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ABSTRACT

The mutual interaction of two isolated lenslike eddies is examined with the aid of a laboratory experiment
on a rotating table. The isolated anticyclonic eddies are formed by withdrawing two cylinders containing a
mixture of Freon (with a density of 1.53 gm cm™), and silicone oil (with a density of 0.853 gm ¢cm™). The
cylinders are embedded in water, and the collapse of the mixture forces two identical lenslike eddies (with an
anticyclonic circulation) on the bottom of the tank. Initially, the lenslike eddies are completely separated from
each other so that one vortex does not “know” about the presence of the other.

Due to small bottom friction, the vortices spin down slowly so that after some time their edges meet and
they touch each other, forming a “figure 8” structure. After this happens there is a rapid (i.e., within 20 revolutions)
interleaving of the two eddies. Arms are extended from one vortex to the other and the vortices become one
unit consisting of two main lenses. As the interaction continues, the two lenses become less distinct and, ultimately,
a single lenslike vortex is formed.

A total of about 20 experiments were performed and all showed that merging takes place after the eddies
touch each other. Experiments with vortices whose densities are not identical were also performed and these
also resulted in vortices that merged. The experiments suggest that the potential vorticity of the eddies is altered
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during their interaction and that no external source of energy is needed for the merging.

1. Introduction

Recently, attention has been drawn to the interac-
tions of isolated eddies (e.g., Mied and Lindemann,
1984); this interest stems from the recognition that en-
counters between eddies may frequently occur in the
ocean and other environments. McWilliams and Za-
busky (1982), and McWilliams (1983) have addressed
the collisions of modons, Overman and Zabusky (1982)
have focused on the interaction of single vortices on a
nonrotating plane (f = 0), and Gill and Griffiths (1981)
and Nof (1986) have focused on the merging of strongly
nonlinear eddies on an f'plane.

The theory of Nof (1986) provides a possible expla-
nation for the merging of two lenslike eddies such as
those discussed by Cresswell (1982) and Cresswell and
Legekis (1986). The essence of the theory is that when
two lenslike eddies are forced to touch each other (and
thereby form a “figure 8” structure), tentacles are ex-
tended from one vortex to another and merging takes
place. During the proposed merging process potential
vorticity is not conserved,; it is altered via the action of
shock waves (i.e., depth discontinuities or “bores” in
an inviscid fluid). Such an alteration is necessary be-
cause the total energy of an inviscid zero potential vor-
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ticity lens embedded in an infinitely deep fluid is xf*/%/
192g’ [where f'is the Coriolis parameter, / the radius
of the eddy and g’ is the “reduced gravity,” g(Ap/p)]
whereas the volume of each lens is xf2/*/16g". This
implies that if potential vorticity is conserved, then the
final energy of the merged vortex would be V2 times
the sum of the individual energies. Hence, potential
vorticity must be altered if there is no external energy
source. Nof (1986) estimates that the merging time is
approximately given by, (¢¥2f)~' where ¢ is the distance
that each vortex is initially “pushed” into the other.

Because of the impossibility of describing the com-
plete time-dependent problem analytically, Nof’s
(1986) study left a number of important questions un-
answered. First, one would like to have additional sup-
port for the suggestion that two lenslike eddies which
touch each other must merge. Secondly, there is the
question of potential vorticity alteration. Namely, one
would like to know whether the change is, indeed, tak-
ing place. Thirdly, the mechanism implies that no ex-
ternal source of energy is needed provided that the ed-
dies have somehow been brought into contact. In other
words, it has been argued that lens-like eddies have a
natural tendency to merge. As in the first issue, it is
desirable to look for additional evidence for this sug-
gestion.

