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Abstract-The role ofnatural convection on solid-liquid interface motion during melting and solidification of 
Lipowitz metal in a rectangular cavity was studied. The measurements of both temperature distributions and 
temperature fluctuations were used as a qualitative indication of the natural convection flow regimes and 
structures of melt during phase transformation. The measured and predicted solid-liquid interface positions 
during solidification from below and above, as well as melting from above and below, show reasonably good 
correspondence. The suppression ofnatural convection in the Lipowitz metal, which is not taken into account 

in the model, leads to a slower rate of melting and a higher rate of freezing than that predicted. 
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NOMENCLATURE 

specific heat 
Fourier number, @HZ 
gravitational acceleration 
height of the cavity 
Latent heat of fusion of the phase change 
material 
heat transfer coefficient 
thermal conductivity 
thermal conductivity ratio, k,/k, 
Nusselt number, h( 1 -&H/k, 
Prandtl number, v/al 
Rayleigh number, g@( Twb - 7J (H - ~)~/vcq 

Stefan number, c,( T, - Tf)/Ah, 
Stefan number, cs( T, - T,,)/Ah, 
solid-liquid interface position 
temperature 
width of the cavity 
horizontal distance from the central 
symmetric line 
vertical distance from the top of the cavity 
horizontal distance normal to the x-y 
plane. 

Greek symbols 

; 

thermal diffusivity 
thermal expansion coefficient of liquid 

P density 
V kinematic viscosity 
t Fo Ste; q = Fo, Ste, and Z, = Fo, Ste, 
e dimensionless temperature, 

(T- r,,)/(r,- T,,) 

; 
dimensionless distance, y/H 
dimensionless interface position, s/H. 

Subscripts 
b bottom plate 
f fusion point of PCM 
1 liquid state 
0 initial state 
S solid state 
t top plate 
W wall. 

HMT 27:1-H 

1. lNTRODUCTION 

SOLID-LIQUID phase-change heat transfer involving 
melting and solidification has received considerable 
attention and an up-to-date review of the literature is 
available [l]. Most of the work done in the past, 
however, has used relatively high Prandtl number 
fluids such as paraffins and water as test materials ; and 
natural convection has been shown either to enhance 
themeltingrate or to retard the freezing rate [2]. Phase- 
change heat transfer concerned with natural 
convection in metals, on the other hand, has received 
relatively little attention, although these materials are 
of particular interest in metallurgy, materials 
processing and crystal growth [S]. 

A usual assumption in analyzing phase-change heat 
transfer in a metal system is that conduction is the sole 
mode of energy transfer because metals have high 
thermal conductivity [4]. Natural convection in the 
melt during solidification of metals has also received 
much attention because of its role in modifying the solid 
structure [S]. Especially in the manufacturing of 
semiconductors and castings, experiments have shown 
that the structure and distribution of inclusions in the 
solid is significantly affected by the buoyancy-induced 
flow in the melt during solidification [6]. Cole and 
Winegard [7] have shown that the amount of thermal 
convection during a horizontal and unidirectional 
solidification is a function of the temperature gradiedt 
in the liquid, the rate of solidification, the height of the 
solid-liquid interface, the angle of deviation of the 
interface from the vertical plane, and the fluid 
parameters of the liquid metal. Furthermore, the 
analysis of experiments [8] involving a cylindrical 
column of lead during downward freezing showed that 
heat transfer rates associated with Bbnard convection 
are less under transient than under steady-state 
conditions. 

The study of natural convection effects on the 
solidification and melting processes in metals has 
received little attention, Szekely and Chhabra [9] were 
the first to demonstrate, experimentally and 
analytically, the effect of natural convection on the 
shape of a stationary and a transient interface in a 
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rectangular tank with a heat source and sink on the two 
vertical sidewalls. 

The objective of this paper is to report on the effect of 
natural convection on the soliddliquid interface motion 
during melting and solidification of a metal in a cavity. 
The importance of natural convection in the melt will 
be demonstrated from the measurements of tempera- 
ture distributions and temperature fluctuations. The 
flow patterns will be deduced indirectly, and the 
measured solid-liquid interface positions will be 
compared with predictions based 
model. 

on an analytical 

2. EXPERIMENTS 

2.1. Apparatus and instrumentation 
Solidification and melting experiments were per- 

formed in a rectangular test cell (Fig. 1) that had inside 
dimensions of 8.89 cm in height, 6.35 cm in width, and 
3.81 cm in depth. The two horizontal walls, which 
served as the heat source/sink, were made of a multipass 
heat exchanger machined out of copper plate. The 
copper surfaces were plated with a layer of 0.0127 mm 
thick chromium for protection against corrosion. All of 
the vertical walls were made of Lexan (polycarbonate 
resin): the two vertical sidewalls were 1.27 cm thick 
plates of Lexan to support the cell; and, for better 

