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A Vortex Dipole in an Intrusion Flow of Density—-Stratified Fluid
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Results are given from a laboratory experiment that analyzes the flow regimes

induced by a combined mass and momentum
fluid.

two limit cases of the development of such a flow.

source in a viscous density-stratified
It is demonstrated that intrusion and the vortex dipole can be treated as

An explanation is given for the

experimental results, and a criterion is proposed for flow tranmsition from intrusion
to dipole (mushroom cloud) flow resulting from changes in the intensity ratio of the

mass and momentum sources.

INTRODUCTION

Cases where a foreign water mass enters a
surrounding density-stratified fluid and extends
out into the fluid through its own equilibrium
density level are commonly observed in the ocean.
Typical examples include the propagation of melt
water from the edges of melting ice or icebergs
onto the surface of the salt bearing ocean, the
influx of fresh river water into the seas, the
flow of salty Mediterranean Sea water into the
Atlantic Ocean, the dissemination of mixed fluid
spots from the collapse of internal waves, etc.

In all these cases, a horizontal momentum is con-
veyed to the surrounding stratified fluid in
addition to the foreign water mass.

Laboratory studies to investigate such flows
have commonly been conducted for two (limit) flow
regimes when the effect of one of two parameters
can be neglected. By injecting a foreign fluid
into a surrounding stratified fluid through a ver-
tical tube at a low speed, it is possible to repro-
duce the axisymmetric intrusions and collapse of
mixed spots [l, 2]. 1In this case, the horizontal
momentum conveyed to the surrounding fluid is
negligible because of flow symmetry, and the fluid
influx intensity becomes the fundamental param-
eter. On the other hand, when injecting a fluid
at a signficiant velocity from a thin horizontal
nozzle, one can reproduce different vortex dipoles
(mushroom cloud flows) in a stratified fluid [3-6].
In this case, the mass of the fluid released by
the source is negligible, and the primary param-
eter is the momentum conveyed to the surrounding
fluid.

Generally two parameters can affect flow dy-
namics. This leads to the question of what ratio
between the two parameters will make it possible
for the vortex dipole formed in an intrusion flow
to become sufficiently powerful to substantially al~
ter the observed flow pattern and lead to a clearly
expressed "mushroom cloud" distribution of a pas-
sive impurity in the flow (see Fig. 1) below). An
attempt is made to answer this question, based on
a simple experiment, and to derive a criterion
for the transition of one flow regime to another.
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This criterion may also be useful in predicting
the development of oceanic intrusion flows.

EXPERIMENTAL SCHEME

In principle, the experimental scheme is
analogous to that used in [3, 4}, and we briefly
recall its design here. The experiments were con-
ducted in a basin filled with a density-stratified
fluid with a Brunt-VAisili frequency ¥ roughly
constant with depth. The fluid density was altered
by changing the salinity of distilled water. A
circular horizontal nozzle placed in the fluid
column was used as the combined mass and moment
source, and a jet of colored fluid was ejected from
this source at a fixed and strictly controlled
volumetrical control rate €. The fluid density in
the jet was equal to the density of the surround-
ing fluid at the center of the nozzle. In order
to run the experiments several times without dis-
turbing the water in the basin, a thymol blue pH
indicator was used in place of an ordinary dye for
visualization purposes. Quantitative data were ob-
tained by processing series of flow photographs.

We were guided by the following considerations
in selecting the nozzle diameter. The methed pro-
posed in [3] make it possible to measure and sus-—
stain a constant flow rate in the range ¢ = 10-2-

10—l <:m3-s-.l within acceptable accuracy. The noz-
zle diameter (d = 0.3?2 cm) was selected experimental-
ly to achieve a clear intrusion flow with low flow
rates and a mushroom cloud flow with high flow
rates. A typical escape velocity of the fluid from
the source was u=~05 cm.g-1l In this case, we had
a small Richardson number Rj = N'd*/u*, and the ef-
fect of stratification near the nozzle section
could be neglected. For definiteness, we shall
assume that the fluid was uniformly ejected by the
source in all directions with a characteristic

velocity u into a hemisphere of diameter d whose
area 5 = wdz/z. We obtain the following estimate

for ¢:g = und2/2. The escaping fluid conveyed the
following momentum per unit of time along the
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Fig. 1. Photographs of the flows for different source in-

tensities; top view:

1) nozzle (d = 0.32 cm); a) intrusion

flow regime: & = 1.0.10-2 cm3/s, T = 0.3.10-3 cm4/s2, N =

= 3.14 s-l; b) the onset of a vortex dipole in the intrusion
flow accompanied by the influx of the surrounding fluid into

the spot; ¢ = 3.6-10—2

-1

s 3 c) the dipole flow regime:

= 21.5.107°

nozzle axis (the X axis)
ol = pfuw.dsS = pu*nd?/4,
5

where p is the density of the escaping fluid;
Uy, is the velocity projection onto the X axis.

