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ABSTRACT

The occurrence of density currents as a result of interaction between two or more fluids of
different dengities is widespread in nature and severa examples of density currents are known
within the field of hydraulic and environmental engineering. The behavior of a dense fluid released
down a dope has been investigated in the laboratory in arotating tank filled with fresh water. We
systematically varied four fundamental parameters. the Coriolis parameter, f, the slope inclination,
s, the flow rate of the dense fluid, Q, and the reduced gravity, g =g(r>- r1) /rywherer, isthe
density of the dense fluid and r; is the density of the environmental fresh water. Over a wide
range of parameter values three flow types are found: laminar flow, waves, and eddies. Regime
diagrams illustrate the range of dimensionless numbers that produce these three different flow
types, and the parameters indicate some aspects of the dynamics for their formation. Kelvin-
Helmholtz instability seems the most likely candidate for wave generation that is observed for
values of the Froude number Fr 3 1. A theoretical solution for the downslope velocity field has
been found using a steady state model that takes into account the boundary layers both over the
dope and on the interface between the two fluids. Comparison between the theoretical and the
experimental results are discussed.

INTRODUCTION

The descent of dense water from the continental shelves into the deep ocean over the
continental slope is an important component of the thermohaline circulation. Sources of deep
water formation are found mainly in the polar regions, and outflows to the main oceans are found
in the Denmark Strait (Dickson and Brown') and in the Weddell Sea (Killworth?) in Antarctica
(Whitehead®), or in proximity of enclosed seas where evaporation contributes to increase the
density of the enclosed waters that therefore flow down into the open seas through a strait like the
Mediterranean outflow (Price et a.*). The dynamic and behavior of such dense currents have been
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modeled in the past both theoreticaly and experimentally. In a smplified so-called "stream tube”
mode (Smith®, Price et a.*, Price and Baringer®, Baringer and Price’) the dense plume flows
down dope balancing buoyancy, Coriolis and friction forces. Laboratory experiments have also
confirmed that cyclonic vortices of overlying fluid can be generated by either a process in which
the upper layer columns get stretched (Lane-Serf and Baines™®, Etling et al.'°, Whitehead et al.™)
or by baroclinic instability (Etling at a.'®). Furthermore, the descent of dense water down a slope
is not always associated with eddy formation. Shapiro and Zatsepin' observed that the dense
bottom layer becomes unstable to growing waves and a stability analysis showed that the stability
threshold depends on the Froude number. Recently, numerical models have included the dynamic
interaction of the dense flow down a slope with the above less dense layer (Jiang and Garwood™*
115 gpdll and Price'®, Swaters'’) and shown that a strong coupling between the two layers can
lead to the formation of cyclonic vortices. Similar vortex formation was observed near the
Denmark strait (Bruce™, Krauss *).

The purpose of this work is to investigate the behavior of such dense flow down a slope over
an extremely wide range of parameters and to quantitatively identify the transition between the
three main regimes previously observed: the laminar, the wave and the eddy regime. Although
these regimes have been previoudy observed in different studies, a comprehensive study is still
lacking that shows the fundamental parameters for each regime.

THEORETICAL MODEL FOR A LAMINAR FLOW

We started by considering a two layers fluid,
each of constant uniform density r,, n=1,2, as
shown in figure 1 where r,>r;. Those two
layers lie over a doping bottom having a slope
s=tanqg, where q is the angle between the dope
and the horizontal. The interface between the
two fluids is positioned paralel to the bottom
dope and the upper layer is considered to be
infinitely deep. In the rotating frame of reference
(W) we adopt the tilted coordinate i, j, k shown
in figure 1, the rigid doping bottom is defined by
the boundary z= - H, where H isthe depth of the  Figure 1. Sketch of the model configuration.
lower layer in the tilted frame of reference, while
the interface is defined by the surface z=0. The
velocity has components un, Vo, Wn, N =1,2, parallel to the x, y, z= axes, respectively. Considering
Un(2), Vn(2) and w;, = 0, the linearised steady Boussinesg momentum equations have the following
solutions when considering a non-dip bottom boundary condition, v, =0 and u, =0 for z=-H,
and that the velocity and the shear are continuous on the interface, z= 0, between the two layers

u, = v,[- Jcos(az)e ™ + K sin(az)e™ + 0.5 sin(az)e ], (1)
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v, = v,[Jsin(az)e™ + K cos(az)e * + 0.5 cos(az)e ], (2)

u, = v,[- Jcos(az)e ™ + K sin(az)e™ + 0.5 sin(az)e™], (3)

v, = v,[Jsin(az)e ™ + K cos(az)e ™ - 0.5 cos(az)e™ + 1], (4)

whereJ = - 05sin(2aH)e ** + sin(aH)e® , K = 0.5co8(2aH)e ** - cos(aH)e ™ ,a = (fcosy/2n

)0.5

Nagata et a.%.

EXPERIMENTAL APPARATUS

1
=l

Figure 2. Sketch of the experimental apparatus. Side view (left) and
plan view of the tank (right). (A) fresh water tank, (B) dense
reservoir, (C) flow-meter, (D) regulation valve for the dense flow, (E)
the video-camera, r; and r , are the density of the fresh water and
dense water, respectively.

