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Dipole formation by two interacting shielded monopoles in a stratified fluid
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5600 MB Eindhoven, The Netherlands

R. Verzicco
Politecnico di Bari, Dipartimento di Ingegneria Meccanica e Gestionale, Via Re David 200, 70125 Bari,
Italy

~Received 3 January 2001; accepted 26 October 2001!

The interaction between two shielded monopolar vortices has been investigated experimentally in a
nonrotating linearly stratified fluid and by full three-dimensional~3D! numerical simulations. The
characteristic Reynolds and Froude numbers in the experiments are approximately Re
'500– 1000 andF'0.2– 0.4. In a first set of numerical simulations the flow is initialized with the
experimentally obtained two-dimensional horizontal velocity field, which is measured in the
horizontal symmetry plane of the vortices, and the lacking initial data such as the density
perturbation and the full 3D vorticity field are provided by the so-called diffusion model@Beckers
et al., J. Fluid Mech.433, 1 ~2001!#. A comparison of the experimental and numerical data shows
that using the diffusion model to supply the full 3D initial data is reliable for the Reynolds and
Froude numbers considered in present experiments. Conjecturing a wider range of applicability, a
second set of numerical simulations has been performed using initial conditions for the flow field
and the density perturbation entirely based on the diffusion model. These numerical simulations
enable an investigation of the role of Reynolds numbers~up to Re510 000! and Froude numbers
(F50.30, 0.65, and 1.0! which are outside the experimentally accessible range. These simulations
provide a better understanding of the dipole formation process, the influence of the vortex shields
and the density perturbation in this process, and of the 3D structure of the dipoles. Compactness of
the dipole, entrainment of irrotational fluid from the rear, and tail formation behind the dipole have
been discussed. Additionally, experimental and numerical results are reported on the interaction
between two shielded monopoles of the same sign in a linearly stratified fluid. It is found that
for the full range of Reynolds and Froude numbers mentioned above the presence of the vortex
shields prevents the merging of these monopoles. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1431242#
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I. INTRODUCTION

In many previous studies of vortices in a stably stratifi
fluid it was shown that these structures have a thin panc
like shape, with a predominantly horizontal velocity distrib
tion. Such vortices are abundant in the final stage of fre
decaying turbulence in a stratified fluid, as illustrated in th
oretical and numerical studies by, e.g., Rileyet al.1 and
Lilly. 2 Many laboratory experiments of this so-called stra
fied turbulence have been performed in the past, for exam
by pulling a grid through a stratified fluid~for an overview
see, e.g., the review by Hopfinger3!. Also the wake behind a
bluff body, moving through a stratified environment, has
tracted attention.4,5 In such a wake the vortices, arising
different levels in the fluid, usually have alternating positi
and negative vertical vorticity distributions.6 It is still puz-
zling how these vortices interact and how vortex lines~lines
following the local vorticity vector in the fluid! connect these
many different vortices. For a single monopolar vortex in
stratified fluid the situation seems somewhat simpler.
cently, it was shown by Trieling and van Heijst7 and by
Beckerset al.8 that such a single pancake-like vortex in
stratified fluid is always accompanied by a region
7041070-6631/2002/14(2)/704/17/$19.00
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oppositely signed vorticity. The appearance of this particu
vorticity distribution is due to the fact that vortex lines ne
to make closed loops, because vortex lines can neither en
the free surface~no flow assumed near the surface!, nor at
the nonmoving no-slip tank bottom. A single vortex is ther
fore accompanied by a region of oppositely signed verti
vorticity, and in an~axisymmetric! monopole this region of
oppositely signed vorticity has the shape of a circular r
around the core of the vortex. In this paper the interactio
between two such shielded monopolar vortices and the
sulting end products are discussed in more detail, and it
be shown that the region of oppositely signed vorticity pla
an important role during the interaction process.

Freely evolving stratified turbulence has many simila
ties with purely two-dimensional~2D! turbulence, in which
initially small structures continuously interact and combi
into increasingly larger structures. Basically, two kinds
vortex interactions can be distinguished: either between
vortices with vorticity of the same sign or between vortic
of opposite sign. In purely 2D flows such interactions usua
take place between unshielded vortices. Oppositely sig
vortices can form pairs which tend to travel through the d
© 2002 American Institute of Physics
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main, as both vortices induce a velocity in one another.
interaction between oppositely signed shielded vortices
special case and only a few studies are reported in
literature.9–11 Merging, i.e., the coalescence of two mon
poles of the same sign, has been described extensively in
literature.12,13 This process is vital for the formation of in
creasingly larger structures in the process of s
organization observed for evolving 2D turbulence in perio
or bounded domains.14–16 In general the interacting vortice
will be single-signed, so without a region of opposite
signed vorticity. On the contrary, the influence of a shield
on 2D vortex merger was investigated by Carton.17

In the next section a short overview is presented of
experimental setup and the numerical method. Previous w
regarding shielded vortices in a stratified fluid is briefly r
viewed in Sec. III. In Sec. IV laboratory experiments a
numerical simulations of interactions between two opp
sitely signed shielded monopoles are described. Sectio
describes similar interactions between two equally sig
monopoles. A general numerical study of interacting op
sitely or equally signed vortices~with idealized initial con-
ditions! is described in Sec. VI, including an analysis of t
3D structure of a dipole in a stratified fluid. Finally, the r
sults of this paper are summarized in Sec. VII.

II. EXPERIMENTAL AND NUMERICAL SETUP

The laboratory experiments were carried out in a linea
stratified fluid. A linear stratification was established by a
plying the two-tank method.18 Vertical density measuremen
of the stratified fluid were performed by use of conductiv
probes,19 and vortices were created by applying the tang
tial injection method introduced by Flo´r and van Heijst:20

fluid with matched density is injected horizontally along t
inner wall of a bottomless, thin-walled cylinder, which
positioned at a certain level in the stratification. An amou
of fluid DV is injected during a periodDt at an injection rate
defined byQ5DV/Dt. The injection results in a circula
flow inside the cylinder, and a monopolar vortex is form
after the cylinder is carefully removed. During this remov
care is taken that the cylinder is moved vertically in order
prevent the just created vortex from becoming vertica
sheared by motion induced at different levels. The remo
should also be very slow, in order to prevent the genera
of internal waves. To avoid these disturbing effects, the
evation speed should be no larger than approximatel
cm s21.

To obtain quantitative information of the velocity field o
the vortex, small polystyrene particles~of about 1 mm in
diameter and with a density of approximately 1.04 g cm23!
are added to the stratification and float at their neutra
buoyant level in the fluid. These tracer particles are illum
nated from the side by a light sheet, produced by slide p
jectors. The thickness of this light sheet is typically of t
order of 5 mm. Above the tank a video camera is mount
that records the particle motions on video tape. After
experiment the tape can be processed with a particle trac
algorithm, DigImage,21 to determine the horizontal velocit
field of the fluid at the level that has been illuminated by t
Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AI
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light sheet. From the 2D velocity distribution the vertic
vorticity componentvz can be calculated at the symmet
plane of the flow (z50). In all experiments the timet50 is
defined as the moment when the fluid injection is stoppe

Numerical simulations have been performed with
finite-differences scheme of the time dependent incompr
ible 3D Navier–Stokes equations developed by Verzicco
Orlandi.22,23 This code has been adapted to enable the si
lation of flows in a linearly stratified fluid. The equations
motion for the incompressible flow in a linearly stratifie
fluid are first written in the Boussinesq approximation. T
fluid density and pressure are therefore decomposed in a
with a constant density, a part that represents a linear den
profile and a perturbation, yielding

p~x,t !5p0~z!1 p̄~z!1 p̃~x,t !, ~1!

r~x,t !5r01 p̄~z!1 r̃~x,t !. ~2!

Here r0 is the constant reference density,p0(z) the corre-
sponding hydrostatic pressure distribution, andx5(x,y,z)
the position in the fluid. The variablesp̄(z) and r̄(z) thus
represent the pressure and density differences between a
early stratified fluid and the homogeneous fluid with dens
r0 . The perturbations on the linear density profile are d
noted byp̃ and r̃. The buoyancy frequencyN is defined by
N252(g/r0)(dr̄/dz).

