JACK CALMAN

CONVECTION AT A MODEL ICE EDGE

The flow pattern near the edge of a melting ice block is modeled by heating a metal edge in a salt-
stratified fluid. An unexpectedly strong, horizontal boundary current was found moving out from
under the ice. Convective layers along the vertical wall were also observed.

INTRODUCTION

The presence of vast quantities of ice is one of the
dominant characteristics of the polar seas. Physical
processes affected by the ice include those on the larg-
est climatic scales to those on the smallest microscales.
Recently, the effects on the water circulation in the
immediate vicinity of melting ice have received atten-
tion in the literature.'® Laboratory investigations
have been conducted to study the flow along vertical
and horizontal ice boundaries in water of various tem-
peratures and of different strengths of salt stratifi-
cation.

All the studies are concerned with flow along an in-
finite boundary of either vertical or horizontal orien-
tation; none investigates the flowfield near the ice edge
(Fig. 1). Since sharp boundaries occur on ice of many
types and sizes (glaciers, icebergs, etc.), the peculiar
nature of the flow near the edges will influence both
the life cycle of the ice and the nearby ocean current
and density structure at certain length and time scales.
The source of the water flowing upward along a ver-
tical ice wall must be the interior fluid (i.e., the fluid
away from the wall). However, if there is a horizontal
bottom (Fig. 1), the source of water can be either under
the ice or the interior fluid. Hence a different flow-
field could result. Under an infinite horizontal ice sur-
face, there is no asymmetry to cause the fluid to move
preferentially to the left or right. However, near the
edge of a horizontal ice slab, a large horizontal density
gradient between the region under the ice and the open
ocean can exist and may cause a strong current. The
purpose of the preliminary investigation is to show that
unique flow features result near an ice edge. An un-
derstanding of the flow at an infinite vertical or hori-
zontal boundary alone is insufficient for understanding
the geophysical case.

THE EXPERIMENTS

Previous results? have shown that many essential
features of flow along a vertical ice wall in a salt-
stratified fluid can be modeled by heating or cooling
a metal wall for ambient temperatures well above the
freezing point. Melting ice produces cold fresh water;
warmer, saltier water is often underneath the ice. Al-
though cold water is heavier, the effects of salinity can
dominate, so the possible net effect is that the melt-
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Figure 1—Sketch of the physical problem: convection at an
ice edge in stratified water.

water is buoyant; it is this buoyancy that can be mod-
eled by heating a metal wall. Although this method
of modeling eliminates the actual addition of water
(and therefore some phenomena that would result), the
results cited above showed that flowfields near melt-
ing ice and outside a metal wall can be similar in the
parameter range of interest. Since accurate experiments
with ice are much more difficult than with heated metal
walls, the latter approach was adopted for the prelimi-
nary experiments. First, the ice corner was modeled
by flow outside a metal corner that was placed inside
a 70-gallon aquarium filled with a salt-stratified fluid
(Fig. 2). Inside the metal container, a reservoir of hot
water was maintained at a constant temperature to
drive the flow. The metal container was sealed so no
water was exchanged between the hot-water reservoir
and the salt-stratified region. Measurements of densi-
ty were made with a profiling conductivity probe, and
shadowgraphs were obtained from the flowfield.
The procedure was as follows: The conductivity
probe was calibrated in solutions of known salinity.
The salt-stratified solution was made by filling the tank
with small layers of constant salinity and waiting over-
night for the density gradient to smooth by diffusion.
After measuring the density gradient with the conduc-
tivity probe, the hot water reservoir was quickly (in
a few minutes) filled with preheated water. The tem-
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Figure 2—Experimental apparatus: (top) schematic, (bottom)
photograph.

perature in the reservoir was maintained by a ther-
mostatically controlled heater/stirrer. Shadowgraphs
were taken as the flow developed. Occasionally, potas-
sium permanganate crystals were dropped near the ver-

tical wall, and the displaced dye line was photographed
to determine the velocity profile.

In the first two experiments, an impervious insulat-
ed partition was placed so as to extend the vertical wall
of the metal container all the way to the bottom of
the 70-gallon aquarium to eliminate the effects of the
horizontal boundary and, therefore, to repeat previous
results as a checkout. In the subsequent three experi-
ments, the partition was removed, giving a height-
width aspect ratio of about 1:2.

