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Abstract

A numerical study of melting of phase change material (PCM) around a horizontal circular cylinder of constant wall temperature and in
the presence of the natural convection in the melt region is presented. A two dimensional mathematical model is formulated in terms of
primitive variables and a coordinate transformation technique is used to fix the moving front. The finite volume approach is used to discretize
the system of governing equations to obtain a system of linear algebraic equations. An implicit scheme is used for the momentum and energy
equations and an explicit scheme for the energy balance at the interface. The numerical predictions were compared with available results tc
establish the validity of the model and additional results are obtained to demonstrate the effects of Rayleigh and Stefan numbers as well as
the wall temperature on the time for complete fusion and total melt volume.
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1. Introduction et al. [2], Saitoh [3] and Sparrow et al. [4]. A second method
is to use the enthalpy as a dependent variable and hence can
Problem of heat transfer with phase change is extremely write a single energy equation for the whole domain, liquid
important in latent heat storage systems and many other therand solid. This method has the advantage of not requiring to
mal applications. The literature is very rich with studies of determine the interface position in order to solve the energy
heat transfer with phase change based upon pure conductiorquation. Comparative studies of the two methods can be
formulation. The presence of natural convection in the melt found in Furzerland [5] and Viswanath and Jaluria [6]. A pi-
region during fusion may lead to increasing the heat transfer oneer study realized by Sparrow et al. [7] of fusion around
rate and causes the predictions based upon pure conductiog vertical cylinder showed that natural convection could not
to be non-realistic. be ignored in the analysis of fusion problems. Later Yao and
Basically there are two methods for formulating the prob- Chen [8] determined an approximate solution for the fusion
lem of heat transfer with phase change. The first method usesyroblem around a horizontal constant temperature cylinder
the temperature as a dependent variable while the secondgyy ysing the perturbation technique. They studied the effect
uses the enthalpy as a dependent variable in the energy equasf natural convection on the fusion process and concluded
tion. In the models based upon the temperature, the energythat it depends strongly on the Rayleigh number. Yao and
equation is written separately for each phase and the cou-cherey [9] solved the case of fusion around a horizontal
pling between the two equations is done through the energyconstant temperature cylinder by using the integral method.
balance at the solid-liquid interface. In this type of formula- Rjeger et al. [10] solved numerically the problem of fusion
tion it is necessary to know explicitly the position of the in- - 4,6nd a horizontal cylinder under the conditions of constant
terface in order to determine the temperature. Having a Mov-yq|| temperature and constant heat flux over the cylinder
ing interface not known before hand complicates the prob- 4| They included natural convection in the liquid phase
lem and its solution. One of the methods to solve the problem 54 \,sed hody fitted coordinate technique to immobilize the
is to immobilize the interface as done by Landau [1], Duda fqion front, Prusa and Yao [11,12] analysed numerically the
effects of natural convection during the process of fusion
E-mail address: kamal@fem.unicamp.br (K.A.R. Ismail). around a horizontal cylinder. They used the technique of co-
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Nomenclature
cp specificheat .................... N B coefficient of thermal expansion .. ....... K
Fo Fourier number= at/r3 ¢ dimensionless temperature
g gravity acceleration................... N2 AL dimensionless melt thickness,R; — 1
k thermal conductivity ............ \Ih‘]_l-K_i n transformed radial coordinate, rrL:r: = IZ_—L]-
I;) Eﬁﬁg;gﬁﬁ;‘léé e kg " dynamic viscosity .. ............. kgp1.s1
br Prand numberri v kinematic viscosity .................. st
Yo cylinder radius 1_ .v./.(x. ..................... m ¢ ar‘g“_"'?“ coordinate 3
r radial coordinate . ........................ m ° specific mass ... of e kg
re interface position......................... m dimensionless time= < Se
R dimensionless radial Coordinate,r/ro Ttot Complete fUSIOn tlme ................... hour
Ry dimensional interface positioss r /7, A, A, 0,2, ¥ auxiliary variables
Ra Rayleigh number= gB(T, — T,,)r3/va v volume
Se Stefan number based on temperature, Superscript

