laminar and organizes into flat horizontal vor-
tices. The fluctuations of density, created by the first stage,

Interest in stratified flows comes primarily from geo- collapse since they are no longer maintained by vertical ve-
physical applications, due to the stratification of atmospheréocity fluctuations and potential energy is transformed back
and oceans. One focus concerns the effect of a stable straiito kinetic energy. This mechanism limits the decay of the
fication on homogeneous turbulericé,while another con-  velocity defect, whose exponent has been determined experi-
centrates on the evolution of wakes in stratified fld®gs-  mentally to be close te-0.25. This stage is a honequilibrium
pecially for sphereS§-8 All these results were obtained in the phase(NEQ), where the flow transitions from the initial 3-D
presence of a strong stratification, i.e., for small Froude numregime to a last stage.
bers. For the wake flows, the Froude number is defined by In the third stage, the wake begins to diffuse in the ver-
F=2Ug/ND, whereD is the diameter of the bodyJg the tical direction agairt? perhaps due to some kind of Ekman
towing velocity, andN = (g/p)¥4(9p!/ z)*? the buoyancyor ~ pumping. This enhances the decay of the velocity defect,
Brunt—Vasda) frequency. For high Froude numbers, the ef-although the wake is still very coherent. The decay exponent
fect of the stratification is negligible at early stages. How-was found to be close to the 3-D case2/3) and not to the
ever, since in wakes and in decaying turbulence the velocitg-D case(—1/2), although the flow is very close to two-
decreases with time, the local Froude number will eventuallydimensional. This regime is thus named quasi-two-
approach 1 and the buoyancy effects can no longer be néimensional(Q2-D).
glected. A global mechanism for weakly stratified wakes was  The presence of the second stage slows the decay of the
proposed for spheres at high Reynolds numbéRe>4000  Vvelocity defect and the stratified flows are thus known to
and can be decomposed into three stages. preserve the wake for longer times than in the absence of

In the first stage, the wake possess high velocities angtratification. In nonstratified flows, Bevilagua and
creates a three-dimensior{atD) flow, equivalent to that of a  Lykoudis® have shown that there can be a memory of the
nonstratified fluidt®=*2 The velocity follows a power law in initial conditions in turbulent bluff body wakes, i.e., that the
time scaling with a decay exponert2/3 and the duration Structure of the flow depends on the shape of the bluff body.
(NAt=2) of this stage is fairly independent of the type of The objective of this paper is to examine the effect of body
wake, in agreement with the general results of stratifieddeometry on the intermediate and late wake structure. The
turbulence’ In units of downstream distance, the duration ofgoal is both to determine the possibility of a long-term
this stage increases with(Ax/D~F) and the second stage memory in the stratified wake, and to determine one specific
will never occur for infinite Froude numbers, leaving the set of rescaling parameters if such parameters are found.
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!!- EXPERIMENT AND ANALYSIS

The experiment has been described in detail in previous
, § . 9 i

dpresent address: Institut de Recherche sur léadthenes Hors Huilibre, papers’® and onIy the main features of the f_:lpparatus, and of

49 rue F. Joliot-Curie, B.P. 146, F-13384 Marseille Cedex 13, France. the data acquisition and treatment are outlined here.
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U 7 perpendicular to the towing direction, a hemisphere whose
43_. I D X flat face is turned backward and a cube with edges parallel to
(a) the axis(see Fig. 1L The diameteD of the bluff bodies(D
y being the size of the edges for the cubes equal to 1.3 or

2.5 cm. These three quantities lead to two nondimensional
(b parameters: the Froude numide=2Ugz /ND was equal to 8
or 32 and the Reynolds number R&gD/v (v is the kine-
(Z) matic viscosity was always close to 5000. In this paper we
- focus on the shape of the bluff body, which can be charac-
(c terized by a third parametek,* or by measuring its drag
coefficient in a nonstratified fluid.

