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NOMENCLATURE
L, height of the enclosure [cm];
T, temperature of cooling water [°C];
T initial temperature [°C];
T, solidification temperature [°C];
X, vertical coordinate measured from the bottom of
the enclosure [cm];
¥, horizontal coordinate measured from the top of

the enclosure [cm];

Y, half-width of the melt region [cm];

Y, distance from the center line to solid-mold
interface [cm].

Greek symbols

8, = Y'/Y,, relative width of the melt region;
¢, =(T; - T T, — T,.), dimensionless tempera-
ture representing superheat in the melt.

INTRODUCTION

HEAT TRANSFER problems with solidification/melting are
encountered in a large number of industrially important
situations and have been the subject of investigations for over
a century. However, until recently, the heat transfer was
assumed to be by conduction only, neglecting natural
convection set up by thermal gradients [1]. Some recent
papers, however, give analytical solutions which account for
the natural convection effects in 1- and 2-dim. systems [2-5].
Experimental results have also been reported for some cases
[6. 7]
EXPERIMENTAL APPARATUS AND PROCEDURE

A schematic diagram of the experimental set-up is shown in
Fig. 1. It essentially consists of an experimental cell, a
controlled temperature bath, thermocouples and a data
acquisition system. The experimental cell was made of two
square steel walls 0.2 x 0.2 m which were 0.02m apart. The
side walls were made of Plexiglas and were insulated. These
served as molds and their effect was included in the model {4].
The steel walls could be maintained at a constant temperature
by circulating water from the constant temperature bath
through the steel tanks or jackets of which these walls formed
one side each. The 0.02m distance between the side walls
ensured laminar, natural convection currents using paraffin
wax as the solidifying material (solidification temperature,
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T = 61.5°C). The temperatures were measured using
iron-constantan thermocouples fixed at predetermined
positions,

Paraffin wax was melted in a separate container to a
temperature above its melting point and was poured into the
experimental cell and the cover for the top was put into place
for insulation purposes. Since there was symmetry about the
central plane (Fig. 1), temperature was measured in one half
of the cell. The thermocouple readings were recorded by a
3052A Hewlett Packard Data Acquisition system. The system
has a digital voltmeter, a fast scanner, a real time clock and a
calculator. It was programmed to scan all the thermocouples
every 30s. The time taken to scan all the thermocouples was
less than 1/5 of a second.

RESULTS AND DISCUSSION

The variation of temperature with time for different
thermocouples, for T; = 72°C (¢ = 0.32) and aspéct ratio
(L/2Y,} = 1.75cm is shown in Fig. 2. The plots are drawn
only for selected thermocouples for clarity. The thick lines
show the results from the analytical study made by the
authors [4]. The parameters y/Y, and x/L show the
horizontal and the vertical positions of the thermocouples
from the center and the bottom of the enclosure respectively.
The figure shows that the experimental points fall reasonably
within the theoretical range except during the initial stages of
the experiment where the deviation is due to the turbulence
created by pouring the molten wax into the cell and which
takes certain time to subside.

The location of the interface as a function of time has been
interpolated from Fig. 2 and plotted in Fig. 3 where the lines
show the analytical results computed from eqn. (20d) of [4].
The comparison between the experimental results and the
computed values is very good.

Similar good comparisons of the temperature profiles and
the interface locations obtained from the experimental and
theoretical calculations were obtained for other values of the
aspect ratios (2.5, 3)and superheat {0.61, 0.66, 0.83). The plots
are not reproduced here for want of space but are available

in [8].

CONCLUSIONS
The model [4] takes into account the effects of laminar
natural convection on solidification in a 2-dim. rectangular
system. The model is borne out well by the experiments.

Acknowledgement—One of the authors (R.N.) wishes to
thank the R & D Center for Iron & Steel, SAIL, Ranchi, India
for sponsoring him on this project.



596 Shorter Communications
Drain pipe
Data
l Top surface acquisition
system
|
l Central P!
i compartment ) 1
I steel tanks ! : |
. ! ! : \To thermocouple
.7._7|_ . connection
t—Thermo - 57 To drain
L couples ‘s
a3
By
ARy
ey Water
L7 Water
/;’ P Water bath supply
Enlarged view v Inlet
of central
compartment
F1c. 1. Experimental set-up.
Lo~
80
x/L
o oz2ll
A 0.45
v 066
oD 090
o8 }‘ ___ Theory
T =T72°C
L =35cm
¢ =032
® L/2Y,= 1.75
Lost x/L by
- 0211 °
s 2045 566 5
: 090 ©

X [

L a

£ oal 3

© [

°

»

02 -
L ! 1
0 2 4 6
Time , min Time , min
FiG. 2. Temperature vs time. F1G. 3. Solid thickness vs time.
REFERENCES 5. N. Ramachandran, J. P. Gupta and Y. Jaluria, Two-

1. S. W. Churchill, J. P. Gupta and N. Lior, A review of heat dimensional solidification with natural convection in the
conduction problems involving solidification/melting, to melt and convective and radiative boundary conditions,
be published in Adv. Heat Transfer. Num. Heat Transfer, in press.

2. E. M. Sparrow, S. V. Patankar and S. Ramadhyani, 6. E. M. Sparrow, J. W. Ramsey and R. G. Kemink,
Analysis of melting in the presence of natural convection Freezing controlled by natural convection, Trans.
in the melt region, Trans. ASME, J. Heat Transfer 99, ASME, J. Heat Transfer 101, 578-584 (1979).

520-526 (1977). 7. J. Szekely and A. S. Jassal, An experimental and

3. N. Ramachandran, Y. Jaluria and J. P. Gupta, Thermal analytical study of the solidification of binary dendritic
and fluid flow characteristics in one-dimensional system, Metall. Trans. B. 9B, 389—398 (1978).
solidification, Lett. Heat Mass Transfer 8, 69--77 (1981). 8. N. Ramachandran, A study of solidification in an

. N. Ramachandran, J. P. Gupta and Y. Jaluria, Thermal

and fluid flow effects during solidification in a rectangular
enclosure, Int. J. Heat Mass Transfer 25, 187194 (1982).

enclosed region with natural convection in the melt.
Ph.D. Thesis, Chemical Engineering Dept., LIT.
Kanpur, India (1981).



