components forming mixture at arbitrary time, kg/m®; L, total capillary length m; ., cur-
rent meniscus coordinate, m; pio, initial density of flrst component, kg/m®; ci, relative
molecular concentration of vapor components (i = 1, 2) and external gas (i = 3) per unlt
volume of vapor gas mixture; Dij, binary diffusion coefficient in vapor—gas phase, m ?/sec;

X, spatial coordinate, m; cio, Ca0, relative molecular concentrations of vapor components in
surrounding gas at initial time: c;s, ca.g, relative concentrations of first and second com-
 ponents above meniscus; cso, C37, relative molecular concentration of gas forming; atmosphere
into which evaporation occurs; clg, c%s; relative molecular concentrations of vapors of first
and second components for pure liquids; N,, N, molar fractions of first and second compo-
nents; u; and Y2, molar masses for first and second components, kg/mole.
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EFFECT OF ICE SURFACE ORIENTATION ON INTENSITY OF WATER-
TO-ICE HEAT TRANSFER UNDER FREE CONVECTION CONDITIONS

E. S. Gogolev and A. N. Krasavin UDC 531.468.1:536.24

A graphical construction permitting determination of the heat-transfer coefficient
for various slopes of an ice surface is proposed.

Heat transfer between water and frozen ground is the main factor causing damage to water
reservoirs in regions where the ground does not freeze for years at a time. To predict fail-
ure of retaining dams it is necessary to have data characterizing the intensity of thermal
processes on the water—frozen soil boundary, in particular, heat-transfer coefficient values.

The profile of the retaining wall may vary greatly, so to simplify calculations it can
be approximated by a collection of individual inclined segments. The problem of thermal
calculation then reduces to determination of the heat transfer from the water to an inclined
plane surface having a negative temperature. In the process of thermal interaction with
frozen ground, melting of ice occurs with subsequent removal of the water formed due to a
density difference, i.e., the aggregate state of the ice changes and the liquid phase thus
produced is removed under the action of free convection.

At the present time the Soviet and foreign literature provides a number of studies of
heat transfer to inclined plane surfaces [1-4], but in those studies heat transfer took place
with no change in aggregate state of the material. Without considering this factor results
in elevated results [5]. Nor is it possible to use results from studies of ice melting with
ice specimens in the form of spheres [5-7], cylinders [5], cubes [8], or horizontal surfaces
[9, 10], since under free convection conditions the form of the surface has a great effect on
heat transfer [1]. Only for the rarely found case of a perpendicular retaining wall can data
on heat transfer between water and a vertical ice plate [11-14] be used with assurance.

In studying heat transfer on a water—ice boundary, aside from change in the aggregate
state of the ice, another factor producing difficulty is the change in water density with

V. P. Chkalov Mechanical Engineering Institute, Gorki. Translated from Inzhenerno-
Fizicheskii Zhurnal, Vol. 46, No. 3, pp. 447-451, March, 1984. Original article submitted
November 16, 1982.

0022-0841/84/4603- 0321$08.50 © 1984 Plenum Publishing Corporation 321



/ 2
%f
/////f&/’
=
200 e = —i
—)/
.:7)/ T
20 *
|
. P b
g 4 8 Iz /5 20 Ty

Fig. 1. Heat-transfer coefficient versus
water temperature and ice surface orientation:
1) ~90°: 2) 05 3) 15; 4) 30; 5) 45; 6) 60; 7)
75; 8) 90°; 9) ice surface. a, W/m®-deg C; Ty,
°C.

temperature [5~7, 11-16]. It is well known that water has maximum density at the critical
temperature, which lies in the range 3.94~4.8°C [5~7, 11-16].

The present study will examine the effect of slope of the ice surface on the intensity
of heat exchange with the adjacent water. Experimental studies were performed with water
temperatures from 1 to 22°C. The. experimental specimens were prepared by layered freezing
of tap water at a temperature of —1 to —2°C. Specimen size was determined by the dimensions
of the wooden frames in which freezing was carried out, the specimens having a surface of
0.325 x 0.365 m. Control specimens werée frozen in layers of approximately the same thickness
in containers of various sizes and used to determine the ice density. The value used for
calculations was yi = 8.722 kN/m®. Before beginning experiments the specimens were main-
tained in contact with room temperature for some time in order to bring their temperature
close to 0°C. They were then placed in a water tank with capacity of 0.5 m®. The specimen
was placed on the bottom of the container or on a special mounting bracket (for an angle of
—90°). The specimen was maintained in the water for a period of 40-200 min, depending on
the water temperature. All experiments were performed in a fréezing chamber with air tem—
perature of —0.1 to —0.2°C. Heat-transfer coefficients were determined from the amount of
ice melted from the specimen surface.