:Cp(To_Tm)/L . . .
t Me s * dimensionless variables
T temperature of the liquid phase ............ K subscripts
Vo dimensionless velocity componentin the L liquid

tangential direction ?1 h
Vg dimensionless velocity component in the radial " phase change

direction 0 surface of the cylinder

R radial direction

Greek Symb0|5 tot total
o thermal diffusivity ................... fas L 0 angular direction

ordinate transformation to fix the irregular moving interface phase. A two dimensional non-steady mathematical model

and finite difference approach to solve the problem numeri- has been formulated in terms of the primitive variables

cally. Additional experimental results and comparisons were and a coordinate transformation has been used to fix the

realized by Hermann et al. [13] and Ho and Chen [14]. moving interface. The finite volume approach was used
The formulation of the problem of melting around a to discretize the system of governing equations and the

circular cylinder as available in Yao and Chen [8], Yao associated boundary and initial conditions to obtain a system

and Cherney [9], Rieger et al. [10] and Prusa and Yao [11, of linear algebraic equations. The numerical code was

12] is formulated based upon the stream function and optimized and the numerical predictions were compared

vorticity method, while the work of Sparrow et al. [7] With available numerical results to establish the validity of

is based upon primitive variables formulation. In Sparrow the model and the numerical approach.

et al. [7] work, the terms resulting from the transformation

of coordinates were eliminated in order to simplify the

numerical solution of the problem and hence their solution 2. Mathematical model

is approximate. The contribution of the present study to

the actual knowledge lies in the fact that the problem is  The physical problem is shown in Fig. 1. The horizontal
formulated using primitive variables. The equations were cylinder of radius-, is immersed in an infinite solid PCM.
treated by using a transformation of coordinates which leads At the instantr = 0, the PCM is at the phase change tem-
to immobilize the moving front. The resulting system of perature7;,. When the cylinder surface temperature is at
equations, including complicated terms resulting from the 7, > 7,,, the fusion process starts. Two fusion cases will be
coordinate transformation process were treated numericallytreated here. The first, when the surface temperature of the
by using the control volume approach. The proposed modelcylinder 7, > T,, while the other of specified heat flux
and numerical code are part of a detailed study to provide The general simplifications considered in this study include
some numerical codes to handle different practical problemstransient formulation and two dimensional Newtonian in-
of interest in energy storage modelling and analysis. compressible fluid where the natural convection effects are
This paper deals with the numerical study of melting of considered. The thermophysical properties of the PCM are
phase change material (PCM) around a horizontal circular assumed constant except the density.
cylinder in the presence of natural convection in the melt  The basic equations can be written as:
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Fig. 1. Layout of the physical problem.
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where the termi is given by A = Bg(T — T;,)
The initial and boundary conditions for Egs. (1)—(4) are

T:];na
T=T,,

VQ* - 0,
Ve* == O,

Vg=0 atr=0

2 0Vg
r2 96

Ve=0 atr=r, t>0
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The boundary conditions at the solid-liquid interface are
given by

T =T,, Vg =0, Vi=0 atr=r.,t>0 (8)
1 9r.\? aT ary
14+ (=L k) =pL
[ +(rL ae)]( 8r> P
atr=r;, t>0 9)

The problem of phase change in the presence of natural
convection is extremely difficult to handle. To reduce these
difficulties, the frontimmobilisation technique is used where
the coordinates and® are transformed tg andé where

r—7ry

rp — 7o
And the new domain is defined byQ#n <1 and—7/2 <
0<m/2.
In order to facilitate the numerical calculations the new
coordinate system and also new dimensionless variables are
adopted. These variables are

R=L and RL:r—L
ro ro
R-1
Ar=R;—1 and n=
Ay
ort T —T,
t:%Se, ¢ = n
ry T, — Ty
Vir Vir
Vo =22, Vg = L2
o o
p— P* s Se— cp(Ty — Ti)
plee/ro) L

Substituting the new variables in Egs. (1)—(9), these equa-
tions are written as below.
Equation of energy conservation

a1 0 1 9(Vogh)
Se—"- + ——— —(RV, SAMCA LA
o T RAL an( RO+ 250
1 9%

1 0 R 0¢
= N5 ) TRz
RAp an\ A 97 R< 06

where

+ Riiq (10)

nSteaAL% n 0AL d(Voeo)
A dt dn  RAp 0960 an
2 <8AL)28¢ n 92AL 3¢
R2A2\ 90 ) 9n  R2AL 062 9
n AL 3%
R2A; 09 909n
Mass conservation equation

