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INSTABILITY OF THE ROTATING GRAVITY
FLOW DOWN A SLOPE

By Hiroyuki Honji* and Tokuzo HosoyAMAaDA**

A three-dimensional instability of the two-dimensionally induced,
rotating, gravity flow down a 34° slope has been investigated experimen-
tally using the electrolytic precipitation method of flow visualization.
The instability is governed by o’, the non-dimensional density difference
between gravity-flow and ambient waters, and Ta, the Taylor number.
A regular, three-dimensional, instability structure forms in the flow on
the sloping bottom floor at 0.65 < o’ < 3.5 and 3.0x10® < Ta < 1.8X
10%
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1. Introduction

The structure and dynamics of gravity flows generated by a density
difference between flowing and ambient fluids have been investigated in diverse
disciplines of physical sciences and engineering?. Gravity flows occur commonly
in natural environments, and their spatial and temporal scales are smaller as
compared with those of the global atmospheric and oceanic circulations.
Relatively few papers, therefore, have been concerned with the gravity flows of
dense fluids under the effect of the earth’s rotation. However, some gravity
flows such as turbidity currents on a continental slope and the deep-sea currents
of dense water mass can be affected by the earth’s rotation.

This paper reports some laboratory results which have relevance to the
rotation effect on the structure of a thermally-induced gravity flow down a
sloping, plane, bottom floor in a rotating water tank.

* Prof., Res. Inst. Appl. Mech., Kyushu Univ., Kasuga 816, Jpn.
** Postgr., Dept. Hydr. Civil Eng., Kyushu Univ., Fukuocka 812, Jpn.
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2. Experemental methods

Experiments were carried out using a square water tank made of transpar-
ent Perspex plates. The experimental set-up is illustrated schematically in Fig.
1. The tank having the dimensions of 75X 30X 15 cm was put on a turntable with
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Fig. 1 Experimental apparatus (Dimensions in cm): (a) Side view, (b) Top view

a sloping angle of 34° from the horizontal. The tank was filled with tap water
up to a level at which the water began to overflow the lower edge of the tank
wall. The inside surface of the lower tank wall worked as a sloping bottom floor
along which a heavier fluid flowed down continuously.

The heavier dense fluid was generated by cooling the ambient water sur-
rounding a brass tube, through which a cold water was forced to circulate fast
by means of a motor-driven constant-temperature reservoir of water. The
cooling tube was 73 cm in. length, and 10 mm and 8 mm in outside and inside
diameters, repectively. The water reservoir system was also mounted on the
turntable. The cooling tube lay, with its axis horizontal, on the near-top inside
surface of the lower tank wall. The generated dense fluid flowed down along the
sloping floor slowly. The flow remained stable and two-dimensional at small
angular velocities of the system (w) and became three-dimensional at larger .

The turntable on which the tank system was placed has the diameter of 1
m, and can be rotated in the -counterclockwise direction at w < 1.1s™'. The
electrolytic precipitation method of flow visualization was used mainly?. A
smoke-generating solder strip was fixed to the surface of the cooling tube. A
low d. c. voltage was applied between the strip and a cathode in the tank to
produce white dye smoke as a tracer. The aluminum flake method was also used
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partly. A 0.7 cm -thick parallel-to-floor water layer above the floor surface was
illuminated for photographing flow patterns.

Water temperatures in the gravity flow were measured at every one minute
with a temperature logger with 9 thermocouples lying on the bottom floor as
shown in Fig. 1(b). The temperature resolution was 0.1°C.

A comment should be made on the effect of three narrow side walls of the
tank. The size of the turntable limited that of the tank, and the flow patterns
in the tank were unavoidably affected by these walls. Attention was, therefore,
focused only on the flow patterns near the cooling tube rather than the overall
ones.

The following experimental procedure was taken: After the steady rota-
tion of the system was reached the gravity flow generation was started at time
t =0s. Steady-flow observations were made after the flow became almost
steady ; ¢ multiplied by the gravity fluid viscosity and divided by the square of
the tube diameter ranged from 9 to 14, beyond which the flow began to be
contaminated by the dense-water mass sedimented at the bottom corner of the
tank and to be inactive due to a long-time thermal diffusion in the cooling
reservoir water.

3. Results and discussion

The gravity flow patterns are shown in the series of photographs under Fig.-

2 at different values of o’ and Ta. The non-dimensional density difference o’ is
defined as

o = gdp/40w*D, (1)

where g is the acceleration due to gravity, 4o the density difference between the
dense water near the tube and the ambient water, o the density of ambient
water, and D the outside diameter of the cooling tube. The Taylor number is
defined as
Ta = 40*D*V?, (2)

where v is the kinematic viscosity of the water in the gravity flows. These
figures show the flows viewed from top of the tank. The cooling brass tube
emanating white smoke will be seen lying horizontally in an upper part of each
photograph. The direction of rotation of the system is always counterclockwise.

In Fig. 2 the flow patterns are arranged in the order of increasing . Fig.
2(a) shows a basically structureless, two-dimensional, stable gravity flow in a
non-rotating system. The flow in this case consists of a sheet of dense water
originally generated around the tube. Although fine streaks of the smoke
formed due to some roughness of the tube surface are seen in the sheet, these are
inessential to interpretation of the flow.