FIG. 1. Schematic diagram of test apparatus: (1) insulation, 
(2) heat exchanger, (3) Lexan wall, (4) phase change material, 
(5) thermocouple rack, (6) small diameter thermocouples, 
(7) L-shaped movable probe, (8) temperature controlled 
environment, (9) constant temperature bath, (10) support 
frame, (11) container, (12) heat gun with temperature con- 
troller, (13) hole for inserting movable probe, (14) 

vertical slot. 

insulation, the front and back walls had a 0.3 18 cm air 
gap between the plates. One of the plates was 0.318 cm 
thick and the other was 0.635 cm thick. All the joints 
between the Lexan plates were sealed with vacuum 
grease. 

Five thermocouples were inserted through the 
copper plates and epoxyed separately into five small 
diameter holes drilled close to the surface of the copper 
plates. A vertical slot 0.159 cm in width by 7.62 cm in 
length was milled in one of the vertical sidewalls for the 
insertion of an L-shaped probe. Through the vertical 
slot the liquid PCM could be sucked in or expelled by 
the contraction or expansion of PCM during phase 
transformation. A 0.635 cm diameter hole, drilled 
through the bottom plate and connected with a tube 
coupled with the vertical slot in the sidewall, served to 
drain the liquid and to expose the shape of the solid- 
liquid interface. To prevent the freezing of the material 
in the tube at the bottom of the cell and on the outside of 
the vertical slot, a long narrow diameter cable electric 
heater was immersed and heated. 

Eighteen calibrated thermocouples (with an accu- 
racy of & 0.1 “C) each having a wire diameter of 0.127 mm 
and sheathed in a 1.27 mm O.D. stainless steel tube, 
were spaced equally in the center of the test cell to 
measure the temperature distributions. The beads of 
the thermocouples were coated with a thin layer of 
epoxy for protection. The thermocouple rack could be 
removed when not in use. 

Three thermocouples each with a wire diameter of 
0.0762 mm were installed in the frame of the 
thermocouple rack. One was located near the bottom 
and a second near the top. The last thermocouple was 
placed near the middle of the cell for measuring the 
temperature fluctuations. The junctions were coated 
with a thin layer of high thermal conductivity epoxy. 
The DC part of the signal of the temperature 
fluctuations was suppressed by an adjustable DC 
suppressor so that the small AC component could be 
amplified and recorded. 

To measure the temperature fluctuations when the 
thermocouple rack was not in use, three additional 
thermocouples were inserted through three small holes 
drilled separately on the vertical wall that had no slot. 
The first was located in the central region at a position 
4.67 mm above the bottom plate, the second and third 
were positioned 24 and 77.79 mm, respectively, above 
the bottom plate. The beads were also coated with a 
thin layer of high thermal conductivity epoxy for 
protection. The holes were then sealed with silicon glue. 

The test cell was placed in a transparent box made of 
Lexan where the temperature could be regulated and 
kept constant by a temperature controller. The purpose 
of the controlled environment was to reduce the 
temperature difference between the test cell and to 
minimize the heat loss/gain from the test cell to the 
ambient surroundings. A heat storage material was also 
placed in the box to minimize the frequent on-and-off 
switching of the heater and to keep the inside 
temperature close to a constant value. 
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2.2. Experimental procedure and data reduction 
In experiments the working material used was 

Lipowitz eutectic (commercial name : Cerrobend) with 

a composition of: Bi, 50%; Pb, 26.7%; Sn, 13.3%; 
Cd, 10%; and a melting temperature of 70°C. The 
thermophysical properties are summarized in Table 1. 
The thermal conductivity and the viscosity of the liquid 
could not be found in the literature; therefore, 
properties given for an alloy system of similar com- 
position (Bi, 50.3% ; Pb, 3 1.2% ; Sn, 8.8%; Cd, 9.7%) were 
used. The thermal conductivity of the liquid in the tem- 
perature range 7&1OO”C was given as 5.489 W m- ’ K-l 
and the kinematic viscosity at a temperature of 106°C 

as0.331 x 10-6mZ s-l [ll].TheLipowitzeutecticwas 
chosen because of the ease of handling and the 
reasonable cost. 

Before each experiment the solid Cerrobend was 
melted and poured into the preheated test cell through 
the sprue on the LHS. Provision was made to avoid air 
bubble entrapment in the test cell. This was accom- 
plished during the filling procedure by a slight lifting 
of one of the side walls where a small hole had been 
drilled near the top plate. This hole was sealed after 
the test cell was filled. 