Since numerical models cannot handle fronts (i.e.,
the intersection of the interface with the surface or bot-
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tom) effectively, laboratory experiments are a natural
extension of Nof’s (1986) theoretical study. Such ex-
periments are the focus of the present study.

a. Previous investigations

Saunders (1973) was the first who experimented with
a two-layer baroclinic vortex on a rotating table. By
releasing a column of dense salt solution in a container
of fresh water, a lenslike anticyclonic vortex was
formed. The vortex spread-until it reached a state of
equilibrium corresponding to a balance between the
pressure force, the Coriolis force and the centrifugal
force. Saunders found that the stability of the vortex
was related to the square of the ratio between the de-
formation radius and the initial radius of the cylinder.
When the ratio was smaller than unity the eddies were
unstable; ratios larger than 1.8 produced stable eddies.

Griffiths and Linden (1981) have also experimented
with the stability of lenslike vortices in a two-layer ro-
tating fluid, but were unable to produce a stable vortex
even for the range of parameters for which Saunders’
bottom vortices were stable, They attributed the dif-
ference between their study and Saunders’ experiment
to the role of bottom friction.

Griffiths and Hopfinger (1986a,b) have performed
laboratory experiments on the interaction of point
vortices and geostrophic eddies. In contrast to our
nonlinear eddies which have a vanishing depth along
the edge (and, hence, a finite amount of energy), their
linear eddies have a finite depth along the rim (and,
consequently, their energy is infinite if there are no
physical boundaries). They found that there is a critical
separation distance beyond which two vortices coalesce
to form a single anticyclone. It is important to note
that, in contrast to these eddies which always interact
with each other because the influence of each vortex
extends to infinity, the lenslike eddies which are
embedded in an infinitely deep fluid do not affect each
other unless their edges meet.

Additional laboratory experiments related to isolated
eddies were made by Flierl et al. (1983), Mory (1983),
Mory et al. (1986) and Wadhams et al. (1979). In the
latter experiment, the interaction of a single vortex
(similar to that performed by Saunders, 1973) with a
vertical barrier was examined. While all of these ex-
periments are informative, they do not deal directly
with the problem considered in this study where two
lenses collide. With the results of the above investiga-
tions in mind, we shall now proceed and describe our
laboratory experiment.

b. General description of experimental apparatus and
procedures

As mentioned, when fluid is released from two cyl-

inders embedded in a lighter environment, two lenses -

are formed. To examine the interaction of such lenses,
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they are initially formed in such a way that they do
not touch each other. As time passes, they spin down
slowly so that, ultimately, their edges meet. A complex
interaction begins and it is this stage that is the focus
of our experiment. The following apparatus was de-
signed in order to allow a clear observation of the phe-
nomena in question.

A cylindrical plexiglass tank, with an inner diameter
of 45 cm and a height of about 30 cm, was mounted
on a rotating table (see Fig. 1). Two narrow glass cyl-
inders were inserted through the clear plexiglass top
and were held in place by guides (attached to the lid)
designed to minimize the horizontal perturbations in-
troduced with the vertical withdrawal of the tubes. One
cylinder was centered on the axis of rotation, the other
was off-center by a distance of 6.5 cm. A small electric
motor, mounted on the lid, drove the withdrawal of
the cylinders via a system of pulleys. The glass tubes
each had an inner radius, Ry, equal to 0.930 cm. A
half-inch (~1.3 c¢m) thick sheet of flat, smoothed Tef-
lon was placed on the bottom of the tank as a false
bottom. The experiments were performed on a variable
speed, belt driven rotating table. A clock was mounted
on the stationary portion of the rotating table for pho-
tographic recording. A fixed, motor driven camera
photographed the collapse of the cylinders and the
movement of the vortices from the side.

