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Abstract — Solid-liquid phase-change heat transfer has been studied experimentally and analytically in
several different materials (e.g. stearic acid, sodium phosphate dodecahydrate, sodium sulfate decahydrate
and n-octadecane) which have been suggested as candidates for latent-heat-of-fusion thermal energy storage
materials. Solid~liquid interface motion during freezing and melting from above as well as below has been
determined in a rectangular test cell suitable for photographic observations. Comparison of experimental
data for n-octadecane with predictions based on Neumann and other analyses which account for natural
convection heat transfer at the solid-liquid interface show that natural convection in the liquid must be
accounted in the prediction of phase-change boundary motion for unstable situations which arise during
melting from below and solidification from above.

NOMENCLATURE
A, parameter in equation (43) defined as
(C/H)Ra™Pr",
c, specific heat;

Fo, Fourier number, at/H?;

H, height of test cell;

h, heat transfer coefficient;

Ah,, latent heat of fusion;

k, thermal conductivity;

Nu, Nusselt number defined as hs/k,;

Pr,  Prandtl number, g, /k,;

Ra, Rayleigh number, gBATs?/va;

Ste,, Stefan number for solidification,
cs(Tf - Tw)/Ah_f’

Ste;,  Stefan number for melting, ¢/(T,, — T,)/Ah,;

s, melt or solid layer thickness;

s*, dimensionless melt or solid layer thickness,
s/H;

T, temperature;

L, time ;

¥, distance from cooled or heated boundary.

Greek symbols
a, thermal diffusivity, k/pc;

B, thermal expansion coefficient;;

T, dimensionless  parameter, [h(H — s)/k,]
[H/H = )] (ky/k,) - [(To — TOAT, ~ Tl

7, ratio of densities, p,/p,;

A, thermal boundary layer thickness;

o, dimensionless temperature, (T — T;)/
(Tw - T/‘);

A, constant defined by equation (10) or equa-
tion (13);

v, kinematic viscosity;

&, dimensionless distance, y/H ;

*Presently at NASA Lyndon B. Johnson Space Center,
Houston, TX 77058, U.S.A.
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o, density;
T, dimensionless time, Ste - Fo;
o, shape function defined by equation (23).

Subscripts
f, refers to fusion,
I, refers to liquid,
0, refers to initial;
s, refers to solid;
w, refers to wall.

INTRODUCTION

HEAT conduction problems involving solid-liquid
phase change are of interest in a wide range of
technologies and geophysics. The class of problems
involving melting and freezing, generally referred to as
“moving boundary” problems, have been the subject of
numerous theoretical investigations of various degree
of complexity and rigor. The methods of solution used
in the analysis of heat conduction problems involving
phase change included exact, integral, variational,
perturbation, purely numerical and other methods.
Extensive literature reviews are available [1-3], and
the classical Neumann problem is described in various
heat conduction books [4]. Experimental studies of
transient heat conduction involving solid-liquid
phase transformations and effects of buoyancy have
been relatively few [5-7].

Density differences between the solid and liquid
phases and buoyancy forces produced by density
differences due to temperature variations in the liquid
may produce convective motions in the liquid. These
and other effects such as superheating of the liquid (or
subcooling of solid), physical property dependence on
temperature have received little theoretical and even
much less experimental attention. The purpose of this
study was to determine the effect of heat source/sink
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orientation on heat transfer and solid-liquid interface
motion during phase change. Specifically, melting and
freezing from below and above are studied in a
rectangular test cell which allows for photographic
observation of the phase-change boundary.

The effect of buoyancy on the one-dimensional
melting and freezing of water has been studied experi-
mentally and analytically [5-8]. Thomas and West-
water [9] verified the numerical method of Murray
and Landis [10] using their experimental data for n-
octadecane. The model was extended to include nat-
ural convection in the liquid by Boger and Westwater
[5] and was verified with their data for water. The
velocity of the drift due to the density differences of the
two phases [1] during melting and freezing was also
accounted for in the numerical model [7] and was
checked using the data for water. Studies of convective
instabilities in the melting of a horizontal ice layer [11,
12] have also been conducted. Unfortunately, the
density inversion of water is unique to this substance,
and therefore, the results and conclusions about the
effects of buoyancy and density changes during phase
transformation cannot be generalized. Melting and
solidification of paraffins have also been studied in
connection with spacecraft thermal control [13, 14]
and thermal energy storage [15], but the effect of the
heat source/sink orientation on heat transfer and
phase change boundary has not received much atten-
tion. It is still common practice in analysis of latent-
heat-of-fusion thermal energy storage [15~17] to
neglect the effects of convection during solid-liquid
phase change.

