
Inc. 1. Hrut Mass Tran$er. Vol. 36, No. 15. pp. 3X51-3857, iYY3 
Printed sn Great Britain 

~i7-93l0/Y3$4.00+0.~ 

f?; 1993 Pergamon Press Ltd 

Transient be~aviour analysis of a latent heat 
thermal storage module 

C. BELLECCI 
Dipartimento di Fisica, Universita’ della Calabria, 87030 Rende, Italy 

and 

M. CONTI 
Dipartimento di Matematica e Fisica, Universita’ di Camerino, 62032 Camerino, Italy 

(Received 7 December 1992) 

Abstract-The transient behaviour of a latent heat thermal storage module has been simulated numerically 
by the enthalpy method in a two-dimensional approximation. Standard experimental correlations were 
utilized to model the forced convective heat charge and extraction. A parametric study on the performances 

of the storage module has been conducted : the results are presented and discussed. 

INTRODUCTION 

THE UTILIZATION of solar energy for dynamic power 
generation is a matter of growing interest due to the 
space applications perspectives [l, 21. For this 
purpose, some provision of thermal storage becomes 
quite necessary in order to bridge the eclipse phases. 
Latent heat thermal storage in a solid-liquid phase 
change has been proved an interesting method on 
account of the high storage density and the isothermal 
nature of the storage and recovery processes [3,4]. 

A latent heat thermal storage module (TSM) is 
shown in Fig. I. A tube is surrounded by an external 
coaxial cylinder ; the annular gap is filled with a phase 
change material (PCM). A fluid flows through the 
inner tube and exchanges heat along the way. During 
the active phase the PCM melts ; the heat conveyed 
by the hot fluid is partly stored in the phase transition 
of the PCM and is partly supplied to the heat engine. 
During the eclipse, the PCM solidifies and the stored 
latent heat is delivered to the cold fluid. 
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FIG. 1. Thermal storage module (TSM). 

The numerical deception of the TSM per- 
formances cannot be reduced to a simple solution of 
the Fourier equation, because inside the PCM the 
melting front moves continuously with time and its 
position is a priori unknown. 

A similar problem was modelled by Cao and Faghri 
[5]. They attempted to optimize the geometry of the 
TSM by examining the energy storage process alone. 
In practice, however, these systems are operated in a 
cyclic manner, a single cycle consisting of a storage 
process followed by a removal process. Failure to 
account correctly for this aspect can lead to a sig- 
nificant error for the evaluation of the system per- 
formances. In their numerical study, the fluid flow 
and the heat diffusion inside the PCM were solved 
simultaneously as a conjugate problem. However, it 
has been shown [6] that in normal operative con- 
ditions the forced convective heat transfer in the inner 
tube can be accurately described through standard 
experimental correlations. This allows us to treat the 
fluid velocity as an independent variable and to drop 
the continuity and momentum equations : a dramatic 
simplification of the problem is then achieved. 

In this paper, the transient behaviour of the TSM 
shown in Fig. 1 has been simulated in a multiple cycle 
operation, until steady reproducibility is attained. The 
duration of the sunlight and the eclipse phases is rep- 
resentative for low earth orbit space applications. The 
forced convection in the inner tube has been treated 
through an experimental correlation. The standard 
enthalpy method [7-l l] has been utilized to describe 
the heat diffusion inside the PCM. The resulting equa- 
tions have been solved numerically by the finite- 
difference method. The model has been utilized to 
show the influence of some design parameters on the 
performances of the TSM. 
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L 
specific heat capacity 
inner diameter of the TSM 

F nondimensional storage density, as defined 
in equation (9) 

h convective heat transfer coefhcient 
H enthalpy per unit volume 

H* nondimensional enthalpy, 

H* = (H-p, cs ~‘-J/(PI. i) 
cf enthalpy stored in the PCM, as defined in 

equation (10) 
k thermal conductivity 

L length of the TSM 
M PCM mass 
Nu Nusselt number, defined as D h/k, 
Pe Peclet number, Pe = Re Pr 

Pr Prandtl number. defined as cr. p/k, 

Q* TdTc - TM) 
r,, r. inner and outer radius of the TSM, 

respectively 

rw radius at the wall PCM interface 
Re Reynolds number, defined as D pF z’/p 
St Stefan number, defined as c,_ (T,-- TM)//l 

t time 

tc duration of a full sun~~ght~clipse cycle 
t,,, duration of the eclipse phase in a cycle 
tsllN duration of the sunlight phase in a cycle 

TO initial temperature of the TSM 
Tc inlet fluid temperature (charge phase) 

Til inlet fluid temperature (removal phase) 
Z’,rr, fluid temperature at the outlet of the 

TSM 

TM melting temperature of the PCM 
T temperature [K] 
T* nondimensional temperature, 

(r- 7’b,)l(Tc- r,,t 
L fluid velocity 
x, r axial and radial coordinates, 

respectively. 