First, the tank was filled with water to a height of 21
cm. Then the two glass cylinders were filled to a height
of 14 cm with the heavier fluid consisting of a Freon-
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FIG. 1. Schematic diagram of the experimental apparatus. Two
eddies, which initially do not touch each other, are formed by with-
drawing the cylinders in which the Freon-silicone oil mixture is ini-
tially contained. .
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silicone oil mixture. Water filled the remainder of the
cylinder to the same level as the ambient water level

-in the tank. In order to equalize the pressures between
the inside and outside of the glass cylinders, two small
holes were made at a height of 14 cm above the bottom
surface, slightly below the final free surface. To establish
sharp interfaces and thereby clearly observe the inter-
action in question, immiscible fluids were used. Much
of the discussion in the following sections is devoted
to a detailed description of the fluids which, to our
knowledge, have not been used before for such exper-
iments. The results of our experiments illustrate that
(i) merging takes place whenever two lens-like eddies
form a “figure 8” structure, (ii) potential vorticity is
altered during the pairing, and (iii} no external energy
source is needed for the merging.

This paper is organized as follows. In section 2 we
theoretically describe the formation of a lens in a lab-
oratory tank. Namely, we describe the generation of a
lens in a finite depth layer and the associated establish-
ment of a cyclone on top of it. The details of the fluids
used in our laboratory experiments are described in
section 3 and the experimental procedures are discussed
in section 4. Observations of the experiments and re-
sults are covered in section 5. In section 6 the analysis
is presented and the summary is given in section 7.

2. Some theoretical considerations

A potentially serious difference between our labo-
ratory experiment and the computations of Gill and
Griffiths (1981) and Nof (1986) stems from the fact
that the latter were done for an infinitely deep envi-
ronmental fluid whereas the former are associated with
a finite environmental fluid. Specifically, a lens formed
in 2 finite depth layer will always have an additional
vortex on top of it [due to the convergence of fluid
above (see Saunders, 1983)], whereas a lens in an in-
finite deep fluid will not have any motion above. This
raises the question whether the lenses can draw energy
from the cyclones on top and thus merge without
changing their potential vorticity. In what follows we
shall show that, at least for thin lenses, this is not the
case, i.e., the energy associated with the cyclones is not
sufficient to compensate for the increase required by
potential vorticity conservation. Namely, we shall
demonstrate that even if all the energy in the cyclones
on top would be absorbed by the merging lenses, the
final energy of the coalesced lens would still be larger
than the sum of the individual initial energies. This
implies that if thin lenses merge in the laboratory then
they must somehow alter their potential vorticity.

a. Governing equations

We begin by considering the situation displayed in
Fig. 2. The equations governing the final adjusted state
are the momentum and potential vorticity equation,
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FIG. 2. Schematic diagram of a cylindrical collapse in a finite depth
layer. Initially, the heavy fluid is confined to a cylinder of radius 7.
The cylinder is later withdrawn and, consequently, a lens is formed.
Due to convergence a cyclone is established on top of the lens.

vzz/r+ﬁ)z=l—l)%% Q.1

v2/r+ fo, =%%+ ";—f 2.2)
%a%(rvan =hf/H (2.3)

% %(rvz) +f=hf/H=H-h)fIH, (24)

where the subscripts 1 and 2 correspond to the lower
and upper layer (respectively), p, is the deviation of
the upper hydrostatic pressure from its motionless
value, v is the orbital speed and 4 is the depth.

The radius of the cylinder r, is assumed to be small
compared to the deformation radius,

ro=eRy=e([gH)'*|f, e<1. (2.5)

In view of this, one finds that the appropriate scales
are,

r~ O(e"*Ry);

v1 ~O(e"*fRy); 12~ O(¥*Ry)
hy ~ O(eH); } )

ha~O(H); p,~O(f*R7p)
(2.6)
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For convenience, we introduce the following nondi-
mensional numbers,

v¥ =0vi/fRs; v¥=02/fRa; r*=r/Ry; hf= hl/H]
p¥=pi/f*Rip

2.7
In terms of these variables, the governing equations
are,
dp¥  oht
WH*r* +v¥ = 6?-'-;97"_ (2.8)
@y +or =22 29)
1 %*. —_
e *(r v’r)+1 ht (2.10)
=3 *(r*v’S) =—ht. 2.11)

b. Boundary conditions

We shall first show that, in the final adjusted state,
there can be no flow outside the lens area (r > /). To
show this, consider the radially symmetric continuity
equations for both layers,

oh, 19 B
Y, + rar(rulhl)-O
oH—hy) hl)
ot r6[ (H h)1=0

where u is the time dependent radial speed. By adding
the two equations and integrating over an area of ra-
dius, say, R, one finds that for all times,

[rushy + rup(H — hy))=g = [runhy + rig(H — hy))r=0

or
rushy +rup(H—h)=0 at r=R.

