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ABSTRACT

NORA program is concerned with a numerical
analysis of heat transfer with phase change (e.g
melting and freezing) for different initial and
boundary conditions. It was installed in PC-Com-
puter. The frozen layer thickness as function of
the solidification time are presented in dimension-
less form. The accuracy of the data obtained were
compared with those taken from the mainframe computer
and other available solutions for uni-dimensional
geometries and for different phase change materials
and were found to be in good agreement.

INTRODUCTION
Heat conduction in systems undergoing phase transformation
is encountered in numerous engineering systems. Examples are,
melting, freezing, latent heat thermal storage, welding and

casting.

NORA program solve numerically the heat transfer problem
with phase change in one and two dimensions for homogenous and
and non-homogeneous materials. The temperature distribution is
defined by the initial and boundary conditions and by the moving
change heat source. A standard difference scheme is used to solve

the time dependent heat transfer problem with given source.
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The equation of any continues mixture of time explicit and
imlicit scheme are solved with the alternation direction
implicit (ADI) method [1]. At any time step, an iteration
procedure 1is employed to make the temperature field consistent

with the moving phase change heat source.

The PC—-Computer with Intel 80286 processor and 80287/6
numeric co- processor 20 MB main memory and 1.2 RAM disk was
used. The operating system of the PC-Computer is PC-DOS version
2.1. In NORA program 1100 statements (Fortran-4) were fed into
the Computer through the keyboard and some modifications were

made to let the program run on the PC-Computer.

9— Mathematical formulation
The governing heat conduction equation with internal source

can be written as [2]:

gcp(b T/at) + PL & (T-Tp) (B3T/Bt) = di v(Agrad T) (1)

where_f, Cp and )\are the density, the specific heat and the
thermal conductivity respectively, while t is the time, L is
the latent heat and TF is the fusion temperature. The term

L?IJS(T—TF)l in equation (1) is the source term and it is

equal to the heat absorbed or released per unit volume at the
phase boundary. For regions removed away from the phase boundary

8 (T - TF) = 0, where Sis the delta-function given by:
(§(T - Ty =14t T=Ty and §(1 - 1) = 0if T4 Tp).

2.1 The initial and boundary conditions
Figure (1) shows the temperature distribution of the region

of interest during solidification in the uni-dimensional case.
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The initial temperature of the phase change material (PCM) which
undergoing phase change (Liquid to solid) was selected at the
fusion temperature TF. The interface between the solid and
liquid phases is given as (x,t) at any given time. The initial

condition can be written as follows:

T(x,0) = Tin (2)

where Tin is the initial temperature, and the boundary condition

can be written as follow :

+ IR Ty, ="
o} X=0

(2-IB)TB (A/R)(OT/Dx) 1 _  + (1-BYAD T/@ )1,
——————— (3)

In equation (3) the three types of boundary conditions,

namely the constant wall boundary condition (Tw= const.) the

constant thermal flux (4" = constant) and the convective heat

transfer boundary condition (h = const., where h is the heat

transfer coefficient) are writing together in one equation as

they built in NORA program. By using the trigger IB (equal O

or 1) and using the suitable boundary value B we get:

a) For the first type boundary condition (Tw= const.):

IB=1 ,h=008ndTw=B (4)
b) For the second type boundary condition (q" = const.):
IB=0 and A(JT/¥x) 1 _=4¢" = B (5

¢) For the third boundary condition:

IR =1 and Tw =B (6)
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RESULTS AND DISCUSSION
For the uni-dimensional case the comparison were made
between the data of the numerical solution obtained from the
PC-Computer, the same obtained from the mainframe, the exact
solution by Neumann [3] for the constant wall boundary condition
and finally the approximate solution by Megerlin [4] for the

other two types boundary condition.

Following Mergerlin [4], and to make the comparison possible
and the results more valuable some dimensionless parameters

should be defined. The dimensionless frozen layer thickness:

( g* -1) = ( g- xo) / X, » see fig.(1) , the dimensionless

temperature
= TF -T) / (TF = Tw) , the dimensionless time =dt/(x§),
where a is the thermal diffusifity (@= N/ p C,) of the POM.

An important parameter for the phase change problem is the

dimensionless phase change number Ph = L/ [CP(TF - Tw)], it

is the ratio between the latent heat and the censible heat of
the PCM. also the dimensionless thermal flux QF =(q" XO)A}(TFJQ)L

and the Biot number
Bi = (h X /,)PCM) are significant for this problem.

Figures (2), (3) and (4) show the frozen layer thickness
( § - 1) as function of the dimensionless time & for different
boundary conditions. The solidified layer thickness(f&—-xo)
was allowed to vary up to 0.09 m. In the present work the phase
change materials were selected for example as water (TF= 0°C)
and steel (TF= 1520°C)), it can be any other PCM with known
thermophysical properties,\f/Cp’ ).’ L.
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In figure (2) the data obtained from the PC-Computer and those
calculated in the mainframe are nearly the same during the
solidification (PCM is steel) of a semi-infinite region
bounded by different constant wall temperatures (i.e different
Ph numbers). While both data from the PC-Computer and the main-
frame are in good agreement with Neumann [3] exact solution
for the same conditions.

For the boundary condition constant thermal flux fig.
(3) represents (§ - 1) as functlon of ¥ for a constant
value of Q%*(g" 15x10 W/m ). The results shown in this figure
are during the solidification of a semi-infinite region outside
cylinder (PCM is steel).The data obtained from the PC-Computer
and those are taken from the mainframe are nearly identical
and both of them are in good agreement with Megerlin [4] at

the same conditions.

Figure (4) shows the same comparison for solidification
of water using the convective boundary condition . The wall
temperature is taken to be equal to the ambient temperature.
The comparison for two Biot numbers (Bi = 0.5 and 1.0) at
Ph = 5.4 shows good agreement between the numerical solutions
(both data from PC-Computer and mainframe) and Megerlin approxi-
mate solution [4] at the same conditions. The maximum deviation
being less than 37 .
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Fig. (1): Temperature distribution in the region of interest during
solidification in the uni-dimensional case.
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