This paper describes a combined experimental and
analytical study of heat transfer during melting and
solidification from a horizontal plate (e.g. heat source
/sink) facing either upward or downward. A number
of different experiments using stearic acid, sodium
phosphate dodecahydrate, sodium sulfate decahydrate
and n-octadecane as test substances have been per-
formed. The work was motivated by the need to gain a
more complete understanding of heat transfer pro-
cesses during solid-liquid phase change in connection
with latent-heat-of-fusion thermal energy storage
systems.

EXPERIMENTS

Test apparatus

The melting and freezing experiments were perfor-
med in a rectangular test cell which allowed for
photographic observation of the solid—liquid interface
motion in the material during phase transformation.
The materials chosen for the study were required to
have acceptable light transmission for visual obser-
vation, e.g. clear liquid phase and a reasonably opaque
solid phase to give a sharp definition of the interface.

A schematic diagram of the test apparatus is shown
in Fig. 1. The test cell where melting and freezing took
place was placed inside a temperature control chamber
which was maintained as close to the fusion tempera-
ture of the test material as possible without initiating
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the melting/freezing process. This was accomplished
with two heat exchangers which were installed in the
chamber through which water from a constant tem-
perature bath was circulated. The two faces of the
chamber were made of glass with removable insulation
placed on the windows to allow for photographic
observation. In turn, the entire chamber was covered
with a Scm thick removable styrofoam insulation
which had to be lifted off in order to photograph the
solid-liquid interface position.

Two copper heat exchangers formed the top and
bottom walls of the test cell and served as nearly
isothermal heat sources. The vertical walls as well as
the front and back faces of the cell were made of
plexiglass. The inside dimensions of the test cell were
8.9 cm high, by 14.6 cm wide by 2.2 cm deep. The depth
of the test cell was purposely made much smaller than
the height or the width in order to minimize the
nonuniformities in the melting front position per-
pendicular to the faces of the cell. Provisions were
made for filling the test cell with a liquid and to add
additional liquid to completely fill the test cell to
account for contraction during the initial solidifi-
cation. Provisions were also made at one end of the test
cell to allow for liquid expansion during melting.

Fifteen chromel-alumel thermocouples were in-
stalled at different positions in the test cell. The
thermocouple wires extending from the measuring
junctions were run parallel to the heated surface along
a small diameter rod which supported up to three
thermocoupies. Nine thermocouples were installed in
each heat exchanger. Small diameter holes were drilled
into the copper block, and the thermocouples were
soldered very close to the surface of the heat exchangers.

Test procedure

Care was taken when filling the test cell with the test
material to ensure that no bubbles were trapped in the
material. This was accomplished by vibrating the cell
during the filling with the phase change material and
its solidification.

In the melting experiments with the material in-
itially in the solid phase, water near the fusion
temperature was circulated through the heater blocks
of the test cell and of the chamber, and the material was
preheated to as close to the melting temperature as
possible. This was done in order to eliminate the initial
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F1G. 1. Schematic diagram of the test arrangement.
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subcooling of the solid as one of the parameters which
influences the melting. Depending on the particular
material being tested, it took from 4 to 18 h to reach the
desired conditions. After the material reached a
steady, nearly uniform temperature just below its
melting point, the temperature of the water circulated
through the heater blocks of the test cell was raised to a
desired level above the fusion temperature and was
maintained there for the duration of the experiment.
By closing or opening control valves in the flow circuit
the bottom, the top, or both could be heated for a
particular test.

At the beginning of each experiment, and at regular
intervals thereafter, photographs were taken and other
visual observations were made. Photographing and
visual observations required that the insulation
around the test cell be removed; therefore, these
observations were made as rapidly and as infrequently
as possible to minimize heat losses from the test cell to
the ambient laboratory environment. Thermocouple
EMFs and flow meter readings were recorded at the
same time.

In freezing experiments, the procedure was similar
except that the material was precooled to a uniform
temperature just above the fusion temperature before
solidification was started. If the experiment was to be
melting followed by freezing, as many of them were,
there was a period of at least 15 min between the two
parts of the experiment when no water was circulated
through the heater blocks. This was to allow the
constant temperature bath to adjust to the new
temperature condition.