Therefore, for our combined source the specific
momentum flux and volumetric flow are related by

I= Qz/vdz. Note that with any velocity distri~-
bution other than the uniform distribution assumed
here the ratio between 7 and ¢ will remain un-
changed accurate to an insignificant constant of
order unity. Therefore, we have a combined mass
and momentum source in which the ratio I/¢ ~ @
varies with @.

EXPERIMENTAL RESULTS AND INTERPRETATION

The flow photographs for three different flow
rates ¢ are shown in Fig. 1. In all cases, the
flow is a thin plane "spot" of characteristic
transverse dimensions U to a first approximation.

cm3/s, I =4.1.10"

cmals

& cma/sz, N = 3.14
-2 3
g = 8.3.-10 em /s, I =
, No=3.14 s 1.

With small values of ¢ (Fig. la), the spot is en-
tirely filled with the dyed fluid at all times.

The entire spot begins to travel slowly forward

and expand simultaneously as a result of the influx
of fluid from the source. The expansion rate of
the spot exceeds its translational velocity, and
therefore the trailing edge of the spot slowly
stretches out upward, following the flow behind the
source. As the flow rate increases, the flow essen~
tially remains unchanged. The translation velocity
of the entire spot increases, while the velocity

at which the trailing edge of the spot travels up-
ward following the stream behind the source drops.
At a certain value ¢ = Q*, the trailing edge of

the spot remains fixed throughout the entire experi-
ment (Fig. 1b), and the entire spot begins forward
translational motion and continues to be filled
entirely with dyed fluid. There is no clear evident
influx of surrounding fluid into the spot. The
pattern changes significantly for & > ¢,. The
translational velocity of the entire spot exceeds
it rate of expansion, and there is intensive
absorption of the surrounding undyed fluid. The
flow acquires a clearly expressed mushroom cloud
shape with a characteristic jet section, and a
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Fig. 2. The characteristic tranverse
spot dimensions D plotted as a function
of time. The spots 5, 8 and 12 corre-

spond to the values of parameters & and

I listed in Table 1, ¥ = 2.1 s L.

disk-shaped vortex dipole along the leading edge
of the jet (Fig. lc). The mechanism by which the
surrounding fluid is drawn into the mushroom cloud
flow has been examined in detail in [4, 5] and is
discussed here.

The localized horizontal momentum source pro-
duces a flow with a dipole vortex distribution
(a vortex dipole) in the viscous density-strati-
fied fluid. The characteristic horizontal flow

scale grows over time as D ~ tl/z, and the flow
develops in a self-similar fashion [4]. On the
other hand, the localized mass source in the vis-
cous stratified fluid produces an axisymmetric
intrusion flow, which also develops in a self-
similar manner and expands horizontally over time

proportional to tl/z [2]. On this basis, we expect

that the intrusion-mushroom cloud flow excited by
the combined bass and momentum source will also
be a self-similar flow and will grow in size as

D~ tl/z.

We denote by U, = 1/2 dD/dt the character~

0
istic velocity at which the flow expands, and by

U = dx/dt the characteristic translational veloci-
ty of the flow (xr 1is the coordinate of the flow
center). Therefore if the flow develops self-
similarly, the ratio of U/UO £ 4 will be indepen~

dent of time. Consequently, there exists an

A = 4, such that for 4 < A, the intensity of the
vortex dipole will not be significant and the flow
will develop in an intrusional regime (Fig. la).
For 4 > A_, the situation 1is reversed and the ef-
fect of the vortex dipole becomes predominant, and
all fluid emitted by the source is contributed to
the frontal region of the flow where it produces
two characteristic helixes (Fig. lc). The capture
of the surrounding fluid becomes significant in
this case, and the flow develops in a mushroom
cloud regime. The equality A, ¥ 1 is a natural

choice for the transition criterion from one flow
regime to another. By expressing 4 through the
initial external parameters, we obtain an expression
for the transition criterion convenient for practi-
cal applications.

The observations reveal that at each instant
the flow is a thin plane disk of characteristic
transverse dimensions 0, which grow over time as

D~ t% where a = 0.50 * 0.03 (Fig. 2). Disk thick-
ness 4 is small compared to I and remains virtually
unchanged over time. To obtain a quantitative esti-
mate of D, we employ a theoretical relation that has
been confirmed by extensive measurements for 4 = 0
(axisymmetric intrusion) [2, 7]}:

D=Cl’ﬁI/XOA,)\/l/SQZ/SII/Zy (l)

where ' = 0.8, and v is the kinematic viscosity
coefficient. As is evident from Fig. 3, this re-
lation provides a good description of our measure-
ment results for A < A,.