Suppose now that R > [ so that for 7 = R, h; = 0; this
means that there cannot be any radial motion outside
the lens,

at all times.

u,=0; r=l,

Together with the conservation of angular momentum,
(rv + fr?/2), the above implies that v, = 0 wherever 4,
= 0 because

reve+ fif 2= fr?)2 (2.12)

(where the subscripts “i” and “f” correspond to the
initial and final states) so that a final orbital speed (vy)
can only be established if there was some prior radial
movement (i.e., 7; # ry). Hence, we have proved that
the flow in the upper layer is confined to the region
directly above the lens,

0,=0, r=l. (2.13)
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We now proceed to the boundary conditions at the
center (r = 0). Within the lens, particles that were lo-
cated at the center prior to the collapse are also situated
at r = 0 after the collapse so that by (2.12),

1©,=0; r=0. (2.14a)

In contrast to particles located at the center of the lens
which were necessarily always at the center, (r* = 0),
particles near the center of the upper fluid originated
from some distance away from the center due to con-
vergence. This together with (2.12) implies that the
speed of the upper fluid at the center should be infinite.
Namely, the boundary condition for v, at the center
is,

r—=0.

Uy => 00; (2.14b)

¢. Solution

First, we note that for ¢ = 0 (i.e., the basic state)
the cylinder degenerates to a line and the lens to a
point. The solution for these conditions is

vf =—r*/2
ht =—(*)%/8 e=0. (2.15)
v¥=pt=0

We proceed now by assuming that the general solution
possesses the expansions,

Bt = —(r*)/8 + eh O+ 2@+ 2O+ + -+«
vF = —r*/2 + 0,0+ 0@+ 20,P + - -
vf = &20,O+ 0,0+ - - -
Pr=Ep I+ + -
(2.16)

Substitution of (2.16) into (2.10) and introducing the

appropriate scale for the radius,
r* =27 2.17)
gives to O(e),

1 A
9 1@ + e/0,®) = —€(F)?/8 + eh, V.

S+ PR
(2.18)

Together with the boundary condition (2.14a), Eq.
(2.18) yields

v V=9,@=0 (2.19)
SO =R, (220)

Similarly, (2.11) gives
% a%,(m;”) = (7)/8— hy. @.21)
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We now return to Egs. (2.8) and (2.9) which give

oV on®
= = 2.22
or oF (2.22)
O}
0 _ 0, 2.23)
or
From (2.22) it follows that
h®O=4; h®=B (2.24)

where 4 and B are constants to be determined. Sub-
stitution of (2.24) into (2.20) and consideration of the
boundary condition v¥ = 0 at r* = 0 gives

v,® = 472 — (7)*/32. (2.25)

Similarly, we may obtain an expression for v, by
inserting (2.24) into (2.21). Note, however, that, as
mentioned earlier, v¥ is subject to the boundary con-
dition v¥ = oo as r* = 0 [see (2.14b)]. In view of this,
one finds,

0P = (7132~ 472+ C/F

where C is a constant to be determined.
Recall now that v¥ = 0 outside the ring so that

C=A4*12—-*32 (2.28)

where [/ is the nondimensional radius of the lens (i.e.,
it is scaled with ¢'/2R;). Hence, we have

0¥ = (P =327 - AP = 1?27, (2.29)