ANALYSES

Neumann analysis

Consider first the solidification of a liquid layer
which is initially at a uniform temperature T,. Sud-
denly at time ¢ > O the temperature of the boundary at
y = Ois lowered to a value T,, which is below the fusion
temperature T, of the material. The physical properties
of the two phases are assumed to be different but
independent of temperature. The bulk temperature of
the liquid at a large distance from the solid-liquid
interface is T, and constant. This implies that the liquid
thickness is effectively infinite, even when it is quite
small. If fluid motions due to density differences
between the two phases and due to the buoyancy
forces in the liquid are neglected [1, 4], the tempera-
ture distribution in the solid and liquid phases are
governed by the equations

0T, T,
-E‘=(Zs*5y—z, 0<y<S(t), (1)
oT; T,

Et—i‘;a:—éy—z, y > slt), 2

respectively. The initial and boundary conditions are
given by

L(3,0)=T7(»0) =T, fort<0, 3)

HMT, 23 8-C
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T =T, fory=0 t>0, (4)
Ts,t) = Tis,t) = T, for y = s(t), (5)
Ty.t)» Ty asy— = (6)
and
ds a7, oT,
Ahy— =k, 2 -k — 7
ps £ df s ay =s Iéy s ( )

The temperature distribution in the solid phase is
given by [4, 18]

®, =1 —erf(y/2 Jat)erf[(ip)2 /2] (8)
and in the liquid phase by
O, = 1 —erfe(y/2 Jat)erfe(2/2 /). (9)

The constant 4 is determined from the transcendental
equation

1 (M) B \/-? exp(— 1% /4a,)
Steg \ 2 T erf(iy/ /4a,)
/g(ﬂ;": )(72) - Tf)exp{— A%/4ay)
Vaipe, N\T. — Ty, erfc(),f\/ig,)
and the solid-liquid interface position is given by

s(t) = Ay /1. (11)

For the melting of a solid the formulation of the

problem is similar, and the temperature distribution in

the liquid and solid phases is expressed by equations of

the same form as equation (9) and (8), respectively. The
solid-liquid interface position is given by

s= (M. (12)

The constant A is determined from the transcendental
equation

1 (iﬁ ) _ /{ exp[ - (4/7)*/4a]
Ste,\ 2 T erf[(A/7)/2 /)]
T, - T, — 2/4
+\/£ (pscs)( 1] f)exp( / ax)v (13)
AP NTo = Ty erfe(a/2 /a,)
Introduction of the dimensionless time defined as

T, - T, t
t;=Ste,-F03=1ic——‘—-‘( . ,«)1(5:1_) (14)
i - 4

permits scaling of the Stefan number for the melting
problem, for example. Since there is no characteristic
length for the one-dimensional diffusion considered
here, the height H of the test cell was arbitrarily chosen
for the purpose of nondimensionalizing the distance
and the Fourier number.

Solidification from above with natural convection at the
solid—liquid interface

Aslong as the system remains stable, the assumption
that heat conduction is the only mode of energy
transfer and therefore the Stefan analysis is appro-
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priate. The onset of instability and development of
natural convection in the liquid phase as a result of
buoyancy forces due to temperature differences would
invalidate the model. Here we present a simple analysis
to account for natural convection heat transfer at the
solid-liquid interface during solidification from above.

Initially, the liquid temperature T, is taken to be
above the fusion T. Since the solid-liquid interface is
colder than the bulk of the liquid, natural convection
may develop in the liquid. The temperature distri-
bution in the solid is governed by equation (1), and
after the critical Rayleigh number has been exceeded
[ 18] and natural convection develops the temperature
distribution in the liquid phase will become and
remain uniform at 7T;. An energy balance at the
solid-liquid interface, equation (7), can then be ex-
pressed as

ds o7,
psAhy - ks Fn + (T, - Ty) aty=s()(15)

where h is the convective heat transfer coefficient
available, for example, from correlations [19] for
natural convection heat transfer in a fluid confined
between two horizontal parallel rigid walls.

In terms of dimensionless variables the governing
equation (1) and the initial and boundary conditions
can be written as

2
Ste, (;?: = 66562’ (16)
and

0,=0, fort<0andany}¢, 17)
0,=10 atl{=0and 7, >0, (18)
O, =0 atl=s* (19)

ds* 00
dri = E’l —T até=s* (20)

The nonlinearity introduced by the boundary con-
dition, equation (20), precludes a closed form exact
analytical solution. The solution of equation (16) with
the initial and boundary conditions, equations (17)
through (20), can be obtained using numerical [ 10, 20]
perturbation [21, 22] or integral [23] methods. We
adopt here an integral method of solution.