The initial temperature inside the test cell was kept 
uniform and only a single phase was allowed to exist. 
This was done by circulating a constant temperature 
fluid in both heat exchangers at a temperature slightly 
above or below the fusion point for a sufficient period of 
time. Melting or solidification was initiated by 
switching one of the heat exchangers to another 
constant temperature bath preset at a different 
temperature. A uniform solid temperature was reached, 
usually between l-2°C below the fusion temperature of 
the eutectic, before melting was initiated. This was done 
to eliminate the subcooling as a parameter of the 
problem. 

Both the pour-out method and the probing method 
were used to examine and/or measure the shape of the 
solid-liquid interface. In the pour-out method, the 

liquid was poured out at a predetermined time through 
the sprue or through the tube at the bottom of the cell. 
The interface was exposed and examined. In the 
probing method, a Vernier caliper was used to measure 
the distance the probe traversed in the liquid. In the 
melting experiments from above and the freezing 
experiments from below, a glass rod was used as a probe 

Table 1. Thermophysical properties of Lipowitz eutectic 
(Bi, 50%; Pb, 26.7%; Sn, 13.3%; Cd, 10% [lo]) 

Solid Liquid 

p Ckgm-? 9400 9400 
c [kJ kg-’ K-l] 0.167 0.167 
k [W m-l Km’] 19.0 5.499 
Y [m2 s-‘1 0.331 x 1o-6 
Ah, [kJ kg- ‘1 32.6 

T [“Cl 70.0 
B c”C_‘l 6.6 x 1o-5 
Pr(basedonk=7.68Wm~‘K-L) 6.76 x lo-’ 

and inserted in the test cell through a hole drilled in the 

central region of the top plate. In the melting 
experiments from below and the freezing experiments 
from above, where the hole in the top plate was blocked 
by the solid, an L-shaped probe was used and inserted 
in the liquid region through the sprue. This L-shaped 
probe allowed for a vertical motion along the vertical 
slot milled in the sidewall between the sprue and the test 
cell. The measurement error resulting from the 
deflection of the probe tip during the measuring period 
was predetermined and minimized. 

3. ANALYSIS 

Before beginning the analysis and experiments using 
the probing method, the experiment using the pour-out 
method was performed to examine the shape of the 
solid-liquid interface. It was found during melting and 
freezing that the solid-liquid interface at the positions 
observed was flat or nearly flat. This findingjustifies the 
assumption of one-dimensional (1-D) freezing and 
melting in the analysis for the boundary conditions 
imposed. The observations, therefore, have encouraged 
the use of a simple 1-D model to predict the solid-liquid 
interface motion instead of solving the complete system 
of three-dimensional (3-D) momentum and energy 
equations with a moving boundary. 

We assume that all of the thermophysical properties, 
except the density in the buoyancy term, are constant. 
The rate of melting (freezing) is controlled by the 
relative magnitude of the heat transfer to each side of 
the solid-liquid interface and the latent heat of fusion 
absorbed (liberated) at the interface. Lacking a better 
data base, natural convection heat transfer in the liquid 
at the interface was modeled by steady heat transfer 
correlations for cavities without phase change. 

The nonlinearity introduced by the motion of the 
solid-liquid interface and natural convection in the 
liquid precluded a closed form analytical solution ofthe 
model equations. Therefore, among the different 
techniques available for solving the problem [l], the 
integral method was adopted because of its simplicity. 

In dimensionless form, the energy balance at the 
interface (5 = 6) becomes 

dd 80 _=_ 
dz, at +k*(l -6) 

fi(&- 1). (1) 

The energy equation in the solid can be expressed as 

The initial, boundary, and interface conditions become, 
respectively 

0, = B0 2 1, 6 = 0, z, < during freezing, (3) 

0, = 8, < 1, 6 = 1, ~~ < during melting, (4) 

8, = 0, 5 = 0, (5) 
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4 = kb, 4 = 1, (6) 

e1 = 0, = l,( = 6. (7) 

We assume a second-order polynomial in 5 for the 
temperature distribution 

0 = 4(G) (US) + Cl - 4k)l (t/4*> (8) 

which satisfies the temperature boundary conditions. 

The unknown function c$(zJ can be found by the 
following procedure. Differentiation of equation (7) 
with respect to time, r,, at 5 = 6 yields 

3.86 
-.p=, 

at at, s 

(9) 

We eliminate dd/dr, and dB,/dr, by combining it with 
equations (1) and (2) to obtain the necessary condition 

to determine +(r,) 

a%, 
+,52 i’=* 11 

= 0. (10) 

Substituting equation (8) into equation (10) and 
solving, yields 

2-4 = 1 -(b+c)+&b+c)‘+4c]I/2, (11) 

where 

b= & k*Nu(O,,-1); 
[ 1 c = Z/Ste,. 

