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Abstract&Avertical boundaryofahorizontalplate-likesolidinitiallyat the fusion temperature withadiabatic 
upper and lower surfaces was subjected to a step-wise temperature increase. The resulting melting process with 
natural convection in the time-dependent melt region was analyzed by means of a finite-difference method. 
Analytical results ofthe shape ofthe meking front and the temperature distribution in the melt region agreed 
well with the experimental results by usingn-octadecane as a phase change material, which had been presented 
by the author. A simple relationship between the average Nusselt number along the vertical wall and 

dimensionless time was obtained. 

1. INTRODUCTION 

A FUNDAMENTAL understanding of heat transfer during 
melting and solidification is required for efficient design 
of latent heat-of-fusion energy storage systems. The 
effect of natural convection in the melt region is of 

particular importance in such phase change problems, 
especially in the melting process. The heat transfer 
along the solid-liquid interface by natural convection 
changes the position and shape of the solid-liquid 
interface. Such a problem has recently been actively 
studied. Basic studies have been concerned with 
melting processes from heat input along various 
surfaces of a phase change material (PCM). The 
majority ofthese studies were based on experiments [l- 

73. Analytical results have not been reported except for 
limited problems because the moving boundary makes 
the problems complex and it is difficult to converge the 
solution of the natural convection with high Rayleigh 
number. Melting around a vertical circular cylinder 
[S], melting around a horizontal circular cylinder [9], 
and melting in a horizontal circular cylinder [lo, II] 
have been analyzed numerically. A perturbation 
solution on the melting around a horizontal cylinder, 
which was available in a very short period of melting, 
has been obtained [ 121. As ref. [S] was the first analysis 
of multidimensional unsteady natural convection 
phase change, the governing equations had some 
approximations. Therefore, their analysis was available 
when the solid-liquid interface had a small gradient to 
the vertical direction. Melting from a vertical wall has 
been studied by means of experiments only [S-7]. In a 
previous paper experiments were carried out on such a 
melting process over a large range of width to height 
ratios of PCM geometries and a dimensionless 
correlation between thermal energy storage and some 
parameters of melting was obtained [7]. 

The objectives of the present study were to establish 
an analysis of the melting from a vertical wall and to get 
a clear understanding of the roles of natural convection 
in the melt region. In the present study, as shown 

schematically in Fig. 1, two-dimensional melting in a 

rectangular enclosure was analyzed by means of a 
finite-difference method. A vertical wall between 
insulated top and bottom surfaces is heated so as to 

produce a step-wise temperature change; the other 
vertical wall is located far enough away from the heated 
wall so as not to influence the melting process. A PCM 
is initially solid at the fusion temperature. Such a 
problem was solved by a finite-difference method under 
the quasi-steady state assumption. Solutions were 
obtained for Rayleigh numbers up to 5 k lo6 and the 
width to height ratio of PCM up to 1 or 3. Before 
formulating the finite-difference equations, the vari- 
ables in the governing equations were transformed 
twice in order to fix the moving boundary and divide 

the real space near the boundaries into a grid of suffici- 
ent small sizes. The analytical results of the melting 
front and the temperature distribution along the 
centerline of the enclosure were compared with the ex- 
perimental results presented before [7]. Both the 
variations of the dimensionless thermal energy stored 
as latent heat and the average Nussselt number on the 
vertical wall with the dimensionless time were ob- 
tained by analysis and expressed by simple equations. 

2. ANALYSIS 

2.1. Governing equations 

Natural convection in the melt region is considered 
to be laminar and two-dimensional. The Boussinesq 
approximation is assumed to be valid and the viscous 

:b, Adiabatic wa;l,,,,‘ 

FIG. 1. Schematic of two-dimensional melting process. 
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NOMENCLATURE 

a,, a*, , as, A,, A,, . , A, coefficients in 
the transformed equations, equations 

(fOH12) 
A, B, C, D, E, F, G differential operators in 

equations (16H20) 
&(T) coefficient of the polynomial function 

defined by equation (21) 

c specific heat of liquid phase 

C coefficient of&w represented by 
equation (26) 

Jf(y, t) location of the melting front 

F, F( I: z), F( Y Fo) dimensionless location of 

Fo 
AFo 

AFo* 

: 
Ah 
H 
k 
K 

M, N 

NU 
Pr 

Q, 

Q: 