( d‘ (e)'j (f’ B. Definition of the flow characteristics

)
)
FIG. 1. Schematic of a cub@), a 6:1 cylinder(b), a 6:1 prolate spheroid The ,evomtlon of _the wake is analyzed by C,UStomlz,ed
(0), a spherdd), a hemispherés), and a disk) towed at a velocit} in particle image velocimetry measurements, by introducing
a stably stratified fluid. small reflecting particles with the density of the middle
isopycnal. Digital images are analyzed by the correlation im-
age velocimetry algorithfi to estimate instantaneous hori-
A. Experimental setup zontal velocity fields ¢,v) with dimensions 7956 cnf.

The tank of dimensions 3844 cnf is filled up to a  The vertical component of the vorticity,= dv/dx— duldy
height of 20 cm with stably stratified salted water, whoseis shown in Fig. 2 for the prolate spheroid as a function of
linear density gradient creates a buoyancy frequehcy time. The vorticity fields are qualitatively similar for other
=(_g/p0)1/2(0';p/,9z)1/2~2 s 1. A bluff body is towed at objects(the case of the sphere being extensively stotvn
mid-height of the tank between three guide cables, usingnd reveal the presence of coherent alternate vortices, whose
three thin towing cables under a strong tension. This setupize increases due to merging. Such a behavior has been
prevents any oscillation of the body and the disturbanceglready revealed by dye visualizations for various bluff
from the wire wakes are negligible. The bluff body is towed bodied and for a moving momentum sourt®.
at a velocityUg along thex axis, while thez axis is aligned Mean profiles are analyzed in Sec. IllA. Second, the
with the vertical, as shown in Fig. 1. To investigate the in-longitudinal distance\, between two vortices of the same
fluence of the shape of the body, several objects are used:sign defines a Strouhal number €3D/\,), which is com-
sphere for comparison with previous results, two slender obpared to an extensive previous analysis on sphér@e
jects such as a 6:1 cylinder and a 6:1 prolate spheroid, a digkuctuations of the velocityy’,v") are analyzed in Sec. IV.

FIG. 2. (Colon The time series of the vertical vorticity distribution,(x,y,Nt) for the slender spheroi.= 32, Re=5.8x 10°, and the time steps are equally
spaced fronNt=5 (top left) to Nt=300 (bottom righ}. The observation area has dimensionx83 D and the spheroid passed from right to left through it.
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FIG. 3. Mean profiles of the streamwise velocity behi@l the slender
spheroid andb) the cylinder. The averages are calculated on the global field 1 10 100 1000
of view for a downstream distance D=170 (M), x/D=1000 (O), and (b) Nt
x/D=5000 (X). F=32 and Re=5000. The solid lines correspond to the
nondimensionalized Gaussian profile defined by @&y. FIG. 4. Temporal evolution of the wake width, (a) and of the velocity

defectU, (b), defined by Eq(1). The objects are a sphe(®), a slender
spheroid(*), a cylinder(A), a disc( <), a cube(d), and a hemispher).
P . . " . mall symbols correspond =28 and large symbols t6 =32. Re=5000.
In this towed conflguratlon, _mear_l qugntltles are obtained bS?he solid line corresponds to the case of a spkieed. 9 and the dotted line
averages over the streamwise direction and are plotted asi®a nonstratified sphere wakRef. 10.
function of timeNt or as a function of the downstream dis-

tancex/D (they two are simply linked bx/D =Nt F/2).

line), also shown to be close to the nonstratified case. The
Ill. ALOSS OF MEMORY? magnitude of the wake width seems to be sensitive to the
shape of the bluff body. For a streamlined object like the

titative differences have been observed and we will explair?Iender spheroid, the wake width is 30% smaller, but the

in this section how to collapse the results obtained on thesgrowth rate is similar. Qn t_he contrary, for.obje_cts with sharp
various objects edges(open symbols in Fig. ¥ 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
U, of the mean profile, shown in Fig(d). Spedding has