The final form of the differential equation for the 
position of the solid-liquid interface becomes 

d6 Nu ~= ~ 
dzs L 1 2-4 +k* 

6 (1-6) c&d- 11. (W 

This equation can be solved numerically for the 
interface position 6. The Nusselt number correlations 
for the natural convective heat transfer coefficients 
needed in the model equations, equations (11) and (12), 
were taken from ref. [12]. 

0.8 v-71 

The results for freezing show that the solid-liquid 
positions are not sensitive to the change in the Stefan 
numbers when they are less or close to 0.1, which is 
within the range obtained in the experimental 
conditions for the material used. However, the motion 
of the solid-liquid interface is affected by the 
superheating of the liquid, especially when natural 
convection is present. This can retard and eventually 
terminate the motion of the solid-liquid interface. 

For melting, the only parameter affecting the motion 
of the solidPliquid interface is the Stefan number. The 
larger the Stefan number, the steeper the slope of the 
curve for the interface position. At later times during the 
melting process, natural convection becomes turbu- 
lent, and the melt layer thickness increases linearly with 
dimensionless time T,. 

4. RESULTS AND DISCUSSION 

4.1. Freezing from below and melting from above 

4.1.1. Comparison of measured and predicted inter- 

facepositions. In theexperiments offreezingfrom below 
and melting from above, the temperatures measured 
did not show any oscillations or fluctuations 
throughout the entire phase transformation process. 
However, the initiation of fluid motion or natural 
convection (if it existed ) and the motion of the solid- 
liquid interface imply that the flow in the liquid is 
unsteady. Therefore, the temperatures measured at the 
two locations which are not affected by the coupling 
between the flow and the temperature fields and the 
transient nature of the phenomenon suggest that the 
fluid is stagnant. Natural convection does not occur 
during phase transformation for these configurations, 
and heat conduction is the sole mode of energy transfer 

in the liquid. 
Figure 2 shows the comparison of the measured and 

predicted interface positions for melting from above. 
Data for the thermal conductivity of liquid Lipowitz 
metal was not found in the literature. In experiments 
under the same thermal driving force (the same 
temperature difference between the boundary and the 

/ 
0.6 

s/H 
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1 

FIG. 2. Comparison of predicted and measured solid-liquid interface positions for melting from above 



Melting and solidification of a metal system in a rectangular cavity 117 

interface during melting and freezing), the observed 
melting rates much lower than the freezing rates suggest 
that the thermal conductivity of the liquid Lipowitz 
metal is lower than for the solid. Therefore, the 
conductivity data for a metal with a similar 
composition(Bi, 50.3%; Pb, 31.2x;&, 8.8%; Cd,9.7%) 
found in ref. [lo] (see Table 1) was used. Unfortunately, 
the thermal conductivity of alloys is quite sensitive to 

their composition. The experimental data for the 
interface position was found to fall above the predicted 
one. It was therefore decided to adjust the thermal 
conductivity of the liquid by comparing the predictions 
with the experimental data for Lipowitz metal. Good 
agreement was obtained (Fig. 2) when the thermal 
conductivity of the liquid was increased by a factor 
of 1.4 from the value given in Table 1. The value of 
7.68 W mm ’ K- ’ was used for the thermal conduc- 
tivity of liquid Lipowitz metal for the results reported 
in this paper. 

A comparison of measured and predicted interface 
positions during solidification is shown in Fig. 3. In 
general, good agreement is obtained. The experimental 
data for the motion of the freezing front are initially 
below and later above the predicted ones. The initial 
slower solidification rate is attributed in some degree to 
the probe which retarded the growth of the solid in the 
measured region. It took approximately 5-10 s to 
measure the position of the solid-liquid interface. If the 
probe could measure the position of the interface at the 
same place each time, a significant measurement error 
would result. During the solidification process at later 
times the temperature measured in the liquid indicated 
a supercooling of approximately 2°C. The dendrites at 
the interface may have grown during this time and may 
have accelerated the solidification rate. This charac- 
teristic was also observed in freezing of another system 

c131. 

4.2. Melting from below 
4.2.1. Temperature distributions. Before initiating 

the melting experiments the temperature distribution 
of the solid was set uniform and close to the fusion 

0.8 -‘I- 7-p 

Doto Analysis 

0108 n - 
00643 q --- 

r (3-ll_l- 1 I I 

4 8 12 16 20 
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FIG. 3. Comparison of predicted and measured solid-liquid 
interface positions for freezing from below. 

