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Effect of wall conduction on melting in an enclosure heated at constant rate 
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1. INTRODUCTION 

SOLIU~ LIQUIII phase change phcnomcna exist widely in 
nature and industrial processes such as freezing of water 
and melting ofice, thermal energy storage, casting and metal- 
lurgical process. cryogenic preservation of blood and bio- 
materials, etc. Many typical applications of heat transfer in 
phase change involve convection in the liquid phase [l]. 
Recently. boundary layer theory has been adopted to solve 
the process of natural convection dominated melting. For 
example, the analytical solution for the melting process in 
a rectangular enclosure isothermally heated from one of its 
vertical walls was obtained by Bejan [2]. 

A series of laboratory experimental results and a compact 
boundary layer analysis were reported by Zhang and Bejan 
131. In their experiments, the wall heated at constant rate is 
made of aluminum and heated by eight uniformly spaced 
strip heaters. The temperature distribution along the two 
differentially heated vertical walls was measured by means 
of thermocouples positioned at four altitudes in the vertical 
mid-plane of the apparatus. and one of their typical mea 
surcd wall temperatures is quoted in Fig. I. In their theor- 
etical analysis, the longitudinal conduction along the heated 

wall was not taken mto account. this led to the lOOi>,, ovct-- 
prediction of the temperature gradient along the heated wall 
in the convection regime as illustrated in Fig. 4. 

2. PHYSICAL MODEL AND MATHEMATICAL 
FORMULATION 

The physical model adopted is shown as Fig. 2. The heated 
wall is made of aluminum with thickness II‘. The wall tem- 
pcraturc is uniform as indicated in ref. (31 and rises linearly 
with time. which corresponds to the melting regime that is 
ruled by pure conduction ; and then reaches a plateau in the 
convection melting regime. Quasi-steady state is said to be 
reached after the wall temperatures remain unchanged. all 
the heat supplied then is used to melt the solid phase change 
material (n-octadecane was used in ref. [3]). We assume that 
quasi-steady state is reached ; the initial temperature of the 
solid phase in the enclosure is uniform and equal to the 
melting point r,,,, i.e. no subcooling exists. The equations of 
the cold boundary layer. warm boundary layer and the core 
region and their corresponding boundary conditions were 
reported by Zhanp and Bcjan as follows 13. 31. 
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FIG. I. The history of the temperature distrtbutton along the heated plate [3] 
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specific heat 
gravitations acceleratinn 
height and width of enclosure 
latent heat 
thermal conductivity 
dimensionless thermal conductivity 
heat thrx 
Rayleigh number 
Stefan number 
te?n~efature 
thickness of heated wall 
vertical coordinate 
dimensionless vertical coordinate. 

NOMENCLATURE 

v 

P 

volumetric thermal expansion coefficient of the 
liquid 
thickness of the cold boundary layer 
dimensionless thickness of the cold boundary 
layer 
dimensionless temperature 
thickness of the warm boundary layer 
dimensionless thickness of the warm boundary 
layer 
kinematic viscosity 
density. 

Subscripts 
C liquid core 

Greek symbols m melting 
a thermal diffusivity of the liquid W wall. 

L 

The cold boundary layer 

2Q;h-6Tm)z + ?_K$Q $ [@(T;_ T,)] 
II) 

- $ -$P(T,- T,)ZJ = -2E+J; (1) 

6(H) = 0. (2) 

The warm boundary layer 

The core region 

A(O) = 0. 

SJ(T,--T,) = (T,“--Tc)i3, 

T,(O) = 0, 

Solid 

T=T, 

Liquid 

FIG. 2. Physical model of the analysis. 

Y 

r,(W) = T,(H). (7) 

The longitudinal conduction of the aluminum plate can 
be simplified as a one-dimensional steady-state conduction, 
i.e. 

where Q is the difference between the amount of heat pro- 
vided by the strip heaters 9 and that transferred to the phase 
change materials through the left side of the heated wall, it 
can be expressed as 

The top and bottom of the heated wafl are adiabatic, so 
the boundary condition for equation (8) is 

-$$=O, at y =O and ,y = H. (10) 

3. SOLUTIONS 

Defining the following dimensionless variables 

we get the dimensionless ordinary differential equations 

A%, = (O,-f&)/l’. 

and their corresponding boundary conditions are 

(14) 
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FIG. 3. Wall temperature distributions 131 
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FIG. 4. Wall temperature gradient at Y = 0.5. 

do, 
Y=O: A=O. o,=o, &,=O 

Y = I : A = 0. OL = 0,. 
W\ d ); = 0 

(17) 

l~tci. 5. Comparison of core Icmpcrature 
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FIG. 6. Thickness of warm boundary layer. 

The above differential equations are solved numerically. 
The number of nodal points along the height is N = 2000 in 
the calculation. The convergence criterion used for both OL 
and O,, is 10 I’. No relaxation is needed during iteration. 

4. RESULTS AND DISCUSSIONS 

The agreement between experimental and predicted wall 
temperature is greatly improved by taking the wall con 
duction into account as shown in Fig. 3. It can be understood 
that the wall temperature tends to be more uniform because 
of the longitudinal conduction. The agreement between 
experiment and analysis is also improved for the temperature 
gradients at the midpoint of the heated aluminum plate as 
demonstrated in Fig. 4. the discrepancies still existing may be 
attributed to the oversimplification of the one-dimensional 
conduction assumption. 

Figure 5 shows the comparison of the core tcrnperaturc 
distributions for Str = 0 to Zhang and Bejan’s prediction. 
The wall conduction leads the core temperature to be more 
uniform. But the effect of wall conduction on the core tem- 
perature is smaller than that on the wall temperature. 
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FIG. 7. Thickness of cold boundary layer. 
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Thickness of the warm boundary layer for Sfe = 0 is 
shown in Fig. 6. The thickness increases in the lower part of 
the plate and the reverse is true in the upper part as compared 

1, 

to Zhang and Bejan’s prediction. As to the thickness of the 
cold boundary layer, i.e. the boundary layer along the solid- 
liquid interface, opposite variations were revealed as shown 
in Fig. 7. 

2, 
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