Creek symbols 
cc thermal diffusivity 
1 latent heat of the PCM 

fit fluid viscosity 
t, q nondimensional coordinates, .Y/D, r/D, 

respectively 

P density 
r nondimensional time, (pr cF/pL cL) 

[CL t Tc - Td4 @iDI f 
zc. nondimensional cycle period, (pfi c,/p, cL) 

k,. (Tc - Tdl4 (4D) k 
x Mk, 

Subscripts 
F fiuid 
L liquid phase of the PCM 
MIN minimum value 
MAX maximum value 
P PCM 
S solid phase of the PCM 
W walls. 

THE MATHEMATICAL MODEL Fluid 

The numerical calculations have been conducted 
under the following assumptions : 

l the heat transfer fluid is incompressible and vis- 
cous heating is neglected ; 
l the fluid flow is radially uniform, and the axial 

velocity is an independent parameter ; 
Walls 

a heat diffusion in the containment walls is con- 
sidered onty at the fluid-PCM interface, i.e. zero 
thickness of the outer walls is assumed ; 

o no thermal losses through the outer walls ; 
o heat diffusion inside the TSM is axisymmetric; 

PCM 

l equal duration of the sunlight and the eclipse 
phase, I,,, = tEcL = t,/2 ; 
l no natural convection inside the liquid PCM 

$=) ~~k~~~~+ ~~(k~~). (3) 

(microgravity conditions) ; and 
l convective terms due to contractions and expan- H in equations (l)-(3) indicates the enthalpy per unit 

sions of the PCM in the phase change are neglected. volume and is related to the temperature via 

The energy equations governing the heat transfer T=AH+B (4) 
inside the storage module, written for the fluid, the 
pipe walls and the PCM are where 
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Fluid 

1 
A==; B=O 

WallS 

1 _. A = (pwc,), B=O 

PCM 

The initial and boundary conditions for equations 
(l)-(3) are specified by 

initial conditions 

T=T, O,<r<r,; OGx<L 

boundary conditions 

T= T,(storage) x=0; O<r<rr, 

T= T,(removal) x=0; O<r<r, 

lZJT 
z=O X=0; r,<r<ro 

dT 
%=O x=L; OGr<ro 

h(Tw-r,:)=kw% O<X,<L; r = r, 

? 
$=o O<x<L; r = r,. 

The initial temperature T, of the TSM is assumed 
to be uniform and the PCM is in the solid phase. 
The working fluid enters into the TSM at a constant 
temperature during each phase. 

The problem can be conveniently reformulated in 
terms of the following nondimensional variables 

T* = (T- T,)/‘(T,- T,) ; 

H* = W- PS cs TNI)/(P,. 4 

St = cL (T, - T&/I ; Q* = T,/( Tc - TM> 

x = ,$,/k,‘ ; PFCF CI. Vc-T,f 0 
‘tc = - -----__I__ 

PL CL a 
s k 

The dimensionless energy equations can be written as 
follows 

Fluid 

Wails 

aH& kw 1 

az kF RePr (6) 

PCM 

aH* kL 1 a aT* 1 t? aT* --_=-- _~ 
dr kp RePr ~X~+{&X”~ ’ ! 

(7) 

The initial and boundary conditions are specified as 
follows 

irtitiai conditions 

T*=T,* O<q<rO/D; O,<<<L/D 

boundary conditions 

T*=l(storage) {=O; O<q<OS 

T* = Tg (removal) 5==0; OGqGO.5 

aT* 
z=O (=O; 0.5<q<rr,jD 

aT* 
a:=O c=L/D; OGq<rJD 

iYTp* 
c;iq=o O<<<L/D; q=r,,lD. 

The nondimensional enthalpy is related to the tem- 
perature via 

T* = A*H*+B* (8) 

where 

Fluid 

1 pF cp -’ A*=- ___ 
( > St PLCL 

; B* = Q*tp’!!(z)‘-1] 

Waifs 

A*=i PWGV -’ (4 St PLCL ; 
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PCM 

A*=’ Es. 
-I 

( > St PI_ cl. 
B* =o (N* <O) 

’ 

A*=O; B*=O (~<a*<]) 

It can be observed that the temperature field in the 
TSM depends on 

T,*, ?‘,*, r&D, r,lD, LID. 