FIG. 4. Temperature distribution during melting from below 
with Twb = 81.1”C, Experiment 1MB. 

temperature. In the early stages of melting(t < 40 min), 

the temperature profile (Fig. 4) in the liquid layer 
appears to be linear. Apparently laminar natural 

convection in metal is insufficiently intense to produce a 
non-linear temperature distribution. Conduction is the 
predominant mode of heat transfer. Even during the 
transition from laminar to turbulent flow (as indicated 
by the increased frequency and amplitude of 
temperature oscillations in Fig. 5) in the time interval 

between t = 40 and 68 min, the temperature 
distribution is still linear (Fig. 4). After the melt has 

reached a certain depth or,the correspondingly critical 
Rayleigh number has been exceeded, the temperature 
distribution in the liquid layer changes drastically. This 
is attributed to a complete change in the flow structure. 
The temperature fluctuation measurements indicate a 
random oscillation of temperature. The flow at this 
stage is considered to be turbulent (well mixed ) due to 
the ascent and descent of thermals. An isothermal 
turbulent core which results from the effective mixing of 
the melt can be inferred from Fig. 4 for t > 70 min. 
Thermal boundary layers which have steep tempera- 
ture gradients near the bottom plate and the solid- 
liquid interface have formed. These findings are similar 
to those for the melting of paraffin from below [ 141. As 
expected, however, the thermal boundary layers in the 
metal system (low Prandtl number fluid ) appear to be 
thicker than in the paraffin system (high Prandtl fluid ). 

4.2.2. Temperature j7uctuations. Temperature fluc- 
tuations were measured at different locations in the cell 
and the results suggest different flow regimes. 
Therefore, for the sake of clarity, the measurements are 
discussed separately for the laminar, transition and 
turbulent regimes, and when natural convection is 
suppressed in the liquid. 

The temperature fluctuations measured with the 

thermocouple located in the central region near the 
bottom plate are shown in Fig. 5. During the initial 
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t 
t=38min 

0 2% 
2 min 

FIG. 5. Temperature fluctuations for the thermocouplelocated 5.56mm above the bottom plateduringmelting 
from below, transition from laminar to turbulent flow, Experiment 1 MB (bottom part of trace is continuation 

of top). 

melting period the temperature shows no oscillations 
except for a linear rise until after a critical Rayleigh 
number has been exceeded. A regular oscillation of 
temperature (as shown on the LHS of Fig. 5) with an 

amplitude of about 0.075”C and period of 1.4 min was 
observed. The rate of average temperature rise was 
reduced significantly thereafter. The mechanisms 
causing these regular temperature oscillations are not 
clear. Verhoeven [lS] observed a similar oscillation, 
but in a much longer period, in a vertical column of 
mercury heated from below in the absence of a phase 

change, and attributed the long period oscillation of 
temperature to the steady flow taking on a pulsed 
motion (pulsed flow). Whatever is the cause for flow, the 
oscillations of temperature must be due to the fluid 

motion driven by the buoyancy force. The constant 
amplitude and frequency of the temperature oscil- 
lations which appear to be unaffected by the changing 
aspect ratio of the liquid layer during melting imply that 
the flow pattern does not change and is steady at this 
stage. 

At a certain critical melt depth or the corresponding 
Rayleigh number, the fluid layer becomes unstable and 
is readily subject to random disturbances. At this 
melting stage the oscillation frequency and amplitude 
of the temperature also increase. The temperature 
oscillates in a sinusoidal manner and is modulated with 
a very low frequency. The oscillations may be explained 
by the effect of generation of the disturbance and of 
stabilization by the viscous force. The disturbance may 
appear initially in the central region of the liquid-filled 
cavity and extend to the region near the wall. The first 

appearance of sinusoidal temperature oscillation in 
Experiment 7MB, during very late stages of melting, 
was found near the central region of the liquid layer. 
Also, in Experiment 6MB, the amplitude of the 
temperature oscillation near the central region of the 
liquid layer was found to be larger than near the wall 
region. The flow at this stage is in a transition regime. In 
fact, for a higher boundary temperature of melting 
(Experiments 2MB and 3MB) the flow in the steady and 
the transition period is so short that the temperature 
trace measurements do not provide a clear indication of 
these regimes and show a sudden occurrence of random 
fluctuations only after several cycles of oscillations 
[Fig. 6(a)]. 

At a critical Rayleigh number, the flow disturbance 
may become large enough to completely destroy the 
steady flow pattern. This disturbance has been 
indicated by the random fluctuations of temperature. 
The amplitude and frequency of the temperature 
oscillations are greatly increased [Fig. 6(a)]. There is a 
significant initial decrease and then an increase in the 
average temperature. This sequence may be due to the 
heated layer near the bottom plate being replaced by a 
cooled bulk fluid from the upper region. This cooled 
fluid is then heated or replaced by heated fluid nearby. 
The average temperature was steady later on, which 
implies that the bulk flow is also steady. At this stage the 
amplitude of the temperature fluctuations is larger than 
when the average temperature was varying and the flow 
is thought to be turbulent. Many spikes of temperature 
were observed similar to those found during the melting 
of paraffin [ 141. However, the frequency of temperature 
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a 

b 

FIG. 6. Temperature fluctuations for Experiment 3MB 
r,,, = 91.7”C : (a) thermocouple located 4.76 mm above the 
bottom plate, (b) thermocouple located 24 mm above the 

bottom plate. 

fluctuations appear to be higher in the metal system 
than in the paraffin system. 