As an approximation for the temperature distri-
bution in the solid layer the functional form for
©,(&,1,) is postulated in terms of two undetermined
functions s*(z,) and ¢(z,) such that

R

The function ¢(t,) is determined by requiring that ¢(z,)
be independent of ds*/dt, [23]. This can be derived in
the following way. By differentiating equation (19)
with respect to 7,, we obtain
009,ds* 00,
o¢ dr, | ot

(21)

0. (22)

N. W. HALE, Jr. and R. VISKANTA

The elimination of ds*/dt, between equations (20)
and (22) and substitution of the resulting equation to
eliminate 0@,/0t, from equation (16) yields the nec-
essary condition for determining ¢(t,)

fswe () = v (52) [+ S}

=0.(23)

&g

Substitution of equation (21) into equation (23) and
solution results in

Q=9 =[b -0+ /lb—cf +4]2. 29
where
b = I's*,
¢ = 2/Ste,.

Now with ¢ determined, an energy balance at the
phase change interface boundary, equation (20), yields
the following differential equation for the interface
position s*(t,)

ds* (2-¢) .
a‘r:=’~s* —TI até=s* (25)
Integration of equation (25) yields
* ndn
T, = e (26)
jo [2~¢)~Tn]

Unfortunately, this integral cannot be evaluated
analytically because both ¢ and I' depend on s* in a
complicated way.

For the special case of negligible heat capacity in the
solid (Ste, — 0), equation (26) becomes

*s* "d’l

e 27
l 0=y (27

Ty =

In the absence of convection at the solid-liquid
interface (I' = 0), evaluation of the integral in equation
(27) gives

o= 2,

if it is assumed that s* =0 at 1, = 0.

(28)

Melting from below with natural convection in the melt

It has been experimentally observed [8, 12] and
theoretically predicted [24] that a convective in-
stability develops in a horizontal melt layer created by
a solid-to-liquid phase change. If the Rayleigh number
is sufficiently large, natural convection in the melt
could significantly affect heat transfer and the interface
motion. Here we present a simple analysis to predict
the solid-liquid interface position during melting of a
solid heated from below.

A solid of sufficient lateral extent so that the edge
effects could be neglected is initially at a temperature
T, below the fusion temperature T,. At time ¢ > 0
heating is initiated at the lower bounding surface
(y = 0) as a step increase in the wall temperature to a
value T,. During the early stages of the phase-change
process when the melt layer is stable, the temperature
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distribution and the interface position are predicted by
the Neumann analysis. After the critical Rayleigh
number, Ra,, and the corresponding critical time, ¢,
have been exceeded, the interface motion is determined
by the convective heat transfer to the phase-change
boundary. The energy balance at the interface is still
valid, but the conductive heat flux in the liquid —
k,0T;/0y is replaced by the convective heat flux so that
the energy balance at the interface becomes

ds oT,

_*
dy’
where the convective heat transfer coefficient h is
available from correlations [19] for natural con-
vection. The temperature distribution in the solid is
predicted from the energy equation in the solid,
equation (1), with appropriate initial and boundary
conditions.

For time t > 1, the temperature distribution in the
solid and the phase-change boundary are predicted
from the energy equation

Ste, (;(:): = aazg’ for £>s* 1>1, (30)
and the following initial and boundary conditions:
9,50, fort,—»1 and - x, (31)
O,=1 até=s* (32)
and
*%%=s*<i—:>a§s+Nu at & =s* (33)

Because of the nonlinearity introduced by the boun-
dary motion, equation (33), an exact, closed-form
analytical solution is not possible. Therefore, an
approximate solution will be obtained using an in-
tegral method [22, 25].

If the energy equation, equation (30), is integrated
over the dimensionless thermal boundary layer thick-
ness A, there results

d (e 00, 0©
Ste,~— | ©d¢ =22 -
® ar, j A= | " |
ds* dA
o, =10, = (34
’,,dt+ fladr (34)

A second order polynomial for the temperature distri-
bution in the solid, e.g.

0, =[(A - /A - s%)]% (35)
which satisfies the conditions
©,=10 até=s* (36)
9,-0 asl-A (37
and
00/0E -0 asé—A, (38)

is assumed as an approximation of the profile.
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Substitution of equation (35) into equation (34) and
use of the boundary condition gives

1 d 2 k,
SSte,aZ(A - S*) = {(m)(l + k—,> - Nu/s*}.