Mean profiles of the streamwise velocity have been meashown that the amplitude should be plotted as a function of
sured as a function of the downstream distance for each bluffme Nt to collapse all the results at different Froude num-
body. They are shown in Fig. 3 for the slender spheroid angers in the NEQ regime. Figuregl® shows that the results
for the cylinder. The profiles are very close to Gaussian ovegollapse for different Froude numbers in these coordinates
a large band of downstream distances, in agreement with theénd that they are in very good agreement with the results of
theory of self preserving three-dimensional wakéThey  Ref. 9. The velocity is much higher than in the absence of
can be fitted by a Gaussian function, stratification due to the low decay in the NEQ regime. For a

Although the wakes are qualitatively similar, some quan

A. Mean profiles

22 streamlined object such as the spheroid, the amplitude of the
U(y)=(u)(y)=Uoe ™", @ mean profile is smaller. The presence of sharp edges on the
characterized by amplitudg, and wake half-width_, . bluff body increases the amplitude. As for the wake width,
The wake widthL , is plotted in Fig. 4a) as a function the growth/decay rates appear to be independent of the shape
of downstream distance for the various objects. of the bluff body.
For the sphere, the growth has an exponent 0f35 and The results indicate that the growth mechanism of the

is in very good agreement with the previous resuisolid  wake might be identical for all bluff bodies and that the
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TABLE I. Values of the effective diametdD.; for various bluff bodies T T T
defined by Eq(2) using the drag force. The values for the drag force are
taken from BlevingRef. 19.

Bluff body Spheroid Sphere Hemisphere Cylinder Disk Cube

G

Dt /D 030 045 0.46 065 074 082 Q
=]

~J

shape of the bluff body only changes the scaling of the flow. 1 . . .
We thus seek to explain these differences by finding another 10 100 1000 10000
length scale, which takes into account the shapes of the ob- (a) 2/ D g

jects.

. . 1.0 -
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 1 10 100 1000
to use a better defined quantity. Such a length scale has al- (b) Nt

ready been used theoretically by Tennekes and Luffiley, , _ _
who showed that the momentum of the entrained fluid pef e & TEREIE 2 Eor BTe HEEe Vit 8 T O e e et
unit time is exactly equal to the drag force on the object. Ifie diameteD . defined in Eq(2) using the drag force. Symbols are as in
the entrained fluid has a section of diamdigk, also called  Fig. 4. The solid line corresponds to the case of a sptRes. 9 and the
the momentum thickness, inside which the velocityUig ~ dotted line to a nonstratified sphere walRef. 10.

and zero outside, then the drag force is

UO/UB ‘FeffZ/3
o

7TD§ff ) same conclusion was recently obtained by Voropayev and
Farag= Po—y Ug. (2 Smimov®in the case of a towed jet, by introducing the same
length scale as i2).
This definition of an effective diamet& is very con- The collapse of the results allows a prediction of the

venient since the drag force has been extensively studied wake width and amplitude for any bluff body, based only on
the literature!® It is thus easy to calculate the effective diam- its drag coefficient in a nonstratified fluid. Universal laws are
eter for various shapes of bluff bodies, as shown in Table Ifound empirically to be

where the results of Blevit3are used. It can be noted that

: ) : o L, /Def=0.35X/D ) °25, 4

for axisymmetric bluff bodies the drag coefficiery is de- ol el XX/De) @

fined by Uo/UgF2E=6.6(Nt) 276 (5
1 D2 The results collapse very well in these experiments since
FdragzchpOTUZ, (3)  the bluff bodies were moderately modified. When the nature

of the forcing from the body to the fluid is rather different,
leading to a simplified definition of the effective diameter: €., when a large force doublet or force quadruplet is added,