Equations (.5)-(7) have been approxjmated with the 
control-volume finite-difference approach suggested 
by Patankar [ 12, 131. The resulting algebraic equa- 
tions were solved by the tridiagonal matrix algorithm. 
Due to the intrinsic nonlinearity of the problem, some 
iterations were needed at each time step. Convergence 
was assumed when the values of all the variables were 
stabilized within 0.1%. 

The consistency of the computational scheme has 
been checked by performing an overall energy balance 
at each time step: energy is conserved within 0.01% 
of the total heat delivered to (or removed from) the 
PCM. 

NUMERICAL RESULTS 

The lack of experimental data makes it difficult to 
validate the present model. However, some sig- 
nificative results have been checked against the 
numerical solution by Cao and Faghri [5] for the 
charge phase alone. The comparison is shown in Fig. 
2 where the melting front position is shown at different 
times. The dimensionless parameters that characterize 
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FIG. 2. Melting front positions at different times. Curve (a) 
ar/D = 150; curve (b) ut/D = 400; curve (c) w/D = 1000. 
Lines : as calculated by Cao and Faghri [S] ; asterisks : present 
study. The set of nondimensional parameters that charac- 

terizes the solution is specified in Table 1. 

Table I. Values of the dimen- 
sionless parameters that charac- 
terize the solution shown in Fig. 2 

Rt? 2200 
Pr 0.0065 

(‘L (TIN - rt”l)ln 0.5 
(r,,-r,)/(T,N-TW) -0.1 

c&l_ 1 
ksjkL 1 
%i% 0.02 
c+/a, 0.11 
k,.L& 1.42 
kt.ikw 0.124 
r,lD 1.325 
rwiD 0.575 
L/D 12 

~_ -_~ 

the solution according to the choice of Cao and Faghri 
are specified in Table 1. The Nusselt number in equa- 
tion (5) has been obtained from the numerical results 
of Chen and Chiou for liquid metals in the thermal 
and velocity entry length region [14]. It can be 
observed from the figure that the agreement is quite 
satisfactory. It is worth noting that the very small 
L/D ratio that is utilized is quite unrealistic from a 
technical point of view; at higher values of L/D the 
entry length effects lose their importance and the 
present model should operate even better. 

The model has been utilized to show the influence 
of the geometrical features on the performances of the 
TSM in a multiple cycle operation. 

Moreover, a central point in this respect is the dur- 
ation of the eclipse phase, i.e. the timing of the charge- 
removal processes. This effect has been investigated 
too. Sodium has been chosen as the working fluid ; 
the PCM is an eutectic mixture of Lip-MgF,, char- 
acterized by a high heat of fusion and a melting tem- 
perature suited for power production applications. 
The thermophysical properties of the PCM are ref- 
erenced in [ 151 and summarized in Table 2. Table 3 
shows the values of the nondimensional parameters 
that have been utilized in this investigation. 

Two leading criteria underlie an efficient design of 
the storage module : 

(i) the oscillations of the fluid outlet temperature in 
the charge-removal cycles should be kept in a narrow 
range ; and 

(ii) high storage density is required, especially in 
space-based applications. 

Figure 3 shows, vs ro/D, the maximum and minimum 
values of TX,, in a full charge-removal process. The 

Table ‘2. ~e~ophysicai properties 
of the FCM 

TU 1008 K 
A 550000 J kg ’ 
PL 2300 kg m--’ 
Ps 2630 kg m-’ 
CL 1990 J kg-’ K-’ 
q 2510 J kg-’ K.-’ 
kp 3.5Wm-‘KS’ 
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Table 3. Values of the dimensionless 
parameters utilized in the present 

pavr 

St 

Q’ 

Ps cs 

PL CL 

PF CF 

PL CL 

PWCW 

PL CL 

Pe 

L/k, 

k,lk, 

X 

Td 

TR* 

rwlD 

0.519 

6.30 

1.44 

0.213 

0.785 

7.56 

0.740 

5.86 x IO-* 

1 

0 

-1 

0.575 

results refer to a steady operation, after the start- 
up effects have died out: this condition is generally 
attained within the first five cycles even at large ro/D. 

We can observe that increasing the external radius of 
the TSM results in high stability of the fluid outlet 
temperature ; the drawback is due to the increase of 
the storage mass. However, the figure shows that poor 
improvement in the T& stability is attained for 
ro/D > l&-this is a useful indication for a proper 
selection of the TSM radial size. Figure 4 shows the 
effect of different L/D: the T& stability increases 
with L/D. Here, too, the need to quench the T& 

oscillations contrasts with the requirement of low 
storage mass. 