For the thermocouple located 24 mm above the 
bottom plate, the temperature started rising sharply in 
the conduction layer immediately after the melting 
front had passed over the sensor, and then oscillated 
once the sensor was in the convective layer of the 
thermal boundary layer. The tlow at this melting stage 
is turbulent. The average temperature and the 
amplitude of its fluctuations increased until the edge of 
the thermal boundary layer was reached. As the melting 
front leaves the sensor the amplitude ofthe temperature 
fluctuations is gradually reduced. In the turbulent core 
region the amplitude of temperature fluctuation is 
generally small in comparison to those near the edge 
of the thermal boundary layer. The temperature 
fluctuations in the metal system are very similar to 
those in paraffin [ 141. The temperature fluctuations 
measured by both thermocouples and the temperature 
distributions measured at later times were similar in the 
metal system and in the parafiin. This indicated that the 
flow structure in both systems was also similar. The 

heated (cooled) thermals were thought to be released 
from the thermal boundary layer adjacent to the 
bottom plate (solid-liquid interface) and dissipated by 
the viscous effects in the turbulent core. The fluid 
motion during melting in the metal system may be more 
intense than in the paraffin because of the higher 
frequency of the temperature fluctuation observed in 
the metal system. 

Experiments with the same or very similar boundary 
conditions have been repeated, but the results obtained 
were not consistent. For example, in Experiment 7MB 
with Twb = 82.4”C, the temperature fluctuation was not 
observed in the measurements of both thermocouples 
until t = 62 min. In Experiment 6MB [Fig. 7(a)] the 
temperature started oscillating 11 min after the 
initiation of melting. These oscillations of temperature 
seem to have been damped out before reappearing 
again in a periodic manner throughout the entire 
melting process. For the thermocouple located 24 mm 
above the bottom plate, the temperature did not show 
any oscillations until after about t = 29 min (or 18 min 
after the interface passed over the sensor). The 
amplitude of the oscillations was found to increase later 
and to be significantly larger than the amplitude near 
the bottom plate [Figs. 7(b) and (c)l. However, the 
random fluctuations oftemperature were not observed 
and are believed to have been suppressed throughout 
the melting process. 

Except for a smaller amplitude due to the sup- 
pression effect, the temperature fluctuations measured 
in Experiment 4MB at both locations are similar to 
those in Experiments 2MB and 3MB. 

It was suspected that the composition stratification 
(segregation) might occur during the liquid metal 
settling in the test cell for steady state and during 
solidification from below before the initiation of the 
melting experiment. In fact, Lipowitz eutectic has four 
different components, and each has a different density. 
The constituents which have the largest density tend to 
settle at the bottom. Observations from the scanning 
electronmicroscope have shown that more tin(because 
it had the smallest density among the four) was found 
near the upper region than near the bottom region 
during the solidification experiments from above. Thus, 
the composition stratification during the melting and 
freezing process was thought to be the physical 
mechanism for suppressing the thermally-indu~d fluid 
motion. 

4.2.3. Comparison of predicted and measured inter- 
face positions. Figure 8 shows a comparison of the 
measured and predicted solid-liquid interface posi- 
tions for melting from below. A significant difference in 
the melting rates for the same or nearly the same 
bottom temperatures has been observed. This 
difference is attributed both to the unstable nature of 
flow and the inherent and uncontrollable composition 
stratification (segregation) of the material which 
suppresses the natural convection. These effects were 
not taken into account in the analysis. The melting rate 
at a higher bottom temperature may be lower than at a 
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b 

C 

FIG. 7. Temperature fluctuations for Experiment 6MB, Twb = 89.7”C: (a) thermocouple located 4.76 mm 
above the bottom plate, (b) at later times, (c) thermocouple located 24 mm above the bottom plate. 

lower bottom temperature. The change in the melting 
temperature due to the composition stratification 
(Experiments 6MB and 7MB) is not significant. The 
melting rate with completely suppressed natural 
convection in the liquid still follows the predictions of 
the Neumann model (Fig. 8). The experimental data in 
Experiment 7MB were replotted in Fig. 3 for com- 
parison with the data for melting from above. The agree- 
ment is very good until the very late melting stages when 
natural convection occurs. After this stage the melting 
rate continues to increase. In Experiments 2MB and 

3MB, it may be that the composition stratification has 
the least effect so that the data follow the predicted 
trends well, but the melting rate in Experiment 4MB is 
slower due to the suppression of natural convection in 
the liquid. For Experiment 5MB, natural convection is 
suppressed initially and the data follow the Neumann 
model. Later, after purposely disturbing the suppres- 
sion mechanism with the measuring probe in the liquid, 
the melting rate (velocity of the interface) is drastically 
increased and is close to that of Experiments 2MB and 
3MB. 