The pressure in the upper layer can be found from
(2.23) and (2.29) to be

@ =(F*—1"/128 — AP~ [?)/4
+(Al* 2~ 1#132) In(FH+p,  (2.30)

where p, is the pressure under the lid outside the lens.
Our general solution can be written as

(2.27)

hf=—ef*/8+ed+ 2B+ - - (2.31)

vF = —€' 272 + EP[AF12 — (F)P/32]+ - - - (2.32)

v} = (P~ [*)/32F - AP = 1327 ]+ - -+ (2.33)
3 = E[(F* — /128 — A(F* - [?)/4

+Ul?2-1F32) m@FD+pol+ - - - (2.34)

where 4, B and [ are to be determined. To determine
these constants, we first note that, since [ is the radius
of the lens, it is associated with a vanishing depth (4}
= 0) and (2.31) gives

[=@8A4)”2, B=0. (2.35)

Second, we note that the volume of the lens is 7¢® so
that integration of (2.31) gives 4 = Y2, Our complete
solution is then,

ht=—e/%/8+¢/2+O()+ - -
v¥ =—€e'272 + P[4 —73/32]+ - - -

(2.36)
(2.37)
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o8 = Y32 —FlA+ 1271+ - -+ (2.38)
p¥= ez{f“/ 128 — 74/8 — % —% In(7/2) + po]
Foee. (239)

Note that, above the lens, there is a singularity at r*
= (. At this location, the cylinder shrinks to an infin-
itesimal “needle” extending from z = hy to z = H.
Under such conditions, the heavy fluid which was at
the center initially remains at the center at all times.

d. Energetics

For the adjusted state, the total energy of each vortex
is
E=2np f f (v*/2 + gz)rdrdz. (2.40)
In view of this, the combined nondimensional energy
of the lens and the cyclone on top of it is

* E * 2 2
preg fo [(v’f‘) K2 + (K2

+ N1 — /2 + %]r*dr x  (2.41)

where the last term in the square brackets corresponds
to a potential energy which is not available and, there-
fore, can be dropped.

Substitution of (2.36-2.39) into (2.41) gives

2
E*=c¢ fo [(ef2/4) . e(%— r‘2/8)

2
+ 62(% - ‘2/8) / 2+ 0(e3)]fdf (2.42)

which yields
EX*=¢/4+0(e%.

Here, the subscript a indicates that the energy in ques-
tion is the available energy. It is important to note that
the cyclone’s energy is of higher order [i.e., O(¢*)] and
does not appear in (2.42).

e. Merging

With the aid of (2.42), it is possible to compute the
energies of merging vortices. Suppose that two lenses
merge and in doing so they absorb all the cyclone’s
energy and conserve their potential vorticity. Since the
volume of the merged lens equals the sum of the two
individual volumes (r¢?R*H) we find that the merged
nondimensional energy is (VE - €)3/4. The total energy
prior to merging was only €3/2 so that, as in the infinite
deep upper layer case, the merged energy is V2 times
the sum of the individual energies. It is also of interest
that the final central depth is V2 times the initial in-
dividual depth (i.e., the depth increases during the
merging).
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TABLE 1. Properties of fluids.
Freon 113

(Freon TR or Freon TDFC) Silicone oil Water
Surface tension for the liquid—air interface (dyn cm™) at 25°C 17.3 18.0 720
Viscosity [centistokes, (cm? s™%)] 0.443 at 21.1°C 1.5 at 25°C 1.002 at 20°C
Specific gravity 1.565 0.853 1.000
Boiling point at 1 atm 47.6°C 192°C - 100°C

The above computations indicate that the presence
of cyclones above the thin (e < 1) lenses does not pro-
vide a sufficient energy source to overcome the differ-
ence caused by potential vorticity conservation. It is
important to note, however, that for thick lenses [(i.e.,
¢ ~ O(1)], the result may be different. We shall see
later that our laboratory experiments were done with
both thin and thick lenses and all showed merging. An
additional point which should perhaps be repeated at
this stage is the fact that the cyclones are confined to
the area directly above the lenses; they do not extend
beyond the lenses’ boundaries.