D.s=D\/co/2. Figure 5a) shows the wake width normalized the results ggight pe affected more .strongly. However, Voro-
by the effective diameter as a function of the downstreanP?YeV etal. StUd'ed. a maneuvering §elf-pr0pelled body,
distance(similarly normalized. A reasonable collapse of the and found that even if _the momentum Is sm_all Co_mpared to
results is obtainefcf. Fig. 4(@)], indicating that the effective th_e force doublet, the final stage of the_ flow is _mal_nly deter-
diameter is a more relevant length scale than the physiczﬂ"ned by_ the momen_tum, con3|sten_t with the d'ﬁegng decay
diameter of the bluff body. Moreover, the results for the am_rates_ _derlved theoretically for a Iamlﬁéor. turbulent® non-
plitude U, also collapse when the Froude number is defineomrat"clecj wa_ke. Consequently, the relationshigs and (5)
using the effective diameterF(s=2Ug/NDgy). It can be might be quite general.
noted that the same collapse occurs when plottiggU z as
a function of x/Dg¢, since the two representations are
equivalent in the Q2-D stagiut not in the NEQ regime The Strouhal number has been shown to decay with
The wake geometry depends only on the amount of endownstream distance due to merging of like-signed vortices
trained fluid and not on the real shape of the bluff body. Thewith constant exponent-1/3. This is the inverse of the

C. Strouhal number
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FIG. 6. The Strouhal number obtained by the mean streamwise distan
between vortices. Quantities are normalized ug@gthe real diameteb
and (b) the effective diameteb . for a sphere®), a slender spheroi¢),

a cylinder(A), a disk(<©), a cube(d), and a hemisphergD). Small sym-
bols correspond t& =8 and large symbols t6=32. Re=5000. The solid
line corresponds to the case of a sph@Ref. 17 and the dotted line to a
nonstratified sphere wake at early stafesf. 26.

CI—eIG. 7. Streamwise-averaged profile of the Reynolds steéss$ for the
slender spheroida) and the cylinder(b) at three downstream distances:
x/D=170 (M), x/D=1000(0), andx/D=5000(X). F=32 and Re=5000.
Solid lines correspond to the theoretical predictit®) found in self-
preserving wakes.

. _ Bevilagua and Lykoudi§ showed that the amount of turbu-
growth rate ofL,, and can be explained by the fact that if |ence was three times smaller in the wake of a porous disk
the wake structure is self-preserved, is proportional 0 han in the wake of a sphefef equal drag at least for early
L, . Consequently, the Strouhal number should be larger foétages X/D<110). Their explanation was that the size of
a streamlined object than for the sphere and slightly smallef,o t,rhulent eddies is smaller in the case of a porous disk,
for objects with sharp edges. This is clearly shown in Fig.hich would create a lower eddy viscosity.

6(a) for the two different Froude numbers. Moreover, the In the theory of 3-D turbulence, the hypothesis of a con-

results collapse very well when the Strouhal number is degiant eddy viscosit requires the cross-velocity fluctua-
fined by the effective diameter (gtDg/\) instead of the tions(u’v") to be proportional to the mean shear:
diameter of the bluff body. Hence,

du

Stuy=0.65x/Dey) %3 (6) (') =vr 7)

The results show that the global properties of the wak . ) .
depend only on the amount of entrained fluid, which can b::I'he cross-fluctuation profile should thus be well fitted by the

linked to the drag force. They are quite insensitive to the reagenvatlve of a Gaussian function:

shape of the bluff body and collapse very well using an ef- y —

fective diameter defined bg2) instead of the body’s diam- (U )(y)=—up*=e V72, 8

eter. However, Bevilaqua and Lykoutfishave shown in a Lo

nonstratified wake that some memory could remain in thecharacterized by an amplitudg) and a widthL! . If L is

turbulent structure of the flow, even though the mean quanelose to the mean wake width, the amplitudeu;, defines a
tities follow the same evolution. The fluctuating quantitiesturbulent Reynolds number:

are examined in the next section.

Uol, U§
IV. TURBULENT STRUCTURE OF THE WAKE T VT u(’)zl

C)

In three-dimensional turbulent wakes, Tennekes and Figure 7 shows the cross-fluctuation profile for the cyl-
Lumley*® showed that the production of turbulence is due toinder and for the spheroid at three downstream distances.
the mean shear and can thus be modeled by an eddy viscoBhey are very well fitted by the function defined in E§)
ity, which should be independent of the bluff body. However,and Fig. &a) shows that the width of the fluctuatiohs, is
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. 8. Characteristics of the profile of the Reynolds stig€ss defined by g

Eq. (8). (a) Half-width L, nondimensionalized by the wake widtl of the
mean profile(b) Turbulent Reynolds numbeRT=U§/u{)2. The objects are
a spherd®), a slender spheroi@), a cylinder(A), a disk(< ), a cube(J),
and a hemispher€D). Small symbols correspond =8 and large sym-
bols toF=32. Re~5000.