(39)
Combining equation (35) with equation (33) yields
ds* 2s* ( k
* = (=) + Nu 40
° dr, (A —s%) \kl>+ ¢ o)

Equations (39) and (40) are solved with the initial
conditions

s*=s*¥ and A—s*=A —sF att=r1, (41)

where A, is the initial penetration depth at 7, =1,
which can be obtained by matching equation (10) with
equation (35) at 1 = 1.

Depending on the Rayleigh number range, the
natural convection heat transfer between two rigid
parallel boundaries maintained at different tempera-
tures can be expressed as [19]

_hS_ h (S _CRmPn_A(*Sm
u__k‘_ )\ = CRa™ Pr" = A(s*)°",
(42)

where 4 is independent of s*. The constant C and the
exponents m and n are different for the creeping,
laminar, transition and turbulent regions. For the
special case of the solid initially and held at the fusion
temperature, the solution of equation (40) is

If m = 1/2, equation (42) indicates that the melt layer
thickness will increase linearly with time while the
Neumann analysis predicts that the melt layer will
grow as \/17 . It should be emphasized, however, that
equation (42) has been determined on the basis of
steady-state natural convection heat transfer in the
absence of phase-change, and therefore use of the
equation in a situation where one of the boundaries is
moving may not be appropriate.

RESULTS AND DISCUSSION

Qualitative discussion of experimental results

Numerous experiments were performed which yield-
ed valuable qualitative and quantitative data about
the solid-liquid interface motion and temperature
distribution during solid-liquid phase-change heat
transfer in the materials. A detailed discussion of the
results is available [26], and thus only a few selected
experiments will be highlighted here.

Figure 2 shows a comparison of the interface motion
for melting of stearic acid from above and below. The
solid was purposely not preheated and its initial
temperature was over 40°C below the fusion tempera-
ture. The solid—liquid interface velocity is seen to be
much larger for melting from below than above. For
the latter the interface motion nearly comes to a halt at
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times. The differences between the two experiments is
attributed to the higher heat transfer due to natural
convection which occurs when the material is heated
from below but not when the material is heated from
above. In experiments where the heating surface was
facing upward natural convection set in very rapidly
but was never observed when the heating surface faced
downward. Natural convection manifested itself in a
form of easily observable cells which grew in size as the
melt layer thickness increased. The solid-liquid in-
terface was irregular and provided evidence of cellular
convection. These observations concur with experi-
mental results for melting of ice from below [6]. Dur-
ing melting from above the interface remained flat,
indicating the absence of convection. Furthermore,
convection cells were not observed for this
arrangement.

Experiments with sodium phosphate dodecahyd-
rate (Na,HPO, - 12H,0, T, = 36°C) revealed that the
material began to break down with the first melting/
freezing cycle and stratified into various layers: an-
hydride, different hydrates (believed to be
Na,HPO, -12H,0, Na,HOP,-7H,0, Na,HPO, -
5H,0, etc. but no chemical analysis was made),
and water. In addition, observations indicated that
water was trapped in some of the crystal layers,
making the layers inhomogeneous. For example, a
short time after the second melting cycle was started
the layers were: solid anhydride, liquid hydrate,
dodecahydrate crystals, heptahydrate crystals and
water. After the underlying dodecahydrate crystal
layer had melted the heptahydrate crystal layer fell to
the bottom of the test cell and mixed with the liquid.
This type of unpredictable behavior made it very
difficult to interpret the results quantitatively. The test
cell and the experimental procedure were not designed
to study bulk motion of the solid hydrate crystal layer
after it had lost support at the cell walls.

In the first experiment with sodium sulfate de-
cahydrate (NaSO,-10H,0; T, =324°C), the hy-
drate was completely solid before heating from below
was started. However, as the melting proceeded,
anhydride was deposited at the bottom of the test cell.
When the cell was cooled only a small fraction of the
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F1G. 2. Variation of solid—liquid interface position with time
during melting of stearic acid from above and below.
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material resolidified as a salt hydrate complex. The
material was heated and upon cooling and stirring a
large portion of the material did form as crystals but a
layer of water remained on the top. However, after
remelting there was again a layer of solid material
deposited on the bottom of the test cell. And after the
material had been cooled below the fusion tempera-
ture, only a very small crystal layer formed. Nucleating
and thickening agents have been recommended [27] to
aid nucleation and prevent segregation of a Glauber’s
salt. Upon addition of sodium tetraborate (borax) only
about 259, of the salt hydrate formed crystals, and
these crystals were inhomogeneous mixed with water.