3. Fluids

An ideal, immiscible system would require that the
interfacial surface tension between the fluids be min-
imized while other properties of the fluids, such as the
densities, be compatible. Consequently, two criteria
should be satisfied.

First, a small amount of lighter fluid when released
in a nonrotating container of ambient fluid should rise
to the top and spread out across the top as a wide thin
layer. Likewise, a fluid heavier than the ambient fluid
should sink and spread. out on the bottom surface. In
both cases, such behavior would demonstrate that
" gravity, and not interfacial tension between the Freon-
oil mixture and water or the surface tension of Freon-
oil on the bottom, was the only primary force acting
on the fluids!. Second, the viscosities should be small.

A dyed mixture of Freon and silicone o0il embedded
in a water tank with a Teflon bottom meets the above
criteria. Freon and silicone oil are miscible with each
other and immiscible with water; their free surface ten-
sions with air are low, and their viscosities are similar
to that of the water used as the ambient fluid (see Table
1). Freon TF and Freon TDFC were used interchange-
ably, both having the same relevant properties. The
specific gravity of Freon is 1.565. This Freon is known
for its remarkable wetting properties which will be dis-

! As a point of general interest it is noted that various immiscible
fluids do not obey this criteria. For example, a system consisting of
silicone oil (as the ambient fluid) and a relatively heavy alcohol-
water mixture forms “lenses” on the bottom. These lenses do not
flatten out without rotation; namely, their domelike structure is not
related to the Coriolis force but rather results from the surface tension
on the floor and the interfacial tension of the fluids.

cussed later. Silicone oil, 1.5 centistoke stock, has a
specific gravity of 0.853. Since silicone oil is difficult
to dye, the Freon was mixed with an oil soluble dye
(Sudan Black B manufactured by Carolina Biologicals)
and then added to the silicone oil to create the desired
density. We have formed both top and bottom lenses
with these fluids and both showed complete spreading
in the absence of rotation. We have chosen to work
with bottom eddies because it minimizes the evapo-
ration of the Freon which is discussed below.

The advantages in using such an immiscible system
of fluids are overwhelming. The interface between the
fluids is very clear and the interaction between the two
vortices readily observable. Such a system possesses,
however, one potentially serious drawback. Since the
liquid Freon evaporates faster than the silicone oil, the
specific gravity of the mixed solution is subject to
change while the experiment is prepared. That is, the
evaporation of the heavier Freon results in a less dense
solution of these two fluids. Even though this density
change was measured on a gravimeter on a daily basis,
the evaporation leads to a correction factor of about
+0.001 in the specific gravity. Note that while such an
error is small, it is not entirely negligible compared to
the relatively small density differences that we used
(0.0025-0.0065). Despite these unplanned variations
in density, the system provides a useful tool for a qual-
itative examination of the merging process. -

Another minor drawback was a result of the re-
markably good wetting properties of the Freon fluid.
Even in the presence of water, the Freon in contact
with glass wetted the inside of the glass cylinders so
effectively that it creeped as a very thin layer up the
insides of the glass that contained water (Fig. 3). During
the collapse of the cylinders, this thin layer of Freon
and silicone solution would envelop a small quantity
of water forming a “bubble” of water that remained
directly above the vortex. These “bubbles”, 2-3 cm in
diameter, were lighter than the surrounding water be-
cause much of the Freon contained in the enveloping
fluid had evaporated.

Because of mechanical limitations, one blob was
created at the center of the tank, whereas the other was
formed off-center. For convenience, the blob initially
located on the axis of rotation shall be denoted as vortex
“C”, the other vortex “O” (for off-center). The values
for the specific gravity of the dyed fluids ranged from
1.0025 to 1.0065 at a room temperature of 24°C,