Ra 
Ste 
t 
T 

u, v 
u, V 

(X> Y) 
(X, Y) 

AY 

the melting front,f/H 
Fourier number, cct/H’ 
interval of Fourier number to solve the 
vorticity equation, equation (17) 
critical interval of Fourier number 
which converges the explicit finite- 
difference equation for equation (16) 
gravitational acceleration 
heat transfer coefficient 
latent heat of fusion 
height of the vertical wall 
thermal conductivity of liquid phase 
degree number of the polynomial 
function, equation (21) 
division numbers of the melt region in [, 
Y direction 
Nusselt number, hH/k 
Prandtl number, v/a 
thermal energy storage as latent heat 
per unit depth of enclosure 
dimensionless thermal energy storage as 
latent heat, Q,/(AhpH’) = F 
Rayleigh number, gp(T, - TF)H3 Pr/v* 
Stefan number, c(T,- ‘&)/Ah 
time 
temperature 
velocities in x, y direction 
dimensionless velocities in X, Y 
direction, respectively, Hu/v, Ho/v 
Cartesian coordinates 
dimensionless Cartesian coordinates, 
respectively, x/H, y/H 
increment of Y coordinate. 

Greek symbols 

; 

thermal diffusivity of liquid phase 
thermal expansion coefficient 

Y rate of deviation from steady-state 

solution 

E8, EI~ %2 criterions of convergence by the 
Gauss-Seidel iteration method 
transformed variable defined by 

equations (7)(9) 
increment of < coordinate 
dimensionless temperature, 

(T- T,)I(Tw - Tr) 
ratio of time interval, AFo/AFo* 
kinematic viscosity 

transformed variable, X/F(Y) 
density 

root of equation (23) 
dimensionless time, Fo Ste 
dimensionless time interval to get a new 
location of the melting front 
stream function 
dimensionless stream function, $/v 
vorticity 

dimensionless vorticity, HZ+ 
solution of steady-state vorticity 
equation. 

Subscripts 
F solid-liquid interface or fusion 

j time step determining the melting front 
location 

L average at left and central nodal points 
(m, n) position of nodal points, c = (m - l)A[, 

Y = (n-l)AY 
R average at right and central nodal 

points 
t transition time from conduction domain 

to natural convection domain 
W vertical wall. 

Superscripts 
i time step to get a steady-state natural 

convection _ 
mean value 
value at the next step by the Gauss- 
Seidel iteration method. 

1 

heat dissipation is neglected. The temperature of the form as 
vertical wall is maintained at T,. The location of 
melting front at time t is represented by x = f(y, t). The 
non-steady governing equations in the melt region ; i.e. 

g+Pr Ug+VFy =Prv’Cl+Rag (1) 
( > 

the vorticity transport equation, the energy conser- 
vation equation, the relationship between the vorticity &+Pr CJg+Vg 

( > 
=V20 (2) 

and the stream function, and the definitions of the 
stream function are respectively given in dimensionless V2Y = -s2 (3) 
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lw ay 
bar’ Vhax (4) 

where Vz is a two-dimensional Laplacian operator 
defined as 

;12 22 
v2=s+g. 

Boundary conditions are 

u=v=o, Y=O at X=0, 

x = F(I:Fo), Y=O, Y=l; 

0 = 1 at X = 0 0 = 0 at X = F(YFo), 

a0 
-=0 at Y=O, Y=l; 
ay 

*=-$ at X=0, 

Q=-{1+(;)2}$ at X=F(Y,Fo), 

0=-s at Y=O, Y=l. 

The dimensionless variables and parameters are 
defined as 

*22, (j----- 
T-T, 

\y,!L 
V T,-T,’ V' 

Ra = d(Tw - Wff3 
V2 Pr, Pr=I. 

CL 

The time-wise evolution of the melting front is 
determined by the energy balance at the solid-liquid 
interface. By neglecting the density change between 
solid and liquid phases 

(5) 

where Ste = c(T, - T,)/Ah is the Stefan number. In the 
case of small Stefan number, the melting front moves 
relatively slowly. Then the natural convection in the 
melt region can be treated as quasi-steady during the 
melting process. Therefore, the derivatives of vorticity 
and temperature with respect to time in equations (1) 
and (2) drop out and only one parameter involving time 
is found, i.e. Fo Ste in equation (5). 