All the equations are nondimensionalized by a typic
length scaleL, a velocity scaleV, and a time scaleL/V. The
density perturbationr̃ ~with respect to the linear density pro
file!, is scaled by the density difference:Dr5N2Lr0 /g. The
perturbation pressurep̃ is scaled byr0V2. This yields five
nondimensional equations, for the five variables:v, p̃, andr̃,

]v

]t
1~v•“ !v52“ p̃2

1

F2 r̃ez1
1

Re
“

2v, ~3!

“•v50, ~4!

]r̃

]t
1~v•“ !r̃2w5

1

ScRe
“

2r̃. ~5!

Three nondimensional numbers can be identified here:
Froude numberF, the Reynolds number Re, and the Schm
number Sc, which are defined as

F5
V

LN
, Re5

VL

n
, Sc5

n

k
, ~6!

wheren is the kinematic viscosity of water andk the diffu-
sivity of salt in water. A realistic value of the Schmidt num
ber for salt stratified water equals Sc'700. Such a high
Schmidt number requires a very fine spatial resolution
order to solve Eq.~5! accurately. However, in a previou
study we have shown that for the particular case of the de
of a vortex in a linearly stratified fluid a Schmidt number
Sc510 is sufficient to include all essential flow phenome
in the numerical simulations, see Beckerset al.,8 and the
present simulations also rely on that observation.
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 1. ~a! Graph showing a~scaled! cross section of
the vertical vorticity atz50 for a shielded monopolar
vortex in a laboratory experiment.~b! Measured vertical
density profile through the center of a similar vorte
Above the vortex symmetry plane it can be seen th
isopycnals have been deflected downwards (r̃,0),
whereas below the vortex symmetry plane the isopy
nals are deflected upwards (r̃.0). Both graphs are
taken from Beckerset al. ~Ref. 8!.
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Equations~3!–~5! are solved numerically, subject to
specific initial condition and with the appropriate bounda
conditions. The initial state of the flow is defined by the thr
velocity components (u,v,w), and by the initial density dis-
tribution, prescribed in terms of the density perturbati
r̃(x,y,z). The flow is simulated with lateral stress-free wal
thus assuming that vortex-wall interactions are negligible
the z direction periodic boundary conditions are used, wh
means that deviations of the linear density profile at the f
surface and at the bottom of the tank are not taken into
count. This actually means that the no-flux condition of s
at the bottom and the surface of the tank has been violate
is assumed that this simplification of the boundary conditio
in the vertical direction has no consequences for the fl
evolution: the vortices in the numerical simulations will a
ways be located at a sufficient distance from these upper
lower boundaries, as will also be the case for the vortice
the laboratory experiments.

III. VORTICES IN A STRATIFIED FLUID

Vortex structures in a stably stratified fluid have a disc
like shape.4,8,24The fluid velocity in these vortices is mainl
horizontal, concentrated in a thin layer of fluid. Above a
below the symmetry plane the horizontal fluid velocity ra
idly diminishes and the vertical variation of the velocity a
vorticity field can then be described by a Gaussian funct
of the distance to the symmetry plane. These vortices
therefore usually called quasi two-dimensional and th
show a strong decay due to vertical diffusion. The fluid m
tion is then smeared out in the vertical direction, the vor
thickens and the strength of the vortex in the horizontal sy
metry plane decreases in time. Two other important featu
of a vortex in a stratified fluid are shown in Fig. 1, tak
from Beckerset al.8 The first graph shows a cross section
the azimuthally averaged vertical component of the vortic
vz , through the center of a circular symmetric vortex at
horizontal symmetry planez50. The vortex has a core o
one-sign vorticity, surrounded by a ring of oppositely sign
vorticity. The other graph, Fig. 1~b!, shows a typical vertica
density profile, measured by lowering a conductivity pro
through the center of a vortex, just after the vortex was g
erated. Clearly the initial linear profile has been perturbed
the presence of the vortex. This perturbation can be identi
as planes of isodensity being deflected towards the horizo
Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AI
e

,
n
h
e
c-
lt
. It
s
w

nd
in

-

-

n
re
y
-
x
-

es

f
,

d

e
-
y
d

tal

symmetry plane of the vortex~downwards in the upper par
and upwards in the lower part of the vortex!.

In Beckerset al.8 a model describing the decay of such
single axisymmetrical vortex in a stratified fluid is derive
the so-called diffusion model. The model assumes a cer
initial 3D structure of the velocity distribution inside the vo
tex and it describes how this vortex decays in time due
diffusion. To obtain a solution from this model the followin
initial velocity distribution is proposed:

vu~r ,z,0!5
1

LA2p
e21/2~z/L!2

3
1

2
re2r a

, ~7!

together withv r50 andvz50. The initial velocity distribu-
tion vu(r ,z,0) consists of two parts, a Gaussian distributi
in thez direction and a radial velocity distribution of a mono
pole with a shielded vorticity distribution as introduced b
Cartonet al.25 The variableL defines the initial thickness o
the vortex anda is the so-called steepness parameter, t
determines the ratio between the vorticity values in the c
and in the ring of opposite vorticity. The larger the value ofa
is, the deeper is the ring of opposite vorticity. This initi
condition allows one to calculate the evolution of bo
vu(r ,z,t) and the density perturbationr̃(r ,z,t).8

The model vortex and its evolution have been compa
with vortices in laboratory experiments and a very clo
agreement was found for the range of Reynolds and Fro
numbers characteristic for these experiments.8 This vortex
model will therefore be used to show the basic features of
interaction between two shielded vortices. For present
periments and numerical simulations it suffices to confi
ourselves to stating the two relations~for the maximum vor-
ticity and maximum density perturbation! that illustrate the
decay behavior of the vortex:

vzmax
~ t !5

1

ApS 2L21
4

Re
t D 1/2S 11

4

Re
t D 2 , ~8!

r̃max~ t !5
F2

8pAeS 2L21
4

Re
t D 3/2S 11

4

Re
t D 3 . ~9!

Applying the diffusion model assumes stability of th
vortex and quasi-two-dimensionality of the flow. In Becke
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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et al.8 it has been shown that certain combinations ofF and
L will result in an unstable density distribution. From th
stability diagram shown in Fig. 7 of Ref. 8 it can be conje
tured that forL50.3 ~a characteristic value measured in e
periments! the vortex is baroclinically stable forF<1.1. For
two-dimensional inviscid flows the isolated vortices of t
type discussed in this paper are azimuthally unstable foa
.1.85.17,26The role of the Reynolds and Froude numbers
the azimuthal instability has been investigated27 and for the
range of Re andF used in present~numerical! experiments
the steepness parameter should be large (a'4) in order to
develop azimuthal instabilities~see also Sec. VI C!. A more
detailed account on these issues can be found in Refs. 8
27. The role of the horizontal vorticity and vertical velocitie
is relatively unimportant for present range of Re,F, andL,
as is shown in Ref. 8 where a detailed study on the qu
two-dimensionality has been reported. Especially the cho
of the initial density perturbation appears essential in orde
reduce the amplitude of internal waves.

In experiments performed by Couder and Basdevant10 it
was found that vortex couples could be formed by the in
action between two single monopoles. However, some
poles were more compact and moved faster than other
was found that in order to form compact vortex dipoles fro
two oppositely signed single monopoles a mechanism sh
be present that brings the vortices together. One of th
mechanisms is the presence of a vorticity shielding aro
the two monopoles. Couder and Basdevant used such an
tial vorticity distribution in a 2D numerical simulation. Thi
simulation illustrated that during the interaction the shie
ings are removed and due to this change in the vorti
distribution the two vortex cores are pushed together. A
result, the two cores formed a compact vortex dipole, t
started to move by its self-propelling mechanism, wher
the two shields formed a weaker dipole that started to m
in the opposite direction. Couder and Basdevant also sho
that the interaction between two unshielded monopoles
sults in a dipole as well, but the distance between the
vorticity extrema then remains unchanged, because a me
nism for pushing the two vortices closer together is lacki

Similar interactions between two oppositely signed v
tices were studied in more detail by Schmidtet al.11 The
Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AI
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interaction process as described for a purely 2D flow
Couder and Basdevant is also observed in the experim
reported by Schmidtet al.: the shields of opposite vorticity
are shed off by the cores, which undergo a clear chang
shape until they have formed a compact dipole. The shie
eventually pair as well and form a much weaker dipole t
propagates in the opposite direction. Mainly due to verti
diffusion the strength of all vortices decreases rapidly
time. Specifically this effect makes it difficult to compa
laboratory experiments of vortices in a stratified fluid wi
purely 2D numerical simulations. Therefore, in this inves
gation we will use full 3D simulations to compare the inte
action and the subsequent dipole formation process with
laboratory experiments. However, to proceed we first nee
match the numerical simulation correctly with the results o
laboratory experiment, a procedure which is explained in
tail in Sec. IV.