RESULTS

Five experiments were run. The temperature of the
hot water reservoir, Ty, varied from 30 to 60°C,
while the ambient stratified fluid was isothermal at the
constant laboratory temperature, 7, ~24°C. A con-
ventional measure of the strength of stratification,
dp/0z, is the buoyancy period, 75z, which is the time
during which a fluid particle would oscillate about its
initial position if given a small vertical displacement.

It is defined by
ap\
27r(— g _p)
p 0z

where g is the acceleration due to gravity and p is the
fluid density. As the stratification gets stronger, fluid
particles oscillate more quickly and the buoyancy peri-
od decreases. The buoyancy period, due only to sa-
linity stratification, varied from 3 to 12 seconds. The
maximum salinity, S, , varied from 20 to 100.” The
driving temperature difference, AT = T, — T, var-
ied from 5 to 28°C. Parameters for the experiments
(some of which are defined in the next section) are list-
ed in Table 1. Because of nonuniformities in the den-

Ip

Table 1—Experiment parameters.

Experiment T, AT tg S h 15
No. (@) (°€) (sec) (refi7) (ecm): (ecm)
1 22:8 175 137 20 5:0/ ¥260
2 24:3 5005250315 95 0.57 ¢ 0.54
2437 =525/ 8720 22 1.0 1.79
3 24.0 6.0 3.9 102 057+ 9073
24.0 6.0 7.0 10 0.86 0.42
4 26.2° 7.8 3.9 65 0.86 1.06
5 23:0027-9 3.9 80 241 4.22
Legend:
i Ambient temperature h/L
AT  Temperature difference across wall Ra
tg Buoyancy period vV
S5, Maximum salinity Vo
h Layer thickness

L Length scale
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h/L Ra 14 7 VIV,
(cm/sec) (cm/sec)

0.19 6.9 x 10°

1.06 2.0 x 10*

0.56 5.9 x 10°

073N 7210 15 < 1052 S 1EoB<S10E 8.1
0.42 1.0 x 10°

0:81 2045102 5.7 > 1072 1.35< 0=t Ancu]()
0:50° 6.0 x 107 8.7 x 1072" 3.3:x 102" 2.6 <'10"

Nondimensional layer thickness
Rayleigh number

Horizontal velocity

Velocity scale

V/V, Nondimensional horizontal velocity
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sity gradient, there were two distinct regions of flow
in experiments 2 and 3.

The flowfield in the vicinity of the corner was mea-
sured both by shadowgraph and by photographing
dye-line displacements. A typical shadowgraph result
is shown in Fig. 3, which is a view looking into the
side of the tank. The small (about 1 centimeter) con-
vective layers along the vertical wall develop as they
have in other experiments.>* However, at the corner,
a very strong, thick current moves out horizontally into
the open water. Velocities in the large horizontal cur-
rent were an order of magnitude larger than they were
in the small convective layers. Similar horizontal flows
appeared in photos of the experiments by Gebhart et
al.,! but no quantitative results were presented by
them.

Shadowgraphs of the five experiments are shown in
Fig. 4. The partition at the bottom of the vertical wall
can be seen in Figs. 4a and 4b. Layers are formed along
the vertical wall, but no strong horizontal current is
developed. (The bright horizontal line in Fig. 4a, where
the partition joins the heated vertical wall, is the re-
sult of a nonuniformity in the initial density gradient.)
The three experiments with a horizontal boundary
(Figs. 4c, 4d, and 4e) all developed strong horizontal
boundary currents in addition to the convective lay-
ers along the vertical wall. {Figure 4e is the same as
Fig. 3. It is included to make comparison easy.) The
quantitative characteristics of these flow features are
examined in the next section.

ANALYSIS

The simplest possible dimensional analysis considers
the following six variables: the vertical density gradient
due to the mean salinity stratification, dp/dz; the den-
sity difference due to the imposed temperature differ-
ence, Ap; gravitational acceleration, g; and the dif-
fusivities of momentum, temperature, and salt, v, «,
and kg, respectively. These variables give three non-
dimensional parameters and three scales. The param-
eters are the Prandtl number (Pr), the Schmidt number
(Sc), and the Rayleigh number (Ra), defined by

1. Pr = v/k;(=7) is the square of the ratio of
lengths to which momentum and temperature diffuse
in a given time; also the ratio of time of temperature
or momentum diffusion to a given length.