Equations (lH4) were solved for steady-state 
solutions at every time step by means of the variable 
transformation technique. First the melt region was 
changed into a simple rectangular region by 
transforming the independent variable X to 5 

5 = X/F(Y) (6) 

where the location of the melting front F was treated as 
a function of Y only, due to the quasi-steady state 
assumption. Furthermore, in order to divide the real 

space near the boundaries ofX = 0 and F(Y) into a grid 
of sufficient small sizes, the second variable transfor- 
mation c = ((0 was carried out. The following three 
expressions were used for [ 

i=5 (7) 

i = 12(5-3)5+$(<-$)+3 (8) 

[ = 56(<-+)‘++((5-f)+;. (9) 

When the width ofthe melt region is very thin, equation 
(7) was used and according to the thickness of the 
boundary layer by natural convection equation (8) or 
equation (9) was used. Consequently equations (lH4) 
are transformed as follows 

2 
pr A,!??+*,!!!+~ !“+!?A! 

ai a< 4ay ay2 > 

an 
=p 

aF0 
-Radi~+PrA 

F d5 ai 
z!L (10) 

3 aiar 

A,$+A$i+Pr A,g+$=A, g (11) 

A,!?+A ??+!??=A 
a9 

a52 6 ay ay2 
~ -0 (12) 

3ajay 

Vz _$$ !g (13) 

where 

A =& A =-_V 3 3d5' 4 ' 

a, =${l+(:g)2}, a2 =;{;(!$I-$}, 

5 dF pr av I ay 
a3=FE, a4=a2-Fay’ a,=az--z. 

The boundary conditions are 

Y=O, U=V=O at [=O, 

i=l, Y=O, Y=l; 

O=l at [=O, O=O at <=I, 

aojay=o at y=o, Y= 1; 

a=-% at Y=O, y=f. 
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The derivative of vorticity with respect to time in 
equation (10) is left because of the necessity for 
converging the solution. The coefficients A 1 and A, are 
known but the A,, A,, A,, and A, coefficients contain 
unknown variables U and/or I/: 

The energy balance equation (5) at the solid-liquid 
interface is transformed as 

where the dimensionless time t is 

r = Fo Ste. (15) 

2.2. Finite di$erence formulation and procedure of 
solution for natural convection 

The transformed coordinate c was divided into M 
equal segments and Y divided into N. Then A< = l/M 
and AY = l/N. Subscripts (m, n) refer to the location of 
nodalpoint:[=(m-l)A[(m=l,2,...,M+l)and 
Y = (n- l)AY(n = 1,2,. ., N + l).Thefinite-difference 
equations for equations (lOHl3) were formulated as 
the following examples. For the second derivatives 

The second up-wind differencing method [ 131 was 
adopted for the first derivatives coupling with 

coefficients A,, A,, A,, and A, 

A E = lA,,l+A2~ Qn+l,n-%,n 

2 x 2 Ai 

+ IA~LI-Ax. %-I,,-%,, 

2 Al 

where 

A,, = 642.m+,,n+~2,m.n)/2~ 

A,, = b42,,~1,n+~42,m,nY2. 

For the other first derivatives 

8 &l+I,“-LI,, 
z= 2A[ 

The second derivatives in the boundary conditions for 
the vorticity were rewritten as 

a9 y2 n 
-=22--- 

ai2 WI2 
at [ = 0. 

Theadiabatic boundaryconditionsat Y = Oand 1 were 
approximated by 

0 In,, = em.2 and em,N+l = o,,,. 

For the derivative of Q with respect to time Fo in 
equation (lo), a pure implicit method was adopted. 
Equation (10) can be written by using a representation 

of differential operators 

AR=~+BL)+Pr C*. (16) 

When AFo is used for the time interval and the time step 
is represented by a superscript i, an implicit type finite- 
difference equation for equation (16) can be written as 

(A’- l/AFo)Q’+ ’ = -R’/AFo+BB’+Pr Cni. (17) 

Similarly equations (12), (13), and (11) can be written 
respectively as 

Diyi+l =_~+l+cy’i 
(18) 

ui+l = Eyi+l, I/‘+1 = ppi+l 
(19) 

Gi+ Igi+ I = cei, 
(20) 