IV. NUMERICAL MODELING OF THE INTERACTION
BETWEEN TWO MONOPOLES

Fully 3D numerical simulations of monopole intera
tions require the derivation of the appropriate initial veloc
conditions from the experiments, the typical velocity a
length scalesV and L, the buoyancy frequencyN ~or alter-
natively, whenV, L, and N are known, the Reynolds an
Froude number of the flow!, an estimated vortex thicknes
and the steepness parametera. These parameters can be e
tracted from the experimental data. Moreover, the verti
distribution of the initial vorticity field and a suitable initia
density perturbation, which are not easily measured exp
mentally, are provided by the diffusion model. The validi
of the latter assumption will be tested by performing nume
cal simulations with an experimentally determined init
horizontal velocity field, whereas the diffusion model pr
vides the lacking initial data such as the vertical distributi
of vorticity and the density distribution. An analysis of th
results of the numerical simulations of the monopole int
action and subsequent dipole evolution for different Re
nolds and Froude numbers, with initial velocity and dens
distributions fully determined by the diffusion model, is d
ferred to Sec. VI.
FIG. 2. Illustrations of the steps in the procedure used to match a numerical simulation with a laboratory experiment.~a! Measured velocity field forz50. ~b!
Contours of the vertical vorticityvz at z50 ~only the first ten contours have been plotted!. ~c! Cross section ofvz(y) through the vorticity extrema. The solid
line represents the vorticity distribution associated with~10!, but now for two monopoles witha52.0, and the dashed line witha52.5.
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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In Fig. 2~a! the velocity field atz50 is shown from an
early stage of an experiment on the interaction between
monopoles. The velocity distribution can easily be interp
lated on a square grid of 65365 grid points and on such
grid the distribution of the vertical vorticity can be calculat
by finite differences. The vorticity distribution associat
with the velocity field of the two monopoles is shown in Fi
2~b!, and indeed the vortices have a core of single-sig
vorticity surrounded by a ring of oppositely signed vorticit
As a first step to obtain a nondimensional and 3D init
velocity field for the numerical simulation, the experime
tally obtained 2D velocity field needs to be scaled by
typical velocity scaleV and coordinates need to be scaled
L. The Reynolds number of the initial flow field can then
determined by Re5VL/n. Values forV andL that character-
ize the initial flow field can be found by considering th
nondimensional velocity distribution, that has been used
the model for a single shielded vortex@Eq. ~7!#, with a52
for the steepness parameter.~By choosinga52 we already
anticipate on the experimentally determined best estimate
a.! The associated~nondimensional! vertical vorticity distri-
bution is given by

vz~r ,z!5
1

r

]~rvu!

]r
5

1

LA2p
~12r 2!e21/2~z/L!2

e2r 2
.

~10!

Since the velocity fieldvu is made dimensionless byV and
the coordinater by L, the dimensional value of the vorticit
is given byV/Lvz . One can also conclude from~10! that the
vorticity changes sign forr 51, which means thatL is the
measured radius of the vortex. Furthermore, it can be s
that the maximum vorticity value is found at the vortex sy
metry planez50 in r 50. Therefore, the velocity scale ca
be defined asV5A2pLLvmax. The variableL5l/L is an
estimate of the ratio between the initial thickness of the v
tex and its radius andvmax is the measured extremum vo
ticity value ~of either the positive or negative vortex!. The
thickness of the vortices in the present experiment could
be measured very well, but it is assumed to be of the sa
order as was found for a monopole created under sim
conditions~see Ref. 8!: L5l/L50.3060.04. The velocity
distribution in Fig. 2~a! represents two equally strong~but
oppositely signed! vortices withuvmaxu50.8460.04 s21 and
a radiusL53.060.5 cm, yieldingV52.160.4 cm s21. The
2D velocity field is multiplied by a Gaussian distributio
(1/LA2p)e21/2(z/L)2

to expand the flow field in the vertica
direction.

The choice for the value of the steepness parametera is
based on the measured vorticity profiles. In Fig. 2~c! a cross
section of the nondimensional vorticity distribution throu
the two vortices is shown@where they coordinate is scaled
by L and where the nondimensional extremum vortic
value is (1/LA2p)'1.2#. The lines that are drawn in thi
figure represent the vorticity distributions for two systems
two shielded monopoles, where for each the velocity pro
is given by ~7!; the continuous line represents the case
two monopoles witha52.0, the dashed line represents
similar one, but now witha52.5. Apparently, in this experi-
Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AI
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ment the steepness parametera has for both vortices a value
close toa52.0, and hence this value has been used in
simulations. The relative distance between the core cente
approximatelyd/L53. The density profile is measured ju
before the experiment took place. This profile can be use
calculate the buoyancy frequency of the fluid at the le
where the vortices are formed; it yieldsN51.9 rad s21.
Combining all these parameters gives values for the R
nolds and Froude number of the initial flow in the numeric
simulation: Re5630 andF50.4 ~note that the error margin
of these numbers is approximately 25%!. Finally, also the
dimensionless time needs to be defined byt5(t245)
3(V/L), thus correcting for the initial velocity field being
obtained fort545 s.

The numerical simulation requires also the initial dist
bution for the density perturbationr̃(r ,z). However, during
the laboratory experiments it was not possible to make
tailed 3D measurements of the density distribution, only
density profile could be taken before the experiment. It w
therefore decided to use an analytical expression for the d
sity distribution as initial condition. In Beckerset al.8 it was
shown how for a single monopolar vortex the velocity a
the associated density distribution could be construc
given values for the typical velocityV, vortex radiusL, its
thicknessL, the steepness parametera, and the buoyancy
frequencyN. For the present experiment all these valu
have been determined as well as the positions of the vorti
Assuming that both shielded monopoles are circularly sy
metric, an approximate density distribution corresponding
the experimentally obtained velocity field can be calcula
by simply adding the distributions ofr̃ for the two separate
monopoles. Above the symmetry plane of the vortices
isopycnals are deflected downwards (r̃,0) and below the
symmetry plane of the vortices isopycnals are deflected
wards (r̃.0).

In Fig. 3 the results of both the laboratory experime
and the numerical simulation are shown, using the same
tervals for the vorticity contours. Note that the initial vortic
ity distribution atz50 is taken from the experiment and ha
been extended tozÞ0 by applying the diffusion model. Dur
ing the evolution of the vortices, some small errors in t
measured velocity distribution may cause spurious vortic
contributions, giving the measured vorticity field a mu
more irregular appearance than the numerical one. Howe
apart from these irregularities the experimental and num
cal results display an excellent agreement throughout
course of the dipole formation. The asymmetry of the res
ing dipole from the simulation is due to the slightly asym
metric initial vorticity distribution atz50. Figure 4 shows
contour plots of the density perturbationr̃ at z520.16, for
which r̃ initially had its maximum value. Although the initia
density perturbation has been modelled, it appears to b
reasonable approximation, because no large adjustments
place after the start of the simulation such as the genera
of internal waves.~For an illustration of the importance o
the application of an initial distribution of the density pertu
bation for simulation of vortex flows in a stratified fluid, th
reader is referred to Ref. 8.! During the dipole formation the
positions of the maxima of the density perturbation mo
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 3. Comparison between the vo
ticity distributions at z50 for the
laboratory experiment~a!–~c! and for
the 3D numerical simulation~d!–~f!.
The actual time~in seconds! is given
by t'(1.4t145) s. The contour inter-
val is Dvz50.04. The values for the
parameters of the simulation are R
5630, F50.4, Sc510, and L50.3.
The injection rate in the experimen
wasQ52.2 cm3 s21, the injected vol-
ume per vortex wasDV550 cm3 and
N51.9 rad s21.
o
f
-
si

r-
or

y
lso

at
di
ib

el
on
ole
io
g

he
able
on

en
no-
ex-

two
les

y in
ither

each
y
rio
towards each other, which is consistent with the formation
a compact dipole. The shape of the density perturbation
the dipole is not dramatically different from the initial con
dition, but while the dipole decreases in strength, the den
perturbation also decays rapidly.