Sk, Dota Analysts 

5MB 0123 v 
6MB 0.103 0 
7MB 00647 o --- 

FIG. 8. Comparison of predicted and measured solid-liquid interface positions for melting from below. 
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4.3.1. Temperature Juctuation measurements. The 
temperatures (Fig:9) start fluctuating at both locations 
once the solidification process has been initiated. In the 
initial period, the average temperature measured near 
the central region shows a rapid decrease and then the 
average temperature near the bottom also decreases. 
This sequence is similar to the findings for the freezing 
of paraffin [14]. At the beginning the fluid becomes 
unstable locally and cooled parcels from the upper 
region flow downward, causing a rapid drop in 
temperature first near the central and then near the 
bottom region. The temperature near the bottom 
reaches a steady value rapidly while the one near the 
central region decreases further. The rate ofits decrease 
depends on the intensity of the natural convection 
circulation (mixing). The average temperature de- 

creases rapidly and then becomes steady when a higher 
intensity of natural convection mixing occurs [Fig. 
9(b)]. The amplitude of the temperature fluctuations 
near the bottom is larger than near the central region 
and shows a slight increase after the average 

a 

b b 

FIG. 9. Temperature Ructuations for Experiment 3FA, T,, 
= 57°C Twb = 761°C: (a) thermocouple located 4.76 mm 
above the bottom plate. and(b) thermocouple located 24 mm 

above the bottom plate. 

FIG. 10. Temperature fluctuations for Experiment 4FA, 
r,, = 56.7”C. Twb = 759°C : (a) thermocouple located 
4.76 mm above the bottom plate, and (b) thermocouple 

located 24 mm above the bottom plate. 

temperature becomes steady. The random fluctuations 

of temperature indicate that convection rolls or cells are 
not yet established in the liquid. However, because of 
the effect of the uncontrolled concentration stratifi- 

cation, for the same or for close boundary 
temperatures, a smaller amplitude and lower frequency 
oftemperature fluctuation was observed in Experiment 
4FA (Fig. 10). In some experiments with the same 
conditions, no ~uctuations of temperature were 
observed, except during the initial period. The flow 
patterns are thus expected to be different for each 
experiment. However, the concentration gradient 
during the experiment of freezing from above may not 
always suppress the natural convection because of the 
temperature gradient. 

4.3.2. Comparison qf predicted and measured inter- 

f&e ~os~tit)ns. A comparison of the measured and the 
predicted interface positions is shown in Fig. Il. The 
interface motion has been significantly affected by 
natural convection heat transfer in the liquid. The more 
intense the natural convection heat transfer in the 
liquid (as indicated by a larger amplitude and higher 
frequency oftemperature fluctuations), the slower is the 
rate of freezing. Because of the uncontrolled effect of 
concentration stratification in the liquid which tends to 
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FIG. 11. Comparison of predicted and measured solid-liquid 
interface position for freezing from above. 

suppress natural convection, different freezing rates for 
the same or close boundary temperatures have been 
obtained. For example, the experimental data resulting 
from the suppression of natural convection in 
Experiment 2FA are above the results and the 
predictions for Experiment 1 FA. Thus, the suppression 
of the natural convection in the liquid increases the 
freezing rate. The experimental data of Experiment 
1FA shows the best agreement with the prediction. The 
freezing rate in Experiment 3FA is significantly lower 

than that in Experiment 4FA and the prediction. From 
an examination of the temperature fluctuations we may 
conclude that the much slower solidification rate is 
attributed to augmentation ofnatural convection in the 
liquid. This may be due to the purposely mixing of the 
fluid prior to its having reached a uniform temperature 
and before the initiation of the solidification process. 

The fluid motion may have distributed the components 
in an unstable situation in such a way that once the 
solidification is initiated the concentration gradient 
may augment the natural convection. 

5. CONCLUSIONS 

The examination of the solid-liquid interface shape 

with the pour-out method during melting and freezing 
has provided evidence that the assumption of one- 
dimensional melting and freezing in a rectangular 
cavity is a reasonable one. 

In the melting experiments from above and freezing 
from below, natural convection did not occur during 
the process of phase transformation. Heat conduction 
is the sole mode of energy transfer in the liquid. The 

measured interface positions agree with the predictions 
based on a pure conduction heat transfer model. 