In the next two subsections the experimental resuits
obtained for n-octadecane (99 %, pure) will be com-
pared with analytical predictions because the physical
and transport properties are well established [28] to
make such a comparison meaningful. The physical and
transport properties of n-octadecane used in the data
reduction were taken from Ref. [29]. For stearic acid
the transport property data are incomplete. No com-
parisons of experimental data obtained for sodium
phosphate dodecahydrate and sodium sulfate de-
cahydrate are possible with analysis because of the
nonhomogeneous structure of the materials as a result
of segregation of the hydrates into anhydrous salts and
water, bulk motion of the crystals during melting and
unpredictable as well as unrepeatable behavior during
phase change. Despite the promise that the salt
hydrates have for low temperature latent heat thermal
energy storage, the experience with these materials
indicate it will be difficult to predict the system
performance due to their complex behavior during
cyclic melting and freezing.

Heat transfer under stable conditions

When a liquid is cooled from below or a solid is
heated from above, the fluid layer is stable, and the
Neumann model for one-dimensional phase-change
heat transfer should be appropriate. Figure 3 shows a
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F1G. 3. Comparison of measured and predicted (Neumann

model) solid—liquid interface positions during solidification

of n-octadecane from below : (a) Ste, = 0.0645 (T, = 20.2°C)
and (b) Ste, = 0.0725 (T, = 19.3°C).
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comparison of the solid-liquid interface position
predicted from the Neumann analysis with experimen-
tal data during solidification. For Ste, = 0.0725 the
analysis predicts the phase-change boundary which
overlaps the curve for Ste, = 0.0645 and separate lines
could not be drawn. At early times (r, < 0.004) the
analysis predicts a faster rate of solidification than
experimentally observed, but at later times there is
good agreement between predictions and data. A
comparison of the predicted temperature variation
with experimental data at a few selected locations is
given in Fig. 4. Again, there is substantial agreement
between the two results. An increase in interfacial
velocity was obtained for solidification of n-
hexadecane at later time [14]. This was attributed to
the departure from one-dimensional analysis and the
neglect of heat gain from the environment as the
interface approached a cooled top plate.

The predicted and measured solid~liquid interface
positions for melting from above are compared in Fig.
5. Separate curves could not be clearly drawn for the
two Stefan numbers. The agreement between data and
analysis is reasonably good for early times (1; < 0.008),
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F1G. 4. Comparison of measured and predicted temperature
distributions during solidification of n-octadecane from be-
low: Ste, = 0.0725 (T, = 20.2°C).
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but at later times the observed melt layer thickness was
greater than that predicted. The fluid motion due to
the density differences of the two phases could possibly
account for part of the discrepancy, but this effect is
expected to be relatively small [7, 30]. The primary
reason for the discrepancy between data and pre-
dictions at later time (z; > 0.008) is believed to be due
to weak natural convection which developed as a
result of heat conduction along the vertical test cell
walls.

Heat transfer under unstable conditions

A comparison of the experimental data with pre-
dictions based on the Neumann analysis shows that for
Ste, = 0.0354 the data are in general somewhat lower
than the predictions, see Fig. 6. Note also that for this
case the interface position predicted by the convection
model is less than 29, lower than the Stefan model
because heat transfer by convection is not significant.
The agreement between the data and predictions is
reasonably good because the initial liguid temperature
was close to the fusion temperature so that the
Rayleigh number at 1, =0 was relatively small
(Ra ~ 2.5x 10°) and decreased as the cooling con-
tinued. However, for the higher Stefan number
(Ste, = 0.0734) the data are as much as 309 lower
than the Neumann analysis at 7, = 0.012 (dashed
curve is not shown for clarity because it is very close to
the curve for Ste, = 0.0354). The discrepancy between
the two results is due to the natural convection in the
liquid. For this case the Rayleigh number, based on the
depth of the liquid layer, at the start of the cooling was
about 3 x 107 even though the initial liquid tempera-
ture was only about 1°C higher than the fusion
temperature. The results clearly show that for an
accurate prediction of the solid-liquid interface po-
sition the effects of natural convection in the liquid
must be considered when solidification takes place
from above.