Figure 5~a! shows how the extremum values of the vo
ticity of the dipole halves decrease in time for the laborat
experiment ~represented by the markers!, the numerical
simulation~the solid line! and for the diffusion model for one
single axisymmetric vortex, Eq.~8!, with Re5630 ~dotted
line, which is nearly indistinguishable from the solid line!.
There is a close agreement, not only between the deca
the flow in the experiment and in the simulation, but a
between the decay of a single monopole~described by the
diffusion model! and that for each of the two vortices th
form the dipole. Apparently, under the present flow con
tions the diffusion model can perfectly be applied to descr
the decay ofvzmax

(t) and r̃max(t) for two interacting mono-
poles that eventually form the two halves of a dipole as w
In Fig. 5~b! the extremum values of the density perturbati
during the simulation are given for both halves of the dip
and compared with the decay according to the diffus
model, see Eq.~9!. This figure also indicates that no stron
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adjustment process takes place initially, implying that t
initial density perturbation indeed appears to be a reason
approximation for the perturbation of the density distributi
in the laboratory experiment.

V. INTERACTION BETWEEN TWO EQUALLY SIGNED
SHIELDED MONOPOLES

The second type of vortex interactions that has be
studied is that between two equally signed shielded mo
poles. Figure 6 shows the results of a dye visualization
periment, performed under the same conditions~N, Q, and
DV! as the dipole formation in Figs. 3~a!–3~c!. The photo-
graphs illustrate that the vortices here also transform into
dipoles that start to move away from each other. The dipo
are formed, because apparently oppositely signed vorticit
the shieldings becomes concentrated in two patches on e
side of the vortex cores, see Figs. 6~b! and 6~c!. Then these
vorticity patches roll up into two vortices@Fig. 6~d!# that pair
with the initial cores forming two dipoles@Figs. 6~e! and
6~f!#. These dipoles are asymmetric, because they are
composed of a~strong! core vortex and a weaker vorticit
blob originating from the shielding. This interaction scena
l
s
e

FIG. 4. Contour plots of r̃ at z
520.16 obtained from the numerica
simulation for the same times a
shown in Fig. 3. The increments in th
contours areDr̃50.001.
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 5. ~a! Graph showing the decay of the extremum vorticity values of the dipole in the laboratory experiment~circles for the positive vortex core, triangle
for the negative core! and the numerical simulation~solid line!. The dashed line represents the decay of a monopole under the same conditions~Re5630 and
L50.3!, according to the diffusion model~8!. ~b! Decay of the maximum values of the density perturbation in the positive vortex~continuous line! and the
negative one~dotted line! obtained from the numerical simulation. The dashed line represents the decay according to the diffusion model~9! for F50.4,
L50.3, and Re5630.
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is remarkable, because it is entirely opposite to the cas
two nonshielded monopoles. It has been shown that,
vided the separation distance between the vortices is sm
than a certain critical value, such interactions result in
merger of the two vortices.12,13 The presence of a vorticity
shielding around the two interacting monopoles appear
inhibit such a merger.

This repulsive interaction of two shielded monopol
was first discussed in a numerical study on the merge
shielded vortices with piecewise-constant vorticity
Carton.17 In that paper it was observed how the two vortic
first merged, formed an intermediate tripolar structure a
then broke up into two dipoles. Later Valcke and Verron28

numerically studied the interaction between two shield
baroclinic vortices. Although in general these authors con
ered so-called two-layer baroclinic vortices, they also p
sented two cases of interactions between shielded barotr
~i.e., 2D! vortices. These simulations showed the same k
Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AI
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of interaction as the laboratory experiment in Fig. 6. It w
concluded that the merging of shielded vortices is very
likely. The present results thus show that merging of shield
vortices is also unlikely in linearly stratified fluids. Thes
observations indicate that vortex merging, which represen
crude and phenomenological picture of the inverse ene
cascade, in quasi-2D turbulence in stratified fluids is a m
complex phenomenon than suggested by simulations
freely evolving 2D turbulence.14

We have performed several experiments with differe
configurations of the cylinders, and all interactions inde
resulted in a separation of the two vortex cores, as show
Fig. 6. Figure 7 shows the evolution of the vorticity distr
bution atz50 for one of the experiments~a!–~c! and for a
corresponding 3D numerical simulation~d!–~f!. The initial-
ization procedure of the numerical simulation was similar
the case described in the preceding section: the initial fl
nt
ed
FIG. 6. Photographs of a dye visualization experime
of the interaction between two equally signed shield
monopoles~with counter clockwise flow in both cores!.
The injection rate wasQ52.2 cm3 s21 and the injected
volume per vortex was DV550 cm3 and N
51.9 rad s21.
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 7. Comparison between the vo
ticity distributions at z50 for the
laboratory experiment~a!–~c! and for
the 3D numerical simulation~d!–~f! of
the interaction between two equall
signed shielded monopoles. The actu
time ~in seconds! is given by t
'(1.8t145) s. The contour interval is
Dvz50.04. The values for the param
eters of the simulation are in this cas
Re5500, F50.3, Sc510, and L
50.3. The injection rate in the experi
ment was Q52.2 cm3 s21, the in-
jected volume per vortex wasDV
550 cm3 andN51.9 rad s21.
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field consists of a combination of the experimentally o
tained vorticity field at the symmetry planez50 with the
density perturbation and the 3D vorticity field obtained fro
the diffusion model. For the present simulation values for
Reynolds and Froude number were found to be Re5500 and
F50.3 ~also in this case the error margin is approximat
25%!, based on the experimentally measured flow field at
545 s. The experiment indeed shows, see Fig. 7~b!, that
vorticity from the shields is advected by the cores to t
opposite sides of the vortex system. Two asymmetric dipo
are then formed and start to move in opposite directions
the distance between the two cores increases, a patch o
positely signed vorticity from the shieldings is advected in
the region between the cores. Eventually, the cores bec
circular again~c!.

The vorticity contours in Figs. 7~d!–7~f! from the nu-
merical simulation again show an excellent qualitative agr
ment with the experiment. For this experiment also a co
parison was made between the decay of the vorti
maximum of the two vortex cores in the experiment, in t
simulation and according to the diffusion model@as in Fig.
5~a!#, and it was found that all three curves compared v
well.

VI. NUMERICAL INVESTIGATIONS OF MONOPOLE
INTERACTIONS

The interactions between oppositely or equally sign
monopoles have been studied in more detail by using
merical simulations similar to those of which results a
shown in Figs. 3 and 7, but now for idealized initial cond
tions from the diffusion model. These simulations facilita
the investigation of the influence of several parameters
the dipole formation process, such as the initial separa
distanced/L of the vortices, the Reynolds and Froude nu
ber of the flow and the steepness parametera. Moreover, it
enables a study of the 3D structure of the dipole tha
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formed by the interaction between two shielded monopo
The role of the different parameters on the dipole format
process will be illustrated with a few examples. At the end
this section we present an overview of data from a large
of numerical simulations of the interaction between opp
sitely signed and between equally signed monopoles. Th
data support the conclusions drawn from some exemp
cases below.

A. The initial separation distance

In the paper by Schmidtet al.11 a relationship was de
rived between the formation time of the dipole and the init
separation distance between the monopoles for the case
purely 2D flow. The formation timeT of the dipole could be
defined in two ways: either by the time when the distan
between the cores has become a minimum or by the mom
when the dipole has attained its largest translation spe
Both definitions appear to yield similar formation times.
appeared that for small separations~i.e., d/L,4.8! the for-
mation time is approximately an exponential function of t
relative distance. Ford/L.4.8 an exponential function wa
found as well, but in that case with a much larger time co
stant. Such a systematic investigation of the formation ti
is not repeated for the present 3D vortices, because
impossible to carry out the necessary long-time integrati
to observe the dipole formation process ford/L.4.0. The
simulations discussed in Sec. VI E~with 2.0<d/L<4.0,
500<Re<10 000, and 0.30<F<1.0! show qualitatively
similar behavior as in Ref. 11: the formation time of th
dipole is approximately an exponential function of the init
relative distance of the vortices. Furthermore, it is found t
the formation time decreases with increasing Reynolds n
ber ~keeping F constant!, and increases with increasin
Froude number~keeping Re constant!.