Equations (17H20) are respectively changed to the set 
of finite-difference equations by using the above 
mentioned finite-difference formulae for the derivatives 
with respect to the space coordinates. Each set of 
simultaneous linear equations can be solved by the 
Gauss-Seidel iteration method. The criteria of 
convergence of the solution by the Gauss-Seidel 
iteration method are 

where primes denote the value at the next iteration step. 
The steady-state solutions can be obtained by the 

following procedure. By using appropriate initial 
values of R”, fI”, Y’O, the values at the next time step are 
obtained by solving equations (17H20) in order. These 
calculations are iterated until the steady-state solutions 
are obtained. The criterion of the steady state is 

where !Z~ii-l is obtained by solving equation (17) from 
which two terms, ,i+ ‘/AFo and ti/AFo, are removed. 
Therefore, @vi’ ’ means the solution of the steady-state 
equation at the (i + 1)th step. The time interval AFo is 
determined according to the convergence criterion 
AFo* of the explicit finite-difference equation for 
equation (16) 

AFo = IAFo* (A> 1). 

The values of 1, en, .aly and eg were chosen appropriately 
depending on the value of y so that the computation 
time may be reduced. When y <c 10-j, the following 
values were chosen: &o = cy. < 10m4 and E@ = ~Jl0. 
For a typical example, when 10m3 < y < 10e2, en 
= 10e3 and i = 20. 
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2.3. Procedure of analysis of the location of the melting 
front 

The location of the melting front at z = tj was 
approximated by the following polynomial function 

(21) 

Notethatequation(2l)satisfiesaF/aY = Oat Y = l.As 
the location of the melting front is known, the natural 
convection in the melt region can be analyzed. 
Therefore, the moving rate of the melting front at t = zj 
is determined by substituting the obtained temperature 

gradient at the melting front into the RHS of equation 
(14). By using an explicit representation, the location of 
the melting front at Y = Y, and z = zj+ 1 is obtained by 

aF 
Fj+ ’ = F( Y., zj)+ z 

[ 1 (Y,, tj)Arj (22) 

where Arj = tj+, -TV 

The new location of the melting front at zj+ 1 was 
determined by the least squares method. Namely the 
coefficients B,,(T~+ J were determined so as to minimize 

N+l 

E {F(Kt7j+1)-FFj,+1}2. 
n=, 

The initial location of melting front was determined 
from the exact solution for the Stefan problem [14]. 
Then B,(z,) = 2aJ(7,/Ste), Bk(7J = 0 (k = 2, . . , 
K - l), where 0 is a root of the following equation 

d exp (a’) erf 0 = Ste/Jn. (23) 

3. RESULTS AND DISCUSSION 

In order to confirm the validity of the present 
analysis, some calculations corresponding to the 
experimental conditions [7] were carried out. In the 
experiments [7] n-octadecane was used as a PCM. The 
heights of the PCM were H = 15 and 30 mm. The 
melting fronts were photographed at predetermined 
timeintervals and the temperatures along thecenterline 
of the enclosure were measured. The shapes of the 
melting front obtained both analytically and experi- 
mentally are plotted for the cases of H = 15 and 30 mm 
for different Ra and 7 in Figs. 2 and 3, respectively. In 
these calculations, the following values were chosen 

z. =0.0005, K = 5, N = 30 

(for H = 15 mm), 50 (for H = 30 mm). 

M was changed depending on the location of the 
melting front and the Rayleigh number. For the case of 
Fig.2(b), when z < 0.015, M = 20andequation(7) were 
used; when 0.015 < 7 < 0.12, M = 20 and equation 
(8); when 0.12 < 7 < 0.2, M = 30 and equation (9); 
when 0.2 < 7 < 0.34, M = 40 and equation (9). The 
time interval Azj was chosen so that the rate of growth 
ofthe melting front to the width ofthe melt region might 
be less than 5%. As shown in Figs. 2 and 3, the analytical 
results agree well with the experimental ones. When the 

Cl 1 2 

(a) 

1 

> 

0 1 2 3 4 

(4 X 

FIG. 2. Melting fronts as determined from the present analysis 
and photographs, H = 15 mm, Pr = 56.2: -, analytical 
results ; ~ - -, experimental results. (a) Ra = 3.27 x 105, Ste 
= 0.0451; (b) Ra = 6.95 x 105, Ste = 0.0959; (c) Ra = 1.39 

x 106, Ste = 0.192; (d) Ra = 2.70 x 106, Ste = 0.372. 