As already discussed, natural convection develops
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Fi1G. 6. Comparison of measured phase-change boundary

positions with predictions for solidification of n-octadecane

from above: (a) Ste, = 00354 (T, =23.5°C) and (b}
Ste, = 0.0734 (T, = 19.2°C).
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when the test material is melted from below, and it is
estimated that for Ste, = 0.128 the critical Rayleigh
number (=~ 1700) [24] is reached when the melt layer
becomes about 1.6 mm thick or s* ~ 0.02. Figure 7
shows that the Neumann analysis (only one curve is
drawn because the others are too close to be clearly
indicated) greatly under-predicts the rate of melting.
The simple convection model [equations (39) and
(40)] over-predicts the rate of melting, but is in 2 much
better agreement with the data. One reason for the
discrepancy is the inadequacy of the model itself.
Another reason may be due to the natural convection
heat transfer correlations [19] used which were de-
veloped from data obtained under steady state, no
phase-change conditions. Other correlations are avail-
able (see Chu and Goldstein [31] for a more complete
list of relevant references) and could have been used in
the calculations. The semi-empirical correlations of
O’Toole and Silveston [19] were used because data for
high Prandtl number fluids were employed in develop-
ing the equations and were therefore chosen for this
reason. For example, the Prandtl number of »-
octadecane near its fusion temperature is about 68.
The temperature history of n-octadecane during
heating from below is presented in Fig. 8. Comparison
of Figs. 7 and 8 clearly shows that once melting has
occurred natural convection develops rapidly. As
evidence of this, note the sharp rise in the temperature
of the liquid. Also, except for the two boundary layers
at the heated wall and the solid-liquid interface, the
rest of the melt layer is practically isothermal. The
temperature of the liquid, however, increases with time
as the heating is continued. The data for this particular
and other experiments show that the melt temperature
near the heated bottom wall reaches a maximum and
then decreases. These trends in temperature—time
history can be attributed to changes from pseudo-
conduction through transition to fully developed
natural convection during the melting process [28].
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The results of the present work are supported by the
findings of other investigators for melting of »-
paraffins [9, 13, 29]. For example, the measured
interfacial velocities during melting of n-octadecane
exceeded analytical predictions by as much as 1009,
and the difference was attributed to irregularities at
interface [9]. The continuous replacement of an effec-
tive thermal conductivity of the liquid, which was
calculated from k,,, ; = Nu x k, resulted in improved
agreement of the interface position data with calcu-
lations [26, 29]. However, this scheme is conceptually
questionable and would not be expected to yield true
temperatures in the liquid because convection would
arbitrarily be replaced by conduction in a hypothetical
medium with a larger, time dependent thermal con-
ductivity than that of the liquid.

CONCLUDING SUMMARY

The results obtained for one dimensional,
solid-liquid phase-change heat transfer under stable
conditions, e.g. melting from a downward facing wall
and freezing from an upward facing wall, agree within
the experimental accuracy to the predictions based on
the Neumann analysis.

In the unstable situation of freezing from above
natural convection at the solid-liquid interface may
decrease the rate of solidification at later times if the
Rayleigh number is sufficiently large. When melting
from below natural convection develops rapidly and
greatly influences heat transfer and the motion of the
phase-change boundary during the process. The ap-
proximate analyses which take into account natural
convection in the liquid under unstable situations yield
reasonably good agreement with the data but are not
completely satisfactory and more fundamental ap-
proaches are required.

The findings of this study demonstrate the impor-
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tance of natural convection in solid-liquid phase-
change heat transfer under unstable conditions. The
practice [3, 15-17, 32, 33], for example, of neglecting
the effects in the analysis of such problems does not
appear reasonable. Natural convection has to be
considered in the analysis of unstable phase-change
processes if good agreement between data and pre-
dictions for the solid—liquid interface position is to be
obtained.
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TRANSFERT THERMIQUE ASSOCIE AU CHANGEMENT DE PHASE SOLIDE-LIQUIDE
ET MOUVEMENT IVINTERFACE DANS DES MATERIAUX REFROIDIS OU
CHAUFFES PAR DESSUS OU PAR DESSOUS

Résumé — On étudie expérimentalement et analytiquement Je transfert thermique associé ou changement de
phase solide-liquide, dans différents matériaux qui ont été considérés comme susceptibles d'étre utilisés dans Ie
stockage d'énergie thermique. On détermine le mouvement de Pinterface solide-liquide pendant le
refroidissement et la fusion, aussi bien par dessus que par dessous, dans une cellule rectangulaire permettant
des observations photographiques. La comparaison entre expérience pour le n-octadécane et le calcul selon
Neumann et autres analyses qui tiennent compte de la convection naturelle a I'interface, montre que la
convection naturelle dans le liquide doit étre considérée dans la prévision du mouvement de la frontiére pour
les situations instables qui apparaissent pendant la fusion a partir du bas et le solidification a partir du haut.