The present comparison concentrates only on the dif
ences between two numerical simulations. The initial flo
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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conditions for both simulations are defined by Re52000,F
50.3, L50.3, Sc510, anda52, but two different values
for the initial separation distance are used. The results o
interaction between these two monopoles~with an initial
separation distanced/L52.5! are illustrated in Fig. 8, where
horizontal cross sections of the vorticity distributionvz at
z50 are shown. The interaction scenario is not very differ
from the one shown in the laboratory experiment~Fig. 3!; the
rings of opposite vorticity are shed off from the cores. Th
brings the cores closer to each other, so that they form
dipole that starts to move in one way, while the rings form
~much weaker! dipole that moves in the opposite directio
Similar pictures can be obtained for various initial core se
rations. We already mentioned that the time it takes for
dipole to be formed increases with increasing separation
tance. Figures 9~a! and 9~b! illustrate this fact with the evo-
lution of the distanceDy between the vortex cores and thex
positions of the vortices, respectively, ford/L52.5 and 3.0.
It can be seen that a smaller distance between the monop
indeed results in a faster dipole formation. Moreover, verti
diffusion causes an overall decay of the vortices so that
longer it takes for the dipole to be formed, the slower will
its translation~once formed!. Consequently, the maximum
velocity of the dipole is smaller for the case with the larg
initial vortex separation. The smallest distance between
two dipole halves, however, is equal to 1.660.1, and in this
particular case thus approximately independent of the in
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separation between the two monopoles.~The data summa-
rized in Table II are based on a more accurate measurem
of the minimum separation.!

In Figs. 9~c! and 9~d! the evolutions ofvzmax
and r̃max

are plotted. Each of these figures shows four lines repres
ing the decay for~1! a single monopole according to th
diffusion model,~2! a single monopole in a 3D numerica
simulation ~for Re52000, F50.3, andL50.3!, ~3! one of
the dipole halves formed during the dipole formation proc
with d/L52.5, and ~4! similar as ~3!, but now for d/L
53.0. Two aspects attract the attention: in the first place,
decay of the vorticity extrema for each of the dipole halv
appears to be somewhat stronger than for a single monop
and second, the dipole formation causes a temporal incr
~due to the overall decay of the vortex this increase mean
fact a slower decay! in the density perturbation. This comb
nation of an enhanced decay of the vorticity and a slow
decay of the density perturbation suggests that during
dipole formation potential energy is generated at the cos
kinetic energy of the flow. A possible explanation for th
effect is that, when the shields around the cores are remo
the cores are allowed to expand in the lateral direction m
easily. Conservation of mass then implies a slight compr
sion of the vortex, and, consequently, an increase of the d
sity perturbation.8
l

l

s

FIG. 8. Results of a 3D numerica
simulation of the dipole formation.
The contour plots represent horizonta
sections atz50. The contour incre-
ments areDvz50.04. The parameters
of the simulations are Re52000, F
50.3, L50.3, d/L52.5, and a52.
Note, that the computational domain i
twice as large in thex direction as the
domain shown here.
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 9. ~a! Evolution of the distance
between the two vortex cores for two
different initial distances~the asterisks
and the boxes denote the data ford/L
52.5 and 3.0, respectively!. ~b! Posi-
tions along thex axis of the vorticity
extrema for the same two cases.~c!
Decay of the maximum value of the
vorticity and~d! of the maximum den-
sity perturbation. The meaning of th
four lines is explained in the text.
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B. The Reynolds and Froude number dependence

To investigate the effect of the initial Reynolds numb
on the dipole formation process, the results of three sim
tions with Re5500, 2000, and 5000, respectively, are co
pared in Figs. 10 and 11. The Froude number, the ini
vortex thickness and the initial core separation are both k
constant~F50.3, L50.3, andd/L52.5!. In all three cases
dipoles were formed and fort5100 the~v,c!-scatter plots of
these dipoles are shown in Figs. 10~a!–10~c!. Scales of both
v and c have been adjusted to obtain approximately sam
sized graphs. Note that the streamfunctionC is obtained by
solving vz52“

2C. In a frame comoving with the dipole
the streamfunction transforms intoc5C2Uy, whereU is
the velocity of the dipole, moving in thex direction. The
dashed lines in Figs. 10~a!–10~c! are drawn to illustrate the
~non!linearity of the ~v,c! relationship. These scatter plo
show that for Re5500 there is an approximately linear rel
tionship betweenv andc, similar to what could be seen fo
the laboratory experiments~see Fig. 4 in Ref. 11!. By com-
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paring the resulting dipoles from the three typical numeri
simulations~Re5500, 2000, and 5000! and from the labora-
tory experiments, four remarkable features of the dipo
were observed.~1! For a larger Reynolds number the~v,c!
relationship appears to consist of two branches that
slightly shifted with respect to each other. The nonlinear
around the origin of the~v,c!-scatter plot suggests that sp
cifically along the symmetry axis of the dipole the vortici
distribution deviates from the distribution according to t
Lamb dipole model, for which the~v,c! relationship is lin-
ear.~2! The dye visualization experiments shown by Schm
et al.11 indicate that after a compact dipole was formed
starts to grow again by entraining undyed fluid from behin
An example is given in Fig. 11~a!. ~3! At the same time
contour plots of the vorticity distribution, see, e.g., Fi
11~b!, illustrate that~rather on the contrary! a tail-like struc-
ture is formed behind the dipole. This tail, however, was o
found for the lower Reynolds number flows (Re<2000).
~These differences could be observed by using the same
c-
s

s

FIG. 10. ~a!–~c! ~v, c! scatter plots of
three dipoles generated by the intera
tion between two shielded monopole
with d/L52.5 ~F50.3 andL50.3!.
The stream functionc has been cor-
rected for the translation of the dipole
with velocities U (a)50.028, U (b)

50.064, andU (c)50.080.
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 11. ~a! Dye visualization illus-
trating the advection of undyed fluid
into the dipole.~b! Vorticity contours
for the dipoles formed for Re52000
(Dv50.02vmax) and ~c! typical cross
section ofvz(y) through the vorticity
extrema for the dipoles formed with
Re5500 ~continuous line! and with
Re55000 ~dashed line!.
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tive values for the vorticity contours, likeDvz50.02vzmax
,

because the absolute vorticity values are much higher in
vortex with Re55000 compared to the one for Re52000.!
~4! Finally, cross sections of the vorticity distributio
through the two cores of the dipoles showed that in particu
for high Reynolds number dipoles the vorticity distributio
between the two cores is not straight; it shows a kink aro
the dipole’s center. This is clearly illustrated in Fig. 11~c!
where cross sections of the vorticity distribution inside t
dipole are shown for Re5500 and 5000.

The formation process of dipoles and their compactn
@and thus the nonlinearity of the~v,c! relationship# are de-
termined by several parameters such as Re,F, d/L, etc.
However, only the Reynolds number is varied in the pres
set of simulations~the variation of the Froude number, whi
keeping the Reynolds number constant, is discussed
on!, and the deviation of these dipoles from Lamb’s dipo
model can be explained by the effects of viscosity only. I
therefore reasonable to assume that the entrainment of
into the dipole and the formation of a tail in the vortici
distribution is due to lateral diffusion of vorticity resulting i
an increasing size of the dipole. This can be illustrated w
the evolution of the streamline pattern. A plot ofc(x,y) in
Fig. 12~a! shows that two different regions can be reco
nized: the outside region where fluid moves around the
pole like the flow around a moving cylinder, and the insi
region with closed streamlines for each dipole half. The
pole itself is completely surrounded by one closed strea
line, called the separatrix. Fluid initially inside this separat
will remain there and is advected with the dipole, fluid ou
side the separatrix flows~in a frame comoving with the di-
pole! around the dipole and towards the right. Due to late
diffusion the vorticity distribution of the dipole grows in siz
and so does the region inside the separatrix. The conse
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tion of mass thus demands that fluid that was initially outs
the separatrix is entrained into the dipole. In Fig. 12~b! these
processes are schematically illustrated. The dashed reg
represent dyed fluid that is initially trapped inside the dipo
At a later stage the separatrix is represented by the do
circle ~2!, and undyed fluid originally in the ring~1! is en-
trained from the rear into the dipole. Figure 12~c! presents a
cross section through the dipole with distributions of the v
ticity and the~corrected! streamfunction. The position of th
separatrix is indicated by the arrows and one can observe
due to viscosity vorticity has leaked through the separat
as illustrated in the two circles. This fluid outside the sep
ratrix, in Fig. 12~b! schematically indicated by the regio
between the circles~2! and~3!, will not be transported by the
dipole and is, due to the translation of the dipole, eventua
left behind and forms a tail-like structure behind the dipo
Finally, it should be emphasized that for a small Reyno
number flow~like the runs with Re5500 and 1000! viscosity
will smooth out the kink in the vorticity cross section and t
~v,c! relationship becomes less nonlinear.