To measure this quantity, a coordinate grid with nine fixed points was mounted above
the surface of the specimen. Measurements were made at these points with sliding calipers
to an accuracy of 0.1 mm. Such measurements were performed twice in each experiment: before
immersing the specimen and after its removal from the water. The difference between the two
measurements determined the amount of ice melted away at each point. The arithmetic mean of
the values obtained at the nine points was used in the calculations. Water temperature in
the tank was also measured twice during each experiment: several seconds after immersing
the specimen and before specimen removal. Water temperature was measured with.a laboratory
mercury thermometer having gradations of 0.1°C. The mean of the two values was used for cal-
culation. It should be noted that the thermometer was located outside the stratified tempera-
ture profile zone established during melting, i.e., sufficiently far from the specimen sur-
face. -

Experiménts were performed at ice surface inclinations of -90, 0, 15, 30, 45, 60, 75,
and 90°. 1Ice orientation is shown in Fig. 1.
The heat-transfer coefficient was calculated from the experimental data [17]:
o AtmL
_ (Tw—To) t
The dependence of heat-transfer coefficient on water temperature and ice surface orien-
tation are shown in Fig. 1. As is evident from the figure, the character of the dependence
is quite complex. In analyzing the experimental data it should be noted that at.a tempera-
ture of about 6.5°C the heat~transfer coefficient proves to be approximately the same for all

ice surface angles. Below 6.5°C the coefficient changes significantly for angles between 0
and —90°, with the difference in the values from 0 to-90° being 10-15% in all. Above 6,5°C a
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Fig. 2. Comparison of present results
with experimental and theoretical data
for vertical plate position: 1) [11];
2) [121; 3) [15] 4) [13]; 5) curve 2

of Fig. 1 Tys °c.

reversed pattern appears: for a change from 0 to —90° the coefficient changes insignifi-
cantly, while for angles from 90 to 0° the change is quite large. The maximum deviation of
the curves from experimental heat-transfer coefficient values is 10%. A mathematical rela-
tionship was established among the curves obtained. In particular, for angles .from 0 to +90°

at Ty>65C oy = (00 — 2 4g0) cOSQ -+ O g0 > (2)
at Ty<65°C ag=(2 g —am)sing+ag . (3

These expressions agree well with the experimental data, and their use is recommended
for calculating heat-transfer coefficients at angles between 0 and 90°.

While performing the experiments the following phenomenon was noted: on plates inclined
at angles of 0-75° ice melting occurs nonuniformly. At temperatures above critical the ice
melts intensely in the upper part of the specimen, while at temperatures below critical the
melting is more intense in the lower part. This difference can be explained by a difference
in the character of the convective flows produced by heat transfer [5, 11]. At.a water tem-
perature below 4°C there is an ascending flow mear the ice plate [11]. As this upward moving
flow rises to the level of the top of the plate it deviates further away from the plate. As
a result the temperature gradient in the boundary layer at the upper edge of the plate de-
creases [11, 14]. This fact determines the unique pattern of the melting. At a water tem-
perature above 4° there is a descending flow near the plate [11, 14] and the reverse effect
occurs.

Ice melted uniformly from the plates inclined at —90 and 90° at all water temperatures.

To estimate the reliability of the results, the data from the.experiments performed with
a vertical plate (0°) were compared to known experimental [13] and theoretical [11, 12, 14]
studies. The data obtained in the present study were recalculated to a plate 0.7632 m long
[13]. Results of this comparison (Fig. 2) show quite good agreement. This indicates the
possibility of using graphical curves in practical engineering calculat1ons for other angles
as well.

One more -important fact should be noted. Under turbulent conditions, where GrPr > 2-107,
the heat-transfer coefficient for vertical and horizontal surfaces is independent of linear
dimensions [17-20], since the heat-transfer process under such conditions is self-similar.

The same may apparently be assumed of inclined plates.

All the experiments performed occurred under turbulent regime conditions, as in [13].
The good agreement of experimental data for 0.365- and 0.7632-m-long plates indicates that
they may be used to calculate heat transfer to ice plates. of very large dimensions, such as
inclined portions of retaining walls and the ice surface cover of water reservoirs, in con—
nection with which, the graphical dependence of heat~transfer coefficient for a plate posi-
tion of —90° will be of interest to hydrological engineers.
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NOTATION

@, heat-transfer coefficient from water to ice, W/m*-°C; AE, amount of ice melted, m;
Yi, mean volumetric weight of ice, kN/m®; L = 334, 32 kJ/kg, specific heat of ice fusion;
Tw, mean water temperature, °C; To, ice surface temperature, °C; t, specimen maintenance
time in water, h; ¢, angle of inclination of ice surface, deg; Gr = Bgl>T¢/v?, Grashof
number; Pr = v/a, Prandtl number; Nu = a/A, Nusselt number; B, temperature coefficient of
volume expansion, 1/°C; g, acceleration of gravity, m/sec®; Z, plate length, m; Tf = (Tw —
To)/2, controlling temperature, °C; v, kinematic viscosity, m*/sec; a, thermal diffusivity,
m?/sec; A, thermal conductivity, W/m'°C
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