During the melting experiments from below, the 
temperature distribution and fluctuation measure- 
ments have provided information for indirectly 
deducing the flow structure. Different flow regimes 
have been obtained. Turbulent natural convection can 
significantly increase the melting rate. However, the in- 
herent and uncontrolled composition stratification of 
the material before the initiation of melting was found 
to suppress natural convection and decrease the 
melting rate. The model predicted correctly the solid- 
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liquid interface motion in the absence ofcompositional 
stratification. 

During freezing experiments from below, the 
temperature fluctuation measurements also indicate 
suppression of natural convection. The freezing rate is 
higher when the suppression effect is large. In addition, 
naturalconvection was augmented due to themixingof 
the fluid prior to the initiation of solidification, an 
action which can significantly retard the freezing rate. 
The model could not accurately predict the interface 
velocity under these conditions. 
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FUSION ET SOLIDIFICATION DUN SYSTEME METALLIQUE DANS UNE CAVITE 
RECTANGULAIRE 

R~sum~~On~tudieleroledelaconvectionnaturellesurlemouvementdel’interfacesolide-liquidependant la 
fusion et la solidification du metal de Lipowitz dans une cavite rectangulaire. Les mesures des distributions de 
temperature et des fluctuations de temperature sont utiliies comme une indication qualitative des regimes 
d’ecoulement de convection naturelle et des structures de fusion pendant le changement de phase. Les 
positions mesurees et calcultes de I’interface pendant la solidification depuis le bas et le haut, aussi bien que 
pendant la fusion a partir du haut et du bas, montrent une correspondance raisonnablement bonne. La 
suppression de la convection naturelle dans le metal de Lipowitz, qui n’est pas prise en compte dans le modele, 
conduit a une vitesse de fusion plus faible et a une plus grande vitesse de solidification que celles calculees. 

SCHMELZEN UND ERSTARREN EINES METALLS TN EINEM RECHTWINKLIGEN 
HOHLRAUM 

Zusammenfassung-Der EinfluB der freien Konvektion auf die Bewegung der Fest/Fhissig-Phasengrenze 
wahrend des Schmelzens und Erstarrens eines Lipowitz-Metalls in einem rechteckigen Hohlraum wird 
untersucht. Die gemessenen Temperaturverteilungen einerseits und zeitlichen Temperaturverlaufe 
andererseits werden als qualitativer Hinweis auf die Strijmungszustlnde der freien Konvektion und die 
Strukturen der Schmelze wlhrend der Phasenanderung herangezogen. Die gemessenen und berechneten 
Verlaufe der Fest/Fliissig-Phasengrenzflache wahrend des Erstarrens und Schmelzens an Ober- und 
Unterseite zcigen recht gute Ubereinstimmung. Die Unterdriickung der freien Konvektion im Lipowitz- 
Metall, die im Model1 nicht beriicksichtigt wird, fiihrt zu einer geringeren Schmelz- und hiiheren 

Erstarrungsgeschwindigkeit als vorausberechnet. 

HJIABJTEHME M 3ATBEPAEBAHHE METAJIJIMHECKO~ CHCTEMbI B 
fIP5IMOYFOJIbHO6i ITOJfOCTM 

hIHOTawfl-kiCCJIenyCTCff ponb ecrecTBeHHoH KoHBeKuHH npe nBHmeHHH rpaHuubt pasnena Tsepnoe 
TeJtO-TWTKOCTb npn nnaanerimi II 3aTBepneBaHHu MeTanna B npBMOyrOnbHOfi nonocru. ki3MepeHWt 
KaK TeMnepaTypHbtx pacnpenenearil, TPK H TeMnepaTypHbtX @,yKTyanHii HCnOnb30BanHCb &T,t 
KaYeCTBeHHOii HneHTH+fKaUHH peXWMOB CBO6OnHOk KOHBeKIHiH H CTpyKTyp paCnJtaBa tip&i @a30BOM 
nepexone. IIonyHeHo flOBOnbH0 xopomee coBnaneHHe bfemny H3MepeHHbIMH H paCC%,TaHHbIMH 
3HaHeHHsbm nononreHHB rpaHHubt pasnena Tsepnoe Teno-mnKocTb npki 3aTsepneeaHuu caasy H 

ceepxy A npn nnaaneami ceepxy A CHRSY. He yYuTbIBaIoueeca B HCnOnb3yeMOfi MOnenH nOnaBneHHe 
eCTeCTBeHHOi? KOHBeKuHH B MeTaJUIe IIpHBOnEiT K 3aHHEeHHOMy 3Ha'ieHHIO CKOpOCTH IInaBJIeHWI A K 

3aBbI"IeHHOfi CKOpOCTA 3aTBepneBaHAN I,0 CpaBHeHkiIO C paC'IeTHbIMH 3HaVeHWIMH. 