, Vp = g'tang/f and f = 2W is the Coriolis parameter. Similar solutions were derived earlier by

The  experiments  were
conducted in a glass tank of
depth 60 cm and base 61 cm
mounted concentrically on a 1m
diameter, rotating turntable with
avertical axis of rotation (figure
2). The tank had a bottom
dope, s=tanqg, to simulate the
b-effect. The shallowest part of
the tank corresponded to the
"northern” shore of the northern
hemisphere  topographic 3
plane. East was to the right
looking onshore, west was to
the left and south was the
deepest end. The tank was filled
with fresh water of density r 1. A
reservoir (B) of salted and dyed
water of density r,>r; was
placed on the rotating table and
connected to a nozzle via a
submergible pump and a plastic
tube. The nozzle was covered

by a piece of sponge so as to reduce the mixing between the dense fluid and the fresh environment
water, and it was positioned on the right side (looking upsiope) of the shallowest part of the tank
at approximately 1-2 cm from the bottom. A video camera (E) was mounted above the tank and
fixed to the turntable so that measurements could be obtained in the rotating frame. The dense
current was made visible by dying the fluid with food coloring. The motion of dye was aso
observed from a side view. The flow at the free surface was observed by adding buoyant paper
pellets. The depth of the fresh water on the shallowest side of the tank was kept constant at 10 cm
for every slope inclination and the Coriolis parameter f was varied between 0.0 and 2.2 s*. The
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dope s of the bottom was set at four different values s = tanq = 0.25, 0.30, 0.40, 0.50. The dense
fluid was forced at a flow rate Q that ranged between 0.45 and 41.60 cm®s™. The nozzle inner
radius was kept constant at 0.3 cm. The buoyancy forces are described by the reduce gravity
g= gz(r 2- 1) /14, where g is the gravitational acceleration, and g' was varied between 2 and 20
cms*.

QUALITATIVE RESULTS

After the dense current was released at the nozzle on the right side (looking upslope) of the
shallowest part of the tank, it started flowing downslope. The southernmost part of the front
presented a characteristic "nose" that was thicker than the fluid behind and had the characteristic
described by Simpson®* with a region of high mixing behind the crest. The width of the current
grew rapidly while descending the slope until it reached an approximately constant value some
distance downstream. For the experiment with f = 0 the dense current descended southward while
when f > 0 the current underwent a geostrophic adjustment. Over the wide range of parameter
values investigated, three flow types were found: laminar flow, waves, and eddies.

(G5ees - _

@ (b)

Figure 3. (a) Laminar flow for a very small value of the Coriolis parameter f = 0.04 s*, Q = 1.22 cm’s’,

s=0.25and g = 2 cm s?. (b) Waves regime observed for f = 0.04 s, Q=12 cm’*, s=05and g = 2 cm
-2
s2

Laminar flow. The dense fluid behind the nose presented constant thickness and a very sharp
interface with the fresh water layer, indicating that no mixing was occurring behind the nose
(figure 3a).

Waves. The dense fluid flowed downslope and after a "laminar flow" period it started developing
a wave-like disturbances on the interface between the dense and fresh fluids (figure 3b). The
waves traveled in the same direction of, and faster than, the mean flow. In the plane orthogonal

to the bottom slope the dense current was thicker in correspondence of the crest of the waves and
thinner in correspondence of the waves trough. The waves amplitude grew as the waves were
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traveling downslope and they eventually broke up in most of the experiments, inducing mixing
between the dense salty water and the lighter fresh water.

Eddies. In some experiments the downslope movement of the dense fluid caused the periodic
formation of cyclonic eddies in the fresh water layer above. Similar behavior has been found and
discussed Lane-Serf and Baines”, Etling et al.™. The cyclonic eddies in the fresh water column
caused the lower dense layer to acquire a dome shape with a height larger than the dense current
thickness.
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current while increasing s and g’ will  Figure 4. value of the Froude number Fr = U/(gH)*®, where
increase its value. Hence we y=(u?+v)°5, versus values of the Reynolds number
computed the value of the Froude Re= UH/n. The wave regime occurs mainly for values of Fr 3 1
number Fr=U/ (g'H)O'S, where | while the laminar and eddies regime occur for Fr < 1.
U=(w?+v.)* to veify if the

gravity wave speed (g'H)*° is the critical velocity the dense current has to reach to generate
waves in the bottom dense layer. Unfortunately, the values of the velocities in the dense flow were
not measured directly for all the experiments. Therefore, for each experiment we calculated the
Froude number utilizing equations (3) and (4). From figure 4 it is clear that the wave regime
occurred for values of the Fr 3 1, indicating that indeed the gravity wave speed is the critica
velocity the dense current has to reach in order for the waves to form.

CONCLUSIONS

All the experiments performed in this study revealed that increasing the dope inclination and
the reduced gravity alowed the formation of waves for increasing values of f. The wave regime
occurred for values of the Fr 3 1. Furthermore, increasing the rotation frequency induced the
formation of the eddies.
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