FIG. 9. Streamwise-averaged profile of the turbulent kinetic energy for the
slender spheroida) and the cylinder(b) at three downstream distances:
x/D=170 (M), x/D=1000(0O), andx/D=5000(X). F=32 and Re=5000.
Solid lines correspond to the fitting function of Ed1).

very close to the mean wake width, . This implies that the
hypothesis of a constant eddy viscosity is valid not only at (U202 )Yy =l
early stages, where the flow is close to two-dimensional, but vy 0
also at late stages, where the structure of the flow is Q2-D.

To see if the eddy viscosity depends on the shape of th

2
y
1+F

o

e YL, (11)

. Such a fitting function has been introduced by Dommermuth
bluff body, Fig. &b) shows the turbulent Reynolds number al,?® to describe the results of Bevilaqua and Lykotiis

for various objects. At early stageRy is three times higher . o . .
for the cylinder and for the spheroid. This could be becaust the nonstratified sphere wake. The experimental profiles

the 3-D flows remember the shape of the bluff body, but it e shown in Fig. .9' The noise in the measurements is very
high, and the profiles do not always present a double peak.

could also be because the flow is not yet at equilibrium, sinc . , NP
this behavior is observed during the NEQ regime. Indeed, a%owever, the width of the fluctuating profile, is in good

aeqreement with the width , of the mean profile, as shown
late stages, all the results collapse to a constant value of the” _. . " Lo .
turbulent Reynolds number: in Fig. .1(1{31). The amplitudeu, of the klngtlc energy is

' shown in Fig. 1(b). As for the cross-fluctuations, the ampli-
Ry~15+5. (10)  tude is slightly smaller for the cylinder and the spheroid at
early stages, but at late stages, the amplitude of all bluff body

This value is in good agreement with the valRe~20 that
¢ g e data collapse onto

can be deduced from the results of Spedtfiramd it is close
to the values found for 3-D turbulent wakes, wheRe
ranges from 5 to 38 even though the physical mechanism ~ Ug/Uo~0.25+0.05. (12)
might be slightly different. The memory of the initial shape

of the bluff body is lost in the turbulent fluctuations, just as it This value is in good agreement with values that can be
was for the mean quantities. derived from previous experimentali§/U,~0.25) and nu-

A complete description of the fluctuating quantities mustmerical (ug/U,~0.4) results on the sphef&?3 Moreover, it
include the turbulent kinetic energy, which should be mainlyis very close to the value found for the nonstratified wake of
contained in the horizontal components since, at late timea porous disk lag/uo~o.24)1° but smaller than for the case
(Nt=50), the vertical velocity is very smdil.The horizon-  of a nonstratified sphere wakeifU,~0.6).1° However,
tal turbulent kinetic energy can therefore be fit by a functionthis last result was obtained at relatively small downstream
characterized by an amplitudg and a widthL : distances, where the equilibrium might not be settled yet.
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2.0 ‘ model, is thus in good agreement with the global properties
of the flow, although the flow is not two dimensional. This
15¢ ] model does not predict the time evolution of wake width and
Ry velocity defect, which might be achieved by calculating the
1.0 % @@% oo B Wy gOXL ] crossed fluctuations. However, a rough calculation shows
N ° LRI S ¢ that the crossed fluctuations vanish if the flow is exactly
05F ] periodic. The model of the flow is therefore too simple to
explain the velocity fluctuations and either some noise in the
0.0 ‘ velocity field, or some aperiodicity of the flow should be
100 1000 10000 taken into account.
(a) z/D
0.50
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