WARMEUBERGANG UND GRENZFLACHENBEWEGUNG BEI DER PHASENANDERUNG
FLUSSIG-FEST IN VON OBEN ODER UNTEN GEKUHLTEN ODER
ERWARMTEN STOFFEN

Zusammenfassung— Der Wirmeiibergang bei der Phasendnderung fliissig—fest wurde experimentell und
analytisch fiir verschiedene Stoffe untersucht, die als Latentwirmespeicher-Materialien vorgeschlagen
wurden. Die Bewegung der Phasengrenzfiiche wihrend des Gefrierens und Schmelzens sowohl von oben als
auch von unten wurde in einer rechteckigen Testzelle, die fiir fotografische Beobachtungen eingerichtet war,
bestimmt. Ein Vergleich von Versuchergebnissen fiir n-Oktadekane mit Berechnungen, die sich auf
analytische Betrachtungen von Neumann und anderen stiitzen und den Wirmeiibergang bei natiirlicher
Konvektion an der Phasengrenzfiiche fest-fliissig beriicksichtigen, zeigt, dag die natiirliche Konvektion in
der Fliissigkeit beriicksichtigt werden muf, um Phasengrenzflichenbewegung fiir labile Lagen, die sich
wihrend des Schmelzens von unten und des Erstarrens von oben einstellen, voraussagen zu konnen.

TEIJIONEPEHOC MEXAY TBEPObIM TEJOM M XKUAKOCTBIO ITPH $PA30BbIX
NMPEBPAILEHUAX U NMEPEMEINEHHUE TTOBEPXHOCTH PA3AEJIA B MATEPHAJIAX.
OXJTAXIAEMBIX WU HATPEBAEMBIX CBEPXY WUJIH CHH3Y

AHHOTRIMA —— DKCMEPHMEHTRILHO M TEOPETHHECKH HCCJIeAOBANCS TEIUIONEPEHOC MEXAY TBEPABIM
TEIOM M KHAKOCTHIO NPH (PA3OBLIX NPEBPALLCHMAX HA PAAC PA3AMIHBIX MATEPHA/I0B (HampHMEp, cTe-
apuHOBas KHc/oTa, foaekaruapar gocdaTta HATPUA, AEXarnapat cynapdaTa HaTPUA H #-OKTAAEKAH),
NIPEAIOKEHHBIX 715 BOZMOXHOTO HCHOJIB30BAHHA B KAYECTBE MATEPHAJIOB, AKKYMYJIUPYIOUHX CKPLITYIO
TENAOBYIO JHepruio gazosoro nepexona. Habironenne 3a nepemMelueHueM MOBEPXHOCTH Paziena MEXay
TBEPAbIM TEJAOM ¥ KHUAKOCTHIO BO BpEMS 3aTBEDIACBAHHS WM TLIABACHHS KaK CBEPXY, TaK H CHHU3Y
OCYWECTBAIOCh B NPAMOYIOJBHOR IKCTIEPHMEHTANBHOH s4eiike, nmo3posisiowieit npoBoaAHTs $OTO-
rpadupopanue npouecca. CpaBHEHHE YKCNEPUMEHTANBLHBIX JAHHBIX 110 n-OKTajeKaHy ¢ pe3yjbTaTaMu
pacuéToB no Metoay HoiiMaHna W APYTHM METOOaM, KOTOPBIE YYHTHIBAIOT TEmI00OMeH €CTeCTBEHHOH
KOHBEKUHEH Ha FpaHMle pa3iena (a3, nokasplBaer, YTO NPH PACCMOTPEHHH MEPEMEUIEHHS TPaHHLIbI
($a3oBoro nepexoaa B HEYCTOHYHBBIX CHTYALHAX, HAOMIOAAEMBIX [TDH TJIABIEHHH CHH3Y HJIW 3aTBeple-
BAHMH CBEPXY, HeOOXONHMO YHYMTHIBATH €CTECTBEHHYH) KOHBEKHUHIO B KHAKOCTH.