width to height ratio of the melt region in the case of H 
= 15 mm is large, the X coordinates of the upper melting 
fronts determined from the analysis are greater than the 
experimental results. It is considered as a reason that in 
the experiments the heat loss from the top wall which 

0 0.5 1.0 1.5 

(a) x 

(b) X 
FIG. 3. Melting fronts as determined from the present analysis 
and photographs, H = 30 mm, Pr = 56.2: -, analytical 
results; - - -, experimental results. (a) Ra = 3.00 x 106, 

Ste = 0.0517; (b) Ra = 5.34 x 106, Ste = 0.0921. 
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0 
(a) 

0 0.5 1.0 
(b) X 

FIG. 4. Calculated temperature and stream function contours 
corresponding to Fig. 3(b), Ra = 5.34x 106, T = 0.032. (a) 

Temperature ; (b) stream function. 

was not perfectly insulated depressed the growth of the 
upper melting front. 

The analytical results of the stream function and the 
temperature contour maps at r = 0.032 and 0.064 in 
Fig. 3(b) are shown in Figs. 4 and 5, respectively, as an 
example for high Rayleigh number. As an example for a 
large width to height ratio of the melt region, the 
calculated isotherms corresponding to Fig. 2(b) are 
shown in Fig. 6. The stream functions in Figs. 4(b) and 
5(b) show that the flow in the melt region has a single 
recirculation zone. The flat distributions of the stream 
function around the central cores mean that the flow in 
the central region is stagnate. It is found from the 
concentration of the stream lines that the velocities 
along the vertical wall and the solid-liquid interface are 

higher than the velocities along both the horizontal 
walls. The stream lines near the vertical wall and the 
solid-liquid interface in Fig. 4(b) are similar to those in 
Fig. 5(b). In Figs. 4(a), 5(a) and 6, the spacing of the 
isotherms is close near the vertical wall and the solid- 
liquid interface but wide in the central core. The 
isotherms near the vertical wall are essentially the same 
at different times. This means that the heat transfer 
coefficient on the vertical wall is almost constant with 
time. Some isotherms, when they are considered as 
functions of X, have maximums near the heated vertical 
wall and/or minimums near the solid-liquid interfaces. 
This characteristic of isotherms is explained by the Bow 

0 0.5 1.0 I.5 

(a) X 

(b) 

Smin : - 0.6L5 

0 0.5 I.0 1.5 
X 

FIG. 5. Calculated temperature and stream function contours 
corresponding to Fig. 3(b), Ra = 5.34 x 106, T = 0.064. (a) 

Temperature ; (b) stream function. 

pattern as shown in Figs. 4(b) and 5(b). The maximum of 
the isotherms is caused by the upward flow of lower 
temperature liquid which has been cooled by the solid- 
liquid interface. 

The Y component of velocity and temperature 
distributions along the centerline of the enclosure at 
various times for the case of Fig. 3(b) are shown in Fig. 7. 
In Fig. 7(b) the measured temperatures are also plotted. 
They agree well with the calculated temperature 
distributions. The gradients of both the velocity and 
temperature distributions near the vertical wall 
increase slightly with time. The central region in which 
both the distributions are flat expands with time, as it 
was found in the contour maps of Figs. 4-6. 

The local Nusselt numbers on the vertical wall and 
the solid-liquid interface at substantially different 
times for the cases of Figs. 2(b) and 3(b) are shown in Fig. 
8, where the heat transfer coefficient was defined based 
on the temperature difference (T, - Tr). It is found from 
Fig. 8 that the local Nusselt number on the vertical wall 
increases slightly with time. On the other hand the local 
Nusselt number on the solid-liquid interface decreases 
considerably with time as the surface area of the solid- 
liquid interface increases. 

The thermal energy stored as latent heat per unit 
depth of enclosure is determined from the area of the 
melt region as 

Q,=Ahp Hf(Y,t)dy=AhpH2 
s 

‘F(Yr)dY 
0 s 0 
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1 2 
(d) o 

I 2 3 
X X 

FIG. 6. Calculated isotherms corresponding to Fig. 2(b), Ra = 6.95 x 105. (a) z = 0.033; (b) T = 0.067; 
(c) T = 0.134; (d) T = 0.27. 

If a dimensionless thermal energy storage Q: is defined equations are obtained [14] 
as 

the Q: is equivalent to the dimensionless average width 
of the melt region defined by 

P(r) = 
s 

1 
F(er) dY (24) 

0 

Tfthe steady-state temperature distribution ofpure heat 
conduction is valid in the melt region, the following 

Ahp djjdt = k(T, - T,)/T = t?(T, - TF). 