Flór and van Heijst29 have found scatter plots similar t
that in Fig. 10~i.e., linear and nonlinear! for dipoles created
by the collapse of a laminar or turbulent jet in a stratificatio
Turbulent ~or pulsed! injections always resulted in dipole
with a nonlinear~v,c! relationship whereas dipoles resultin
from laminarly injected fluid possessed a much more lin
~v,c! relationship. Note that the Reynolds number for t
dipoles from turbulent injections is considerably larger th
for the laminar injection case. The authors suggested tha
nonlinearity might disappear when the vorticity of the dipo
is corrected for the vertical density structure, by using
potential vorticity in the scatter plot. However, more recen
2D numerical simulations have shown that also an initia
exact Lamb dipole, i.e., a 2D vorticity structure with a line
f
g

h

n

FIG. 12. ~a! Streamline pattern of a
dipole in a frame comoving with the
dipole.~b! Schematic representation o
the flow in and around an expandin
dipole. See text for more details.~c!
Cross section through the dipole wit
distributions of the vorticity ~solid
line! and the corrected stream functio
c ~dashed line!.
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FIG. 13. ~a! Vorticity contours of the
dipole formed by the interaction be
tween two shielded monopoles for R
52000 andF51.0. ~b! Cross section
of the vorticity ~scaled by the maxi-
mum value! through the dipole, and
~c! ~v, c!-scatter plot of the dipole in
~a! with U50.046.
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~v,c! relationship, eventually results in a dipole with a no
linear ~v,c! relationship.30,31 This finding supports the ide
that the nonlinearity cannot be ascribed to the density st
ture inside the dipole, but is most likely due to the effects
~lateral! diffusion of the vorticity distribution and conseque
entrainment of~nearly! irrotational fluid into the dipole.

The influence of the Froude number on the dipole f
mation has been investigated by comparing the previous
sults for Re5500 and Re52000 with similar simulations
whereF51.0 ~in all four cases:L50.3 andd/L52.5!. For
Re5500 no striking differences between the dipole form
tion processes with the two Froude numbers~F50.3 andF
51.0! could yet be observed, but for Re52000 the differ-
ences become more profound. As was discussed in Bec
et al.,8 the effect of stretching of a vortex during its visco
decay becomes stronger for higher Froude number flows,
the dipole formation process appears to be affected
stretching of the vortex cores. In Fig. 13 a vorticity conto
plot of the dipole~obtained for Re52000 andF51.0!, with
the associated vorticity cross section and~v, c!-scatter plot,
are shown. Especially the cross section of the vorticity
Fig. 13~b!, which clearly shows a kink around the center
the dipole, indicates that the dipole is not a very comp
structure, which results in a nonlinear~v, c! relationship, see
Fig. 13~c!. It was found that the difference between theF
50.3 andF51.0 simulation is a result of differences in th
deshielding process. Due to stretching of the vortex co
during their decay, which is strongest in the center of
vortex core and decreases rapidly in strength with increa
distance from the vortex core,8 the vorticity shields become
relatively weak. Therefore, the shields are less effective
bringing the vortex cores closer together and a less com
dipole is formed, with a nonlinear~v, c! relationship~see
also Ref. 10!.

Summarizing we can conclude that two mechanisms
ist that are responsible for the formation of a noncomp
dipole ~with a kink in the vorticity profile!. For increasing
Reynolds number, while keeping the Froude number c
stant, entrainment of nearly irrotational fluid into the dipo
becomes more effective in forming less compact dipoles,
cause diffusion is less effective in smoothing the vortic
profile. For increasing Froude number, and now keeping
Reynolds number constant, kink formation in the vortic
profile is ~indirectly! enhanced by vortex stretching. In bo
cases lateral diffusion of vorticity will oppose kink formatio
in the vorticity profile. The trend to form noncompact dipol
Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AI
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for increasing Re andF is also clearly visible in Table II~see
Sec. VI E!.

C. The steepness parameter a

Thusfar we only considered interactions between mo
poles with a steepness parametera52, because this value
appeared to be most relevant for the laboratory experime
It is, however, an interesting question how the value ofa of
the interacting shielded monopoles might influence the
pole formation process. A relatively weaker ring of oppos
vorticity, compared to the core vorticity, leads to a less co
pact dipole~see, e.g., the role ofF on the compactness o
dipoles as discussed in the preceding section!. Therefore it
seems obvious that monopoles with relatively strong vor
ity shieldings~i.e., with higher values ofa! will form more
compact dipoles. By comparing the interactions between
monopoles with eithera52 or a54, for various initial
separation distances, it was found that the larger value oa
indeed enhances the formation of a compact dipole, bu
return the increasing instability of the ring of opposite vo
ticity can also hamper the dipole formation, depending
the initial value ofd/L. This will be illustrated by two ex-
amples.

For a relatively small initial distanced/L the rings of
opposite vorticity are easily shed off and a dipole is forme
In fact, by comparing the cases withd/L53.0 for a52 and
a54 it was found that the interaction between the mon
poles with the higher steepness parameter resulted in a m
more compact dipole; it even had a linear~v, c! relationship
and the velocity of the dipole was much higher than for t
one formed by thea52 monopoles. The reason for th
difference is easily understood: the rings of opposite vortic
have higher~absolute! vorticity values and therefore the
have a much larger pushing effect on the two vortex cor
Consequently, the cores are pushed closer to each other
more compact~thus faster! dipole is formed. A larger steep
ness parameter, however, does not always result in the
mation of a more compact dipole. When the initial mutu
distance between the monopoles becomes larger, the inh
instability of the monopoles witha.2 can drastically affect
the interaction process. This process can be illustrated for
case of two monopoles witha54 andd/L53.6. Although
no artificial perturbation was added to the vorticity distrib
tions of the monopoles, their mutual interaction apparen
triggers the instability of both monopoles. The vortici
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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shields split up into two satellite vortices and the cores
come elliptical. Then the satellites are seriously deformed
they pass between the two vortex cores. This behavior
vents the cores from forming a dipole.

D. The 3D structure of the dipole

The 3D numerical simulations of the interactions b
tween monopoles, and the subsequent formation of dipo
offer the possibility to investigate the 3D structure of a
pole in a stratified fluid in more detail. For one specific ca
~a dipole formed from the interaction between two mon
poles with Re52000,F50.3,L50.3, andd/L52.5! the 3D
structure of the flow field is illustrated in Fig. 14. The pa
ticular shape of the dipole during its evolution is visualiz
by drawing isosurfaces of the vertical vorticity. The flu

FIG. 14. The dipole formation process~same simulation as shown in Fig. 8
i.e., for d/L52.5, L50.3, Re52000, F50.3, and Sc510! illustrated by
isosurfaces ofuvzu50.04. The reader views the structure slightly fro
above the vortex symmetry plane (z.0), looking in the negativex and in
the positivey direction.
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motion in a stratified fluid is predominantly 2D and the d
tribution of vz therefore gives a good representation of ‘t
shape’ of the dipole~or more precisely, the 3D distribution o
the Q2D flow field!. In Fig. 14 the isosurfaces ofuvzu
50.04 are plotted fort50, 20, 40 and 60. This particula
isosurface corresponds with the outermost vorticity cont
in Fig. 8, so that the reader can easily compare these
figures. One can observe how the vorticity rings are shed
and start to move to the right@Figs. 14~c! and 14~d!#,
whereas the cores obtain a characteristic boomerang
shape as the compact dipole is formed and starts to mov
the left. For more details of the 3D structure of the dipole
refer to Ref. 27.