The timing of the charge-removal process affects 
the TSM performances. Figure 5 shows the maximum 
and minimum values of T& vs the nondimensional 
cycle duration zc. It is worth observing that zc embodies 
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FIG. 3. Fluid temperature at the outlet of the TSM vs r,JD. FIG. 5. Fluid temperature at the outlet of the TSM vs r,; 
L/D = 40 ; tc = 800. Curves (a) and (b) represent the mini- ro/D = 1.5 ; L/D = 40. Curves (a) and (b) represent the 
mum and the maximum values, respectively, in a steady cycle. minimum and the maximum values, respectively, in a steady 
The other nondimensional parameters that characterize the cycle. The other nondimensional parameters that charac- 

solution are specified in Table 3. terize the solution are specified in Table 3. 

I 
-l20 30 40 50 f 

Lm 

FIG. 4. Fluid temperature at the outlet of the TSM vs L/D. 
~~ = 800 ; ro/D = 1.5. Curves (a) and (b) represent the mini- 
mum and the maximum values, respectively, in a steady cycle. 
The other nondimensional parameters that characterize the 

solution are specified in Table 3. 

the fluid flow-rate and its order of magnitude is the 
ratio of the heat discharged by the fluid in a cycle to 
the total heat of fusion of the PCM. As it can be 
expected, better T&, stability is attained when over- 
loading as well as exhaustion of the storage module is 
prevented, i.e. for low cycle duration. 

A better understanding of the problem can be 
achieved if we note that for an efficient operation of 
the thermal storage, heat must be stored as latent heat 
in the phase change ; overheating as well as subcooling 
of the PCM must be avoided. The problem can be 
conveniently stated in terms of a nondimensional stor- 
age density, defined as 

F=$ 
where R represents the enthalpy stored in the PCM 

B= (H-pscs TM) dxdydz. (10) 
KM 

F represents the ratio of the enthalpy stored in the 
PCM to the total heat of fusion of PCM utilized. 

If in a cycle it results F,,,,N < 0 and/or FMAX > 1 

* 
T’ OUT 

1 , 

“Z < 
-0.5 

1 

-101 zoo0 
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FIG. 6. Fvalues vs ro/D. F is defined by equation (9). Curves 
(a) and (b) represent the minimum and maximum values, 
respectively in a steady cycle. L/D = 40 ; tC = 800. The other 
nondimensional parameters that characterize the solution 

are specified in Table 3. 

FIG. 8. F values vs the nondimensional cycle period. F is 
defined by equation (9). Curves (a) and (b) represent the 
minimum and maximum values, respectively, in a steady 
cycle. r,/D = 1.5; L/D = 40. The other nondimensional 
parameters that characterize the solution are specified in 

Table 3. 

CONCLUSIONS 
subcooling and/or overheating occurs and T&r runs 

away. 
On the other side, it can result in FMIN > 0 and/or 

F MAX < 1 ; it means that only a fraction of the PCM 

is involved in the phase change. 
In a proper design of the thermal storage F should 

not deviate too much from the range between 0 and 1. 
Figure 6 shows the maximum and minimum values 

of F in a steady cycle vs r,/D. As expected, the excur- 
sions of F decrease as rO/D increases. The curves 

indicate that heavy sensible heat operation occurs at 
r,/D < 1.5 ; furthermore, the graph shows that for 
r,/D > 2, a considerable amount of the PCM is 

excluded from the phase change. 
The effect of the TSM length is shown in Fig. 7. At 

low L/D overheating and subcooling inside the PCM 
cannot be prevented. A proper selection of the L/D 

ratio should be in the range 45-55. 
Figure 8 illustrates the effect of the timing of the 

charge-removal processes. It can be observed that 
overloading and exhaustion of the TSM occurs at 
rc > 0.8 ; at lower values of zc, however, only a small 
fraction of the PCM is involved in the phase change. 

Solar dynamic power generation is attractive for 
space-based applications, and phase change thermal 
storage is an effective solution to ensure stability of 
the thermal power delivered as well as of the operating 
temperatures. A numerical model has been presented 
to simulate the cyclic behaviour of a latent heat ther- 
mal storage module. The phase change process has 
been treated by the enthalpy method ; the convective 

heat extraction has been conveniently described in 
terms of standard heat transfer correlations. 

Economy in the storage mass and size must be 
pursued, but this condition contrasts with the exi- 
gency of an adequate stability of the fluid outlet tem- 
perature. The numerical results indicate some useful 

criteria for a convenient compromise in this respect. 
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