Therefore, when Ra = 0 

F = J(2z), fi = tiH/k = l/F = l/4(24. (25) 

The calculated results ofequation (24) are shown in Fig. 
9. In Fig. 9 the experimental results of F obtained by 
photographs are also shown. As can be noted, the 
analytical results of F agree well with the experimental 
results. As shown in Fig. 9, the dimensionless average 

(a) -10 

(b) 0 0.2 0.4 0.6 0.6 1.0 
X 

FIG. 7. Distributions of the Y component of velocity and the temperature along centerline of the enclosure for 
the case of Fig. 3(b), Ra = 5.34 x 106. (a) Y component of velocity (analytical results); (b) temperature (-, 

analytical results; A, measured temperatures at T = 0.032; 0, measured temperatures at 5 = 0.064). 
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Y 

FIG. 8. Calculated local Nusselt numbers along the vertical 
wall and the solid-liquid interface for the cases of Fig. 
2(b) (Ra = 6.95 x 10’) and Fig. 3(b) (Ra = 5.34 x 106) (---. 

Ra = 5.34 x 106; ---, Ra = 6.95 x 105). 

widths of the melt region increase almost linearly with 
dimensionless time z after the quite early stages in 
which they coincide with the pure heat conduction 
solution, equation (25). 

The variations ofthe average Nusselt numbers on the 
vertical wall with dimensionless time z are shown by 
solid lines in Fig. 10. The broken lines in Fig. 10 show 
the lines on which the widths of the melt region have 
constant values. The calculations for the case of Ra 
= 6.95 x lo5 in Figs. 9 and 10 were carried out not only 
for Pr = 56.2 but also for Pr = 7. The results for both 

Prandtl numbers coincide extremely well with each 
other. As shown in ref. [S], the Prandtl number does not 

3 

ILL 

2 

1 

0 

Ra=2.70x1q6 ,Ra=1.39x106 

I I I 

0.2 0.L 0.6 
-t 

FIG. 9. Variation of the dimensionless average width of the 
melt region with dimensionless time (---, analytical results ; 
0, experimental results corresponding to Fig. 2(a) ; A, to Fig. 

2(b); 0, to Fig. 2(c); v, to Fig. 2(d)), Pr = 56.2. 

FIG. 10. Analytical results of the variation of the average 
Nusselt number on the vertical wall with dimensionless time t, 

Pr = 56.2 (--, fi, - 5 ; ---, lines of F = con%.). 

affect the melting rate for Pr > 7 when Rayleigh 
number is used. The average Nusselt numbers fi, 
coincide with the heat conduction solution, equation 
(25), in the early stage of melting. After the early stage, 
natural convection in the melt region dominates the 
melting process and the average Nusselt numbers vary 
linearly with dimensionless time. As the transition 
period from the conduction domain to the natural 
convection domain is very short, putting the transition 
time to z,, the average Nusselt number on the vertical 
wall can be represented by 

fi, = l/ 424 when z < z, 

6, = &,,{ 1 + C(T - T,)} 
(26) 

when z > t, 

where 

fi,, = W(27,). (27) 

The variations of the average Nusselt number fi, 
from z, to the time when F = 1 are small and are within 
k 12% for lo4 < Ra < 5 x 106. The analytical results 
of the average Nusselt numbers on the vertical wall are 
plotted in Fig. 11. The values at the transition time, 
fiw,, are shown by circles. The values at F = 1 or 3 are 
also plotted in Fig. 11 using + and x , respectively. The 
relationship correlating the experimental data for 3 
x lo5 < Ra < 2 x lo7 [7] is also shown by a broken 

line. This relationship based on the experiments has a 
good agreement with the analytical results. A straight 
line which represents well the average Nusselt numbers 
%&,,, was obtained as 

N;,, = 0.234Ra0.266 (IO4 < Ra < 5 x 106). (28) 

This is shown by a solid line in Fig. 11. Under the quasi- 
steady state assumption, the heat transferred from the 
vertical wall to the PCM is equal to the thermal energy 
stored as latent heat. Therefore, using the dimension- 
less parameters 

?.!! = N-u 
dz w’ 

(29) 
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10 

I5 5 

1 
104 

5 
105 

5 
106 

5 
107 

Ra 

FIG. 11. Average Nusselt number on the vertical wall (analytical results: 0, at the transition time; +, when 
F= 1; x,-whenF=3;-,equation(28);-- , relationship determined from experiments [7]). 