E. A regime study of the shielded monopole
interaction

Two large sets of numerical simulations have been p
formed, one concerning the interaction between opposi
signed monopoles and the other between equally sig
ones. For both sets we varied the Reynolds number,
Froude number and the initial separation distance:
P$500,1000,2000,5000,10 000%, FP$0.30,0.65,1.0%, and
d/LP$2.0,2.5,3.0,3.5,4.0%.

The computations of the interaction of two opposite
signed monopoles were carried out in a box with dimensi
less size 2031034(Lx3Ly3Lz) with stress-free boundary
conditions in thex and y direction and periodic boundar
conditions in thez direction. Thex coordinate of the initial
position of the vortices isx55, and the resulting dipole
moves in positivex direction. The influence of the stress-fre
boundaries is negligible as long as the dipole does not col
with the boundary atx520. The monopoles are sufficientl
thin (L50.3) and located atz52, the bottom and top
boundary are thus sufficiently far away. The spatial reso
tion Nx3Ny3Nz for the different runs are summarized
Table I. The time steps used in the simulations areDt50.1
for Re<2000 andDt50.05 for Re>5000. From Table I it
can be concluded that the data obtained from the runs w
Re55000, F51.0 and those with Re510000 andF>0.65
should be interpreted with care and are therefore indica
~larger Froude numbers also require an increased resolu

TABLE I. Overview of the resolutionNx3Ny3Nz (Lx3Ly3Lz520310
34) of the numerical experiments with oppositely signed vortices, and
assessment of the well-resolvedness of the computed flow. For eq
signed vortices the resolution and well-resolvedness of the flow is simila
shown below ~e.g., Nx3Ny3Nz51293129365 with Lx3Ly3Lz510
31034!.

Nx3Ny3Nz Well-resolvedness

Re5500 F<0.65, 65333333 good
F51.0, 129365365 good

Re51000 F<1.0, 129365365 good
Re52000 F<0.65, 129365365 good

F51.0, 2573129365 good
Re55000 F<0.65, 2573129365 sufficient

F51.0, 2573129365 fair
Re510 000 F50.30, 2573129365 sufficient

F>0.65, 2573129365 fair
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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TABLE II. Overview of the numerical experiments with two oppositely signed, shielded vortices. CD de
the formation of a compact dipole and NCD the formation of a noncompact dipole. No dipole is forme
Re5500 andd/L54.0. Additionally, the separation distance of the two vortex cores of the dipole, in term
the initial vortex radius, has been tabulated~the values with a † represent upper limits because the minimu
vortex separation is most likely found fort.tend!. The estimated error of the separation distance is appr
mately 0.1 for Re<2000 and 0.2 for Re>5000.

d

L
52.0

d

L
52.5

d

L
53.0

d

L
53.5

d

L
54.0

Re5500 F50.30 CD, 1.3 CD, 1.7 CD, 2.1 CD, 2.5 -, -
F50.65 CD, 1.5 CD, 1.7 CD, 2.0 CD, 2.6 -, -
F51.0 CD, 1.5 CD, 1.6 CD, 2.0 CD, 2.5 -, -

Re51000 F50.30 CD, 1.4 CD, 1.5 CD, 1.7 CD, 1.9 CD, 2.8†

F50.65 CD, 1.4 CD, 1.6 CD, 1.7 CD, 1.9 CD, 2.8†

F51.0 CD, 1.6 CD, 1.6 CD, 1.8 CD, 2.0 CD, 2.8†

Re52000 F50.30 CD, 1.4 CD, 1.5 CD, 1.7 CD, 1.7 CD, 2.2
F50.65 CD, 1.4 NCD, 1.6 NCD, 1.8 CD, 1.8 CD, 2.2†

F51.0 NCD, 1.5 NCD, 1.6 NCD, 1.7 NCD, 1.9 CD, 2.4†

Re55000 F50.30 CD, 1.4 NCD, 1.6 NCD, 1.7 NCD, 1.8 CD, 1.8
F50.65 NCD, 1.6 NCD, 1.6 NCD, 1.6 NCD, 1.9 NCD, 2.1
F51.0 NCD, 1.6 NCD, 1.7 NCD, 1.9 NCD, 2.0 NCD, 2.3

Re510 000 F50.30 NCD, 1.5 NCD, 1.7 NCD, 1.7 NCD, 1.8 NCD, 1.9
F50.65 NCD, 1.6 NCD, 1.8 NCD, 1.8 NCD, 2.0 NCD, 2.4
F51.0 NCD, 1.8 NCD, 1.8 NCD, 1.8 NCD, 2.1 NCD, 2.6
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which was impossible with the available computer
sources!. The length of the time integration depends on t
initial vortex separationtend5200 for d/L52.0 and 2.5,
tend5300 for d/L53.0 and 3.5, andtend5400 for d/L
54.0.

The computations of the interaction of two equa
signed monopoles were carried out in a box with size
31034 with a similar resolution as indicated in Table I. Th
length of the time integration was for all runstend5100, and
the interaction with the mirror images in neighboring box
~note that stress-free boundaries are used! remained small.
For both sets of simulations the steepness parameter
kept constant at the valuea52. This value is rather close t
the experimentally found value. Higher values ofa could be
of interest due to enhanced instability of the ring of oppos
vorticity ~see Sec. VI C! but are not considered in these tw
sets of simulations.

We first consider the interaction of two shielded mon
poles with oppositely signed core vorticity. For the chara
terization of the resulting dipole~if any! we make a distinc-
tion between the appearance of a compact and a noncom
dipole. The decision to call the resulting dipole either co
pact or noncompact is always somewhat arbitrary. In
comparison it is based on the vorticity cross section thro
the centers of the dipole, like those shown in Figs. 11~c! and
13~b!, at the moment of minimum separation of the vort
cores. The results of the simulations are summarized in T
II, where we have also indicated the minimum core sepa
tion of the resulting dipoles. The trend for increasing Re
nolds and Froude numbers is clear: all runs with Re5500
and 1000 show the formation of compact dipoles except
Re5500 andd/L54.0 ~the vortex cores are almost com
pletely disappeared by diffusion of vorticity before the
come sufficiently close together!, and the simulations with
Re55000 and 10 000 show that nearly all resulting dipo
r 2008 to 131.155.151.13. Redistribution subject to AI
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are noncompact. The data for Re52000 show the importance
of the Froude number on the formation of compact dipol
low Froude numbers yield compact dipoles and forF'1
mainly noncompact dipoles are formed.

Finally, the fair resolution of the runs with Re55000 and
F51.0 and those with Re510 000 andF>0.65, resulting in
small perturbations of the ideal vorticity and density fields
most likely responsible for the formation of asymmetric d
poles, similar as found in the experiments~see Figs. 3 and 7!.
Also an increased dissipation of kinetic energy of the coh
ent structures is observed which might be associated with
presence of internal waves~especially forF51.0! and the
transition to turbulence. The data from these runs sho
however, be considered with some care. Although we beli
that well-resolved simulations will also show the formatio
of noncompact dipoles, the measured minimum core sep
tion could change and the loss of kinetic energy could
less. Additionally, it is expected that the asymmetry of t
resulting dipoles will be reduced.

The second set of simulations concerns the interactio
two shielded monopoles with equally signed core vorticity
characterization of the resulting vortices is provided in Ta
III where we make a distinction between the formation
strong asymmetric dipoles~AD!, weak asymmetric dipoles
~WD! and no formation of dipoles but only the gradual d
struction of the ring of opposite vorticity~DR!. An illustra-
tion of the three different cases is shown in Fig. 15 for ru
with Re51000 andF50.65. The distinction between th
three types of interaction products is somewhat arbitrary,
it is found suitable to show the trends in the interaction s
nario.