2. Sc = v/ks (= 7 x 10?) is the same as Pr, but
for momentum and salt;

3. Ra = ApgL?/pkrv (=10* — 10°) is the square
of the ratio of time scales for a fluid particle to move
a distance L by buoyancy forces or by mean tempera-
ture-momentum diffusion.

The three scales are for length, time, and density.
These are defined by

1. L = Ap/(8p/9z) (= 10 % meter) is the distance
a fluid particle of density perturbation Ap would move
vertically to find its new equilibrium position in the
stratified fluid;
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Figure 3—Shadowgraph of the flow near the edge (experi-
ment 5) showing the strong horizontal boundary current go-
ing out from the edge and the convective layers along the
vertical wall (time is 7 minutes after hot water had started
to fill the reservior).

2. t, = L*/K (minutes to hours) is the time it takes
for the imposed temperature difference to diffuse
across the length scale L.

3. pp = Ap (= 10) kilograms per cubic meter is the
magnitude of the imposed density perturbation. In the
present experiments, this is the result of temperature
differences.

The first item to consider is whether the thickness
of the convective layers along the wall is affected by
the horizontal boundary. The thickness, 4, of the lay-
ers was measured from the shadowgraphs of Fig. 4,
scaled by the length, L, given above, and plotted as
a function of the Rayleigh number in Fig. 5. (The ex-
periments shown in Figs. 4b and 4c had nonuniform
density gradients. Two data points were obtained for
each of these experiments, one for the upper and one
for the lower group of layers. In each case, the local
length scale L was used.) The sizes of the layers in the
present experiment, as seen in Fig. 5, are essentially
the same as those found by Huppert and Turner® and
Huppert and Joseberger.* The conclusion is that flow
along the vertical wall is unaffected by the horizontal
boundary, except in the region that is only one or two
layers thick above the corner.

The displacement of dye lines created by the crys-
tals of potassium permanganate dropped in the fluid
near the heated vertical wall was used to measure the
velocity in the horizontal boundary current. A veloci-
ty scale, V,, was formed from the length scale, L,
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Figure 4—Shadowgraphs (a) through (e) (at times 10 to 15 minutes after start) for the parameters listed in Table 1

are for experiments 1 through 5, respectively.
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Figure 5—Layer thickness (normalized by length scale, L, as
a function of Rayleigh number. Circled points are from the
present experiments (edge flow); others are from Huppert and
Turner 23 (vertical wall).

and the time scale, #,, given above. Although only
three data points were obtained (Figs. 4c, 4d, and 4e)
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for only one aspect ratio (height/length = 0.5), the
results (Fig. 6) suggest a power law dependence of

V/V, = cRa’,

where d = Y2 and ¢ = 0.08.

DISCUSSION

Since the experiments were designed only to demon-
strate the effect of the edge on the flow, many impor-
tant questions about the variability, strength, extent,
and time scales remain unanswered. Although the ef-
fect of ice melting on upwelling has been discussed be-
fore,>® the magnitude and details of the upwelling
remain to be measured. The present experiment im-
plies that for a horizontally finite block of free ice,
upwelling would be enhanced by the strong horizon-
tal current at the edge. The important dependencies
of the boundary current on distance from the edge and
the details of the return flow (via upwelling or other-

Johns Hopkins APL Technical Digest, Volume 6, Number 3



_.
o
N
I
|

velocity, V/V

_.
o
2
[
|

Nondimensional horizontal

10 1 | |
104 105 106 107 108

Rayleigh number

Figure 6—Speed of the horizontal boundary current (normal-
ized by L/t;) as a function of the Rayleigh number.

wise) were beyond the scope of the present experi-
ments.

The fact that the corner flow eliminated the first one
or two layers along the vertical wall could be impor-
tant in the geophysical case if the layer thickness is
similar to the ice thickness. Huppert and Turner? es-
timated convective layers of fluid to be at least 1 me-
ter thick in the Arctic. If that estimate is correct, the
present results imply that horizontal current below the
ice will dominate the flow for ice thickness less than
about 2 meters.
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The horizontal current at the edge will certainly af-
fect the melt rate of the ice and could be an important
component of the heat budget of the ice and of the
upper ocean below the ice.! The question of three-
dimensional effects (instabilities and interactions with
currents and waves along the ice edge) has not been
addressed in these experiments. Several useful steps
logically follow the present study: to repeat the experi-
ments using real ice, to study the boundary layer flow
numerically and theoretically, and to obtain some
detailed measurements in the field near all types of ice
edges.
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