10V,
~2 Q=0
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1 9
———(RVR) +

11
RAL an (11)
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where
n AL IVy
" RAL 90 oy
Equation of motion in the tangential direction

cm

B 18P+ 1 8 (PrRaV,
" R  RALIN\ AL dn

— —> + Wang~+ $ang (12)

where
Vo Vg VyPr 2Pr oVg

Yang= PrAcosf — —~Z 4, - 7
ang RZ T RZ 30

and
n 9ALIP nSedAL dVy
RAL 30 an = AL at on
n AL AVE  29Pr (0AL\?0Vy
RA. 90 an RZA%( 30 ) an
nPr 32AL IV nPr 9AL 82‘/9
" R2A; 302 9y R2AL 36 309y
2nPr oA 0Vg

Qang=

~ R2AZ 96 9y
Equation of motion in the radial direction
Vg 1 9 o 13(VrVp)
Se—= 4 ——— —(RVE) + = 2%
AT +RAL8n( R)+R a0
_ 1 0P 1 0 (PrRoVg
Ap 0n  RApon\ Ar 0dn
Pr 32VR
——— 1+ 2 13
+R2 502 ~+ $2rad + Yrad (13)
where
. V2 VRPr  2Prav
Wrag=Prasing + & - =%
fad TR TR TR
and
o n JdAL d(VepVg) nSedAp aVg
A= RAL 96 o AL 9t 97
20Pr (9AL\2VR  nPr 92AL aVg
R2A2\ 90 ) on  R2AL 962 9p

nPr oA 82VR

2nPr 0AL 0Vy
R2A; 06 0360n

R2A; 00 9p

The initial, boundary and interface conditions can be written

as
¢ =0, Vo =0, Vr=0 atr=0 (14)
¢=1, Vo =0, V=0 atn=0,7t>0 (15)

The interface conditions are

¢ =0, Vo =0, Ve=0 atp=1,1t>0 (16)

- 1 aaL\? 1 9g\  0AL
(AL +1) 96 AL dn) ot
atn=1 7t>0 a7

The finite volume approach was used to discretize the
system of differential equations and obtain a system of linear
algebraic equations. The numerical solution was determined
using an implicit scheme for the momentum and energy
equations and explicit scheme for the energy balance at the
interface. Numerical tests were realized in order to optimise
the computational grid. The number of grid points along the
tangential direction is taken as 50 and 30 points along the
radial direction.

3. Resultsand discussion

Rieger et al. [10] studied the problem of fusion around
a horizontal cylinder under surface constant temperature.
Their model is formulated based upon stream and vortic-
ity functions and body fitted coordinates and finite differ-
ence approximation. Their results were compared with the
numerical predictions from the present model. Figs. 2 and 3
show the thickness of the melt layer for valuesRaf= 10*
andRa = 37500. As can be noticed the agreement is good.
Figs. 4 and 5 show the variation of Nusselt number over
the surface of the cylinder for the case Ré = 10* and
Ra = 37500. It is interesting to observe how the regimes
of transition occur between dominant conduction and dom-
inant convection as reported by Sparrow et al. [15]. During
the dominant conduction process, the curves show a reduc-
tion in the Nusselt number. When the dominant convection
regime is established the profiles seem to be constant. As

1.60 I | I l I l I
Ra=10,000 Pr=50 Ste=0.005
GRID: 50X30 DT=0.0001
_ Present model -
< Rieger et al. [10]
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Fig. 2. Comparison of the predicted dimensionless melt thickness with the
results of Rieger et al. [10].
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Fig. 3. Comparison of the predicted melt thickness with the results of Rieger

etal. [10].
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Fig. 5. Comparison of the predicted surface Nusselt number with the results
of Rieger et al. [10] foRa = 37 500.
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Fig. 4. Comparison of the predicted surface Nusselt number with the results Fig. 6. Comparison of the predicted interface Nusselt number with the
of Rieger et al. [10] foRa= 10%. results of Rieger et al. [10] fdRa = 10%.