No merging was observed for the range of Reynolds a
Froude numbers used in the numerical experiments, even
for the experiments with an initial separation of the vort
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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TABLE III. Overview of the numerical experiments with two equally signed, shielded vortices. AD denote
formation of a couple of clear asymmetric dipoles which travel away from each other, WD denotes the f
tion of a couple of weak, nontravelling dipolar structures, and DR denotes ring destruction~see Fig. 15!. In the
latter case no dipoles are formed. Finally, DT denotes the formation of a weak deformed tripolar stru
Additionally, the change of the separation distance of the two vortex cores, in terms of the initial vortex r
measured fort5100 has been tabulated~the error is approximately 0.3!.

d

L
52.0

d

L
52.5

d

L
53.0

d

L
53.5

d

L
54.0

Re5500 F50.30 DT, 1.2 AD, 2.0 WD, 1.5 DR, 0.9 DR, 0.4
F50.65 DT, 1.9 AD, 2.0 WD, 1.5 DR, 0.9 DR, 0.4
F51.0 AD, 2.3 AD, 2.0 WD, 0.9 DR, 0.6 DR, 0.4

Re51000 F50.30 AD, 3.2 AD, 2.8 AD, 1.7 DR, 0.6 DR, 0.4
F50.65 AD, 3.3 AD, 2.4 WD, 1.4 DR, 0.6 DR, 0.2
F51.0 AD, 2.8 AD, 1.9 WD, 1.2 DR, 0.6 DR, 0.0

Re52000 F50.30 AD, 4.1 AD, 2.8 AD, 1.6 DR, 0.9 DR, 0.4
F50.65 AD, 3.9 AD, 2.3 AD, 1.4 DR, 0.6 DR, 0.2
F51.0 AD, 2.6 AD, 1.6 WD, 1.1 DR, 0.5 DR, 0.1

Re55000 F50.30 AD, 4.5 AD, 3.0 AD, 1.8 DR, 0.8 DR, 0.2
F50.65 AD, 3.7 AD, 2.1 AD, 1.2 DR, 0.6 DR, 0.2
F51.0 AD, 2.4 AD, 1.6 WD, 1.3 DR, 0.6 DR, 0.1

Re510 000 F50.30 AD, 4.7 AD, 3.0 AD, 1.6 DR, 0.8 DR, 0.2
F50.65 AD, 3.6 AD, 2.1 AD, 1.4 DR, 0.7 DR, 0.2
F51.0 AD, 2.6 WD, 1.2 WD, 1.4 DR, 0.7 DR, 0.1
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cores as small asd/L52.0 ~although for all Reynolds and
Froude numbers considered here, a tendency to merging
be observed during the first stage of the interaction proce!.
All simulations withd/L<3.0 showed the formation of two
~weak! asymmetric dipoles, which move in opposite dire
tion away from each other. An exception should be made
two runs with Re5500, F50.30 and 0.65, and both with
initial separationd/L52.0, where the resulting dipoles are
weak that they do not move away in opposite directions
strongly deformed, weak tripolar structure appears as a re
of smoothing of the vorticity gradients between the two v
tex cores~obviously, this should not be considered as me
ing!. In the cased/L>3.5 the ring of opposite vorticity is
simply removed by diffusion~the dominant process for R
<2000!, or by a combined effect of advection and diffusio
for the runs with higher Reynolds numbers. The end re
consists of two equally signed vortices with a slightly larg
separation distance compared to their initial separation
tance. Additionally, the line connecting the vortex core ce
ters is slightly rotated with respect to they axis ~'10° for
d/L53.5 and'3° for d/L54.0!.

From Table III we can conclude that increasing the R
nolds number up to approximately 5000 promotes the form
tion of relatively strong asymmetric dipoles: the dipo
halves are stronger and the part originating from the ring
opposite vorticity survives longer due to decreasing influe
of viscosity. As a result the separation distance becom
larger for increasing Reynolds number~especially for F
50.30!, and for all Froude numbers it is observed that t
rotation of the line connecting the vortex cores with resp
to the one based on the initial position of the vortex co
increases. The decreasing importance of viscosity when
increases also explains the tendency to form rather str
asymmetric dipoles instead of weak dipoles ford/L53.0.
Increasing the Froude number, on the other hand, diminis
r 2008 to 131.155.151.13. Redistribution subject to AI
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the role of the ring of oppositely signed vorticity due
enhanced stretching of the vortex core. On average we
dipoles are formed resulting in a smaller separation dista
of the vortex cores~see Table III!. This effect is accompanied
by a larger rotation of the line connecting the vortex co
centers, a process intimately linked with the smaller sepa
tion distance. For Re.5000 a tendency to form weaker d
poles is observed again, especially forF>0.65. It seems tha
inherently three-dimensional effects~internal waves, transi-
tion to turbulence! enhance dissipation of kinetic energy
the flow resulting in weaker dipoles and weaker core vo
ces. As a result the separation distance of the vortices
creases for increasing Re andF. A more extensive numerica
study is necessary to analyze this part of the parameter ra
with well-resolved numerical simulations, which is unfort
nately not possible yet.

VII. SUMMARY

In this paper the interaction between two shielded mo
poles in a stratified fluid has been investigated, both by
merical simulations and by laboratory experiments. T
cases are considered, the interaction between oppos
signed vortices and between equally signed vortices.

In general, interactions between two oppositely sign
shielded monopoles result in the formation of two dipoles
the simultaneous pairing between the two core vortices
the two shields. The cores form a~non!compact dipole mov-
ing in one direction, whereas the shields form a much wea
dipole moving in the opposite direction. The compact dipo
results from the fact that the shields are shed off, while pu
ing the cores closer together. The characteristics of the c
pact dipoles are investigated in the laboratory experiment
close comparison between the results of a laboratory exp
ment and a 3D numerical simulation is made. The init
P license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 15. Illustration of the different interaction sce
narios ~Re51000 andF50.65!: ~a!, ~b! the formation
of asymmetric dipoles~AD!, ~c!, ~d! the formation of
weak dipoles~WD!, ~e!, ~f! destruction of the ring of
opposite vorticity~DR!.
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condition for this computation is based on an experiment
obtained flow field at the symmetry plane of the vortexz
50) only. The full initial 3D vorticity field and the density
perturbation is based on the diffusion model as proposed
Beckerset al.8 A very close agreement is found which su
port our conjecture that fully 3D simulations can be initia
ized with relatively simple isolated monopolar vortices
described by the diffusion model.

Interactions between equally signed shielded monop
in a stratified fluid will not result in the merger between t
two monopoles, because the strong vorticity shieldings p
Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AI
y

y
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vent this from happening. The vorticity shields roll up an
form two satellite vortices. Each of the satellites then pa
with one of the cores and forms a dipole, and the two dipo
move in opposite directions away from each other. T
present experiments confirm previous numerical and theo
ical results.

The influence of several parameters on the dipole form
tion process of two interacting oppositely signed shield
monopoles has been investigated. In general it is found
the stronger the rings of opposite vorticity are and t
smaller the initial distance between the monopoles is,
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more compact is the dipole that is formed. The compactn
of the dipole is measured by the shape of the~v, c! relation-
ship and the vorticity cross-section through the centers of
dipole. Noncompact dipoles have nonlinear~v, c! relation-
ships and show a kink in the vorticity cross section. It
found that, besides the initial vortex separation and
strength of the rings, the compactness of the dipoles is
influenced by the~initial! Reynolds number and Froud
number of the flow. Stretching of the vortex cores during
decay of the vortices is enhanced for increasing Froude n
ber flows, and this process makes the rings of opposite
ticity relatively weaker. Consequently, the rings are less
fective in bringing the cores closer together and the resul
dipole is less compact for higher Froude number flows. F
thermore, due to lateral diffusion of momentum, the sepa
trix of the dipole increases and~almost! irrotational fluid
becomes entrained in the dipole along its symmetry a
This causes a kink in the vorticity cross section and a n
linearity of the~v, c! relationship. For large Reynolds num
ber flows the kink in the vorticity distribution is rather pe
sistent, and consequently the nonlinearity of the~v, c!
relationship remains, in contrast to the low Reynolds num
case.

With two sets of numerical simulations, one with opp
sitely and another with equally signed shielded monopo
with varying initial vortex separation (d/L
P$2.0,2.5,3.0,3.5,4.0%), a wider range of Reynolds an
Froude numbers has been investigated. The simulations
erally support our analysis of the role of Re andF on the
interaction process as shortly summarized above.

The 3D structure of a vortex dipole in a stratified flu
has been visualized by using the results of a numerical si
lation of the interaction between two shielded monopoles
appeared that the dipole consists of two halves that e
have a boomerang-shaped distribution of the vertical vor
ity due to the strong difference in translation velocity of t
dipole at various levels in the fluid. At the symmetry pla
the dipole moves fastest and at levels above or below
plane the structure lags behind.
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