Substituting equation (26) into equation (29) and 
solving equation (29) yields 

i 

F = J(2z) (7 c 7J 

F = J(22,) + fi,,(r - t,){ 1 + c(7 -7,)/z} (7 > 7,) 

(30) 

where 7, is obtained from equations (27) and (28). The 
coefficient C obtained from Fig. 11 is shown in Fig. 12. 
Neglecting C in equation (30) for the case of Ra = 2.7 
x IO6 in Fig. 9 yields only a 14% lower value of F than 

the value in Fig. 9 at 7 = 0.25. 

4. CONCLUDING REMARKS 

The melting process of a horizontal plate-like solid 
heated from a vertical wall was analyzed by means of a 
finite-difference method. The analytical results were 
compared with the experimental results using n- 
octadecane as a phase change material. The results of 
this study lead to the following conclusions. 

(1) The good agreement between the analytical and 
experimental res’ults indicates that the present 
analytical method which uses the quasi-steady state 
assumption and the two-step variable transformation 
technique is available. 

(2) In the quite early stage of melting, pure heat 
conduction dominates the melting process. After this 
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FIG. 12. Coefficient C in equations (26) and (30). 

early stage, natural convection in the melt 
dominates it. 

region 

(3) In the period of the natural convection domain, 
the average Nusselt number on the vertical wall varies 
linearly with the dimensionless time but its variation is 
small. Therefore, the dimensionless thermal energy 

stored as latent heat varies almost linearly with the 
dimensionless time. 

(4) The average Nusselt number on the solid-liquid 

interface decreases with the dimensionless time as the 
surface area of the solid-liquid interface increases. 

(5) Both the average Nusselt number on the vertical 
wall and the dimensionless thermal energy stored as 
latent heat were expressed by simple relationships with 

Rayleigh number and the dimensionless time. 
(6) As shown in ref. [S] concerning the melting 

around a vertical cylinder, the Prandtl number does not 
affect the melting rate for Pr > 7 when the Rayleigh 
number is used. 
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ANALYSE DU TRANSFERT THERMIQUE PENDANT LA FUSION DUNE PAR01 
VERTICALE 

Rksumk- Une front&e verticale dun solide en forme de plaque horizontale, initialement a la temperature de 
fusion (avec des surfaces suptrieure et inferieure adiabatiques) est soumise a un echelon accroissement de 
temperature. Le mtcanisme de fusion avec convection naturelle et la region de fusion variable dans le temps 
sont analyses au moyen dune methode aux differences finies. Les resultats analytiques sur la forme du front du 
fusion et sur la distribution de temperature dans la region de fusion s’accordent bien avec les rtsultats 
experimentaux, en utihsant du x-octadecane comme mat&au a changement de phase, present&s par I’auteur. 
Une formule simple entre le nombre de Nusselt moyen le long de la paroi verticale et un temps adimensionnel 

est obtenue. 

ANALYSE DER WARMEUBERTRAGUNG WAHREND DES SCHMELZENS EINER 
VERTIKALEN WAND 

Zusammenfassung~-Eine vertikale Begrenzungsflache eines horizontalen plattenartigen Festkiirpers, dessen 
Ober- und Unterseite adiabat sind und der sich zu Beginn auf Schmelztemperatur befindet, wird einer 
schrittweisen Temperaturerhohung unterworfen. Der resultierende SchmelzprozeB mit natiirlicher 
Konvektion in der zeitlich veriinderlichen Schmelzzone wird mit der Methode der finiten Differenzen 
analysiert. Die berechnete Form der Schmelzfront und die Temperaturverteilung in der Schmelzzone stimmen 
gut mit den experimentellen Ergebnissen iiberein, die mit n-Oktadecan ermittelt wurden. Der Autor berichtete 
dariiber. Eine einfache Beziehung zwischen der mittleren Nusselt-Zahl entlang der vertikalen Wand und der 

dimensionslosen Zeit wurde aufgestellt. 

AHAJIM? I-EllJIOHEPEHOCA 01 BEPTMKAJIbHOti CTEHKM HPM IIJIABJIEHMM 
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