Figure 2(b) shows a gravity flow consisting of a plane sheet of dense water
and several thick streaks in it. The flow steers to the left due to the Coriolis
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Fig. 2 Variation of rotating gravity flows with p" and Ta at dp/p =~ 2.2x107° and ¢ >~ 12
min (except for (d))

p=co  Ta=0, w=0s"

o =536, Ta=207x10°, w=031s"

o =278, Ta=367x10°, w=044s""

o =164, Ta=694%x10>, w=056s", ¢t =16min

1

force as it goes downward. The figure shows the beginning of an instability,
although mostly the flow is still two-dimensional.

As @ increases the above-mentioned streaks disappear and instead a wavy
pattern of the flow appears as shown in Fig. 2(c). Note that this is not actually
a propagatory wave but just a wave-like instability. The flow is three-
dimensional. As @ increases further, the wavy pattern becomes more pro-
nounced and the thick oblique streaks arrange themselves nearly equidistantly
on the bottom floor as shown in Fig. 2(d). Note that these streaks slanted to the
right are different from those shown in Fig. 2(b). Figure 2(d) shows a typical
regular three-dimensional instability structure in the gravity flow down the
slope. From these results it may be concluded that the upper critical value of
o for the formation of the regular, three-dimensional, instability structure is
around 3.5.

Figure 3(a~c) shows the time -wise variation of a gravity flow at later
stages of its development, when o’ is further decreased (7¢ is further increased).
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Fig. 3 Development of rotating gravity flow
at o’ = 0.770 and Ta = 1.23 xX10*, dp/p
=1.3x10"%and w = 0.64 s

(@) t=13min 55s

(b) #=15min 10s

(c) = 16 min 8s
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Dye streaks become irregular to form cyclonic and anticyclonic vortices as time
goes on. As a whole these vortices make up a structure which reminds us of
Karman’s vortex trail. The lower front of the gravity flow is slanted to the left
and each thick dye streak to the right, similarly as in Fig. 2.

Figure 4(a, b) shows the time-wise development of a gravity flow for the
smallest o’ (largest 7) in the experiment. Figure 4(a) shows the developing flow
and Fig. 4(b) the fully developed one. The last flow is quite irregular and
turbulent particularly in the region near the cooling tube. From Figs. 3 and 4 the
lower critical value of p’ for the formation of the regular instability structure
may be around 0.65.

All the flow patterns shown above were visualized with dye smoke generat-
ed by means of the electrolytic precipitation method. What is visualized with
this method is actually the so called ‘integrated streaksheet’ somewhat different
from common fluid-mechanical lines®. Therefore, it would be desirable to
visualize the flow by using some common method. Figure 5 shows an example

(b)

Fig. 4 Development of rotating gravity flow
at small p" = 0.502; Ta = 2.37X10%
dolp =25%107%, w = 1.10s™"

(@) #=11min 43s

(b) t=12min 47s
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of flow pattern vinualized with suspended aluminum flakes. A similar, wavy,
instability structure is seen in the flow, although it is not much clear as compar-
ed with the smoke flow patterns.

A vertical cross-sectional view of a gravity flow near the center of the tank
is shown in Fig. 6(a), and illustrated schematically in Fig. 6(b). The flow is
visualized with aluminum flakes in combination with dye smoke. The region of
the gravity flow is confined to a thin layer on the sloping floor, and almost no
motion of suspended flakes is perceptible in the remaining region of ambient
water.

The gravity flows have been generated two-dimensionally by cooling the
water surrounding the straight brass tube. Therefore, the lateral distribution of
water temperature in the gravity flows is anticipated to someway reflect the
instability structure. The temperature profiles at three values of o’ are shown
in Fig. 7(a~c), in which X is the distance measured from the left side wall of the
tank laterally along its horizontal long axis (Fig. 1). The temperature profile is
rather flat and no structure is indicated in Fig. 7(a) at large ¢’ and small Tq. As
o’ is decreased and T¢ increased, the temperature profiles connecting through
the data taken at larger ¢ clearly reflect the instability structure of the flow as
depicted in Figs. 7(b) and (c).

The region of formation of the regular, three-dimensional, instability struc-
ture is summarized in Fig. 8, based on the results of photographic observations.
Due to technical limitations in the experiment, the data points lie nearly on a
straight line in the log-log diagram. The region in the middle of Fig. 8 for the
regular structure ranges approximately from 0.65 to 3.5 in o', and from 3.0 X 10°
to 1.8 x10* in 7a. The flow remains stable and two-dimensional in the upper left
region, and becomes irregular and turbulent in the lower right region in the
figure.

Flow regime diagrams of the type shown above are commonly used for
summarizing laboratory results on rotaing stratified flows, and their overall
interior fields associated with baroclinic instability are usually the center of
interest. In the present case, however, the flow occurs mainly on the bottom
floor and no conspicuous motion of the interior water mass takes place. The
cause for the formation of the instability structure in the gravity flow, therefore,
still remains open and further investigations on the characteristics of the flow
are needed to clarify the formation mechanism.
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Fig. 5 Rotating gravity flow visualized with
suspended aluminum flakes at w =
0.62s™'; p' =1.68, Ta = 1.00x10%,
dpleo = 2.6x107% ¢ =~ 16 min

(b)

Fig. 6 Side view of rotating gravity flow

@ p =127, Ta=100x10", 4dp/p =22
xX10™% w=065s", f=3min 23s

(b) Schematic diagram
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Water temperature °C distributions in rotating grav-
ity flows at do/o = 2.3X107® with times (¢) shown in
each figure

(@ o =502, Ta=277X10°, w=033s"
(b) o =141, Ta=9.07x10*°, w=065s"
) =131, Ta=907x10°, w=066s"
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Fig. 8 Regime diagram for the rotating gravity flow down
the 34° slope
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