For a thin fluid disk under translational mo-
tion of velocity U, the momentum balance equation
can be written as [4]

(1 +k)d(VUYde = [ - Fjp, @)

where ¥ is disk volume, X = 1 is the trailing mass
coefficient, and p is density. The viscous friction
F is primarily determined by friction along the
horizontal boundaries of the disk, and we can use
the following estimate for this force:

F=CyupUD2. (3)

where Co =°%/; [8]. By substituting Eqs. (1), (3)
into Eq. (2) and recasting the left side of Eq. (2)
to account for the mass balance equation dV/dt = @
as

d(UVYidr = QrdUjds + QU,

we obtain a differential equation for ¢ whose solu-
tion takes the form

2 1 12
U=W {1t~ vr) (1 ~exp(~ar''*)}], (4)

60@9/x0N1/s
(L +k)y?®

where a=

A typical value of a2 for our experimental

conditions is a? ¥ 0.5 s—l. For t»a? ~2 s, the
current becomes self-similar, and we obtain from
Eq. (4) the simple estimate

U
U= COCV9/10NJ/SQz/st1/2 : (5)

Estimate (5) for the translational velocity
of the spot can be tested experimentally as follows.
The velocity U1 of the leading edge of the spot is




YA. D. AFANAS'YEV, S. I. VOROPAYEV AND A. A KUDIN

196
l/:cm
7+ xr:.‘. N
. -
x.' hd
5t . .
* o, &
3 ¢
j—- I.D‘
t 3
e >t
yr @t
3 < s
; a5 0
i g .
e a g
2+ Oq:p a /0
oq‘* + 11
. 17
e
0 1. 1. 1 i L L L
7 14 2 J 4 5 & 7
ﬂex’cm
Fig. 3
Fig. 3.

perimentally measured values Dex; N =

2.1 871,

ha

0.8

0,6 X

0.4

02 e

8,0 L i
%0 02 o4 05 o8

Fig. 4

A comparison of spot diameter D estimated from Eq. (1) to the ex-

Points 5-12 correspond to the

values of parameters ¢ and I listed in Table 1.

Fig. 4. A comparison of the calculated B and experimentally measured Bex
values of the coefficient B in Eq. (6); N = 2.1 (1), 3.1 s 1 (2).
ExpeNziment! 0 10-%, cm?/s j 7107, em¥/s? | A Regime

1 v
1 0.8 0,2 0,3 Intrusion
2 13 0,5 0,5 "
3 2,0 1,2 0.8
4 2,3 1.6 1,0
5 24 1,8 1.1 Dipole
6 3.3 34 1.5 "
7 3,7 4,3 1.8
8 4,0 5.0 1.9
9 4.4 6,0 2,2
10 4,7 6.9 2.4
11 5.4 9.1 2,9
12 6,4 12,7 3.6

determined by the sum of the translational veloci-
ty of the spot (U) and its uniform expansion
(UO). Using Eqs. (1), (5), we find

Uy =U+ U, = B12Vr, (6)
QB/S C NI/SQZVS
where 5= CoCrn ' ;;/‘ONUSdz * 2‘ ' pl/i0

The measurement results from Ul are accurate-
ly approximated by a relation of the type
U, =£@xp/2fﬁ (7)

where »n=~048+ 008,

A comparison of the calculated (B} and mea-—
sured (Eexp) values of the coefficient demonstrates

a satisfactory agreement (Fig. 4).
Using the estimates for ¥/ and UO, we obtain

the parameter 4 as

8/

A=, = ———
/Yo CQCZV“/S;'V‘/)QQ/S

(8)

The table lists the results of 12 experiments
conducted for different values of & (and, consge-
quently, different values of I} as well as values
of 4 calculated from Eq. (8) and lists the observed
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flow regimes. It is clear from the table that the
flow regime transition occurs at 4=4,% 1.

CONCLUSION

We now attempt to apply our results to
interpret field data. We use the well-known
example of the mushroom cloud flow [9] resulting
from the melting of fast ice in the Tatar Strait.
According to [9], the velocity in the jet por-
tion of the flow (of width d = 2 km) was u X 10

cm-s_l. We assume the vertical scale of the flow
h % 10 m, a stratification parameter ¥ = 10?7t

(along the fresh water/saline water boundary), and

(in this case, this is
Esti-

a viscosity v ¥ 1 cmz-s_1
the vertical momentum exchange coefficient).
mating I and § as [=~u’dh, Q=udh, we obtain
from Eq. (8) the estimate 4 % 103 >> 1. The flow
regime is clearly a mushroom cloud regime. Note
that analogous estimates of the parameter A for

the flow of Mediterranean Sea water through the
narrow canyons of the Gulf of Cadiz also yield
large values of A, which indicates the high pro-
bability of the formation of dipole vortices in
this region. This was also confirmed by direct
measurements during the sixteenth voyage of the
Vityaz' scientific research vessel [10]. Prelimi-
nary estimates have therefore demonstrated that the
mushroom cloud flow regime may be quite widespread
not only in the surface layer [9] but also in the
column of a stratified ocean. A detailed analysis,
however, requires more comprehensive observational
data.

We express our gratitude to A. G. Zatsepin
for useful commentary.
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