can be seen the results agree well indicating that the present Additional results from the present model were obtained
model is able to predict precise results. Figs. 6 and 7 showusing n-octadecane as a PCM and a cylinder of external
comparisons of Nusselt number at the liquid—solid interface radiusr, = 0.00476 m. Then-octadecane was the most
as calculated by Rieger et al. and the present model. The repreferred because of its phase change temperature and also
sults seem to agree very well for the cas&ef —90° but widely used and hence easy to find relevant literature.
differs slightly for the positio® = 90° although keepingthe  The thermal properties of this PCM based upon Bernard
same tendency. Figs. 8 and 9 show the melt volume as calcu-et al. [17] are shown in Table 1.

lated by Rieger et al. and the present model for the two cases Fig. 10 shows the time for complete fusion in terms of the
of Ra= 10* andRa = 37 500 showing good agreement be- Rayleigh number. It is found that for Rayleigh number more
tween the results. Figs. 14 and 15 show that after convectionthan 24 000, the time for complete fusion seems to increase
been established, the variation of the melt volume with time at a much lower rate than for casesRaf < 24 000. This can
seems to the linear as reported by Hale and Viskanta [16]. be attributed to the fact that the increase in Rayleigh number
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Table 1
Thermal properties of liquid-octadecane
Melting point [K] 0 k Cp “w v L B Pr
[kg/m®] [W/mK] [I/kgK]  [kg/m-s] [m?/s] [Ykgl  [1/K]
301.2 776.8 0.157 2200 3.8%803 5.005¢10°% 241000 9.x104 545
Source: Benard et al. [17].
10.00 1 | 1 | 1 8.0 1 1 1
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Fig. 7. Comparison of the predicted interface Nusselt number with the
results of Rieger et al. [10] fdRa= 37 500.
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Fig. 8. Comparison of the predicted dimensionless melt volume with the
results of Rieger et al. [10] fdRa = 104,

Fig. 9. Comparison of the predicted dimensionless melt volume with the
results of Rieger et al. [10] fdRa = 37 500.
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N < Present model
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]
g *.
g |
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, e i
4.0 T I T I T I T I T
8000 12000 16000 20000 24000 28000
Rayleigh number (Ra)

Fig. 10. Total melt time in terms of the Rayleigh number.

the time for complete fusion to Rayleigh and Stefan numbers

means intensification of natural convection and hence majorare presented below for the Rayleigh number and Stefan
stabilisation of the fusion rate. The effect of Stefan number number in the ranges 8281 Ra < 25050 and M36 <
based on the temperature is similar to the Rayleigh numberSe < 0.109 and for surface temperature of the cylinder,
increase as can be seen in Fig. 11. The correlations relatingof 305 to 313 K.
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Fig. 11. Total melt time in terms of the Stefan number.
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Fig. 12. Total melt volume in terms of the cylinder surface temperatures of
305, 308 and 313 K.

Fig. 12 shows the total melt volume in terms of three
wall temperature of 305, 308 and 313 K. The melt volume is
calculated through the expression

1n
V://Rd@ALdr]
00

Tiot = 4.153x 10 8(Ra)® — 2.142x 10 3(Ra)

+ 33.886[hourg (18)
Tiot = 225663(Ste)? — 501184 Ste) The present study_ is two_—dimensiona_l and henc_e the melt
volume calculated is considered as being for a unit length.
+ 34.118[hourg (29) As is expected the increase of the cylinder wall tempera-

ture leads to increase the total melt volume.
The variables shown in the Figs. 10 and 11 as well as inthe  Figs. 13-15 shows the effect of the Rayleigh number,
Figs. 13, 14 and 15 are expressed in dimensional form in Stefan number and the cylinder wall temperature on the
order to facilitate the use of the results. total melt volume. As can be seen the increase of Rayleigh
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4400.0 . | ! | !

* Present model
---------- Fitted curve - Eq. (22)

4000.0 —

3600.0 —| S =

Total melt volume (cm3)

3200.0 —

2800.0 . I .

32.0 34.0 36.0 38.0
Cylinder surface temperature (°C)

40.0

Fig. 15. Total melt volume in terms of the surface temperature of the
cylinder.

number leads to increasing the total melt volume rate until
about Ra = 24 000. After which the rate of melt volume

seems to reach almost steady conditions as explained before.
Similar effects are found for the increase of Stefan number

K.A.R. Ismail, M. das Gragas E. da Slva / International Journal of Thermal Sciences 42 (2003) 1145-1152

respective correlations of the effects of Rayleigh number,
Stefan number and the cylinder wall temperature on the time

for complete phase change and the total melt volume are
presented and discussed.
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