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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.
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INTRODUCTION

THE UTILIZATION of solar energy for dynamic power
generation is a matter of growing interest due to the
space applications perspectives [1, 2]. 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. 1. 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.

FIG. 1. Thermal storage module (TSM).

The numerical description 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 [7-11] 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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specific heat capacity
inner diameter of the TSM
nondimensional storage density, as defined
in equation (9)
convective heat transfer coefficient
enthalpy per unit volume
* nondimensional enthalpy,
H* = (H—pses Ty)/(pLA)
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/ky
Pe  Peclet number, Pe = Re Pr
Pr  Prandtl number, defined as ¢ pt/k¢
0* Tul{Te—Tyw
inner and outer radius of the TSM,
respectively
rw radius at the wall PCM interface
Re  Reynolds number, defined as D ppv/u
St Stefan number, defined as ¢, (To— Ty)/4
t time
tc  duration of a full sunlight-eclipse cycle
duration of the eclipse phase in a cycle
tsun duration of the sunlight phase in a cycle
T, initial temperature of the TSM
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NOMENCLATURE

Ty melting temperature of the PCM

T temperature [K}

T* nondimensional temperature,
(T—Tw/(Te—Tw)

v fluid velocity

axial and radial coordinates,

respectively.

Greek symbols
% thermal diffusivity
A latent heat of the PCM
u  fluid viscosity
¢,n  nondimensional coordinates, x/D, r/D,
respectively
p  density
nondimensional time, (pg ¢p/p, ¢1)
oo (Te~Tw)/A] (v/D) ¢
1 nondimensional cycle period, (py ¢x/pL ¢)
[eL (Te—Tw)/ 2] (v/D) tc

]

X ksik,.
Subscripts
F flud

L liquid phase of the PCM
MIN minimum value
MAX maximum value

T inlet fluid temperature (charge phase) P PCM
Tr inlet fluid temperature (removal phase) S solid phase of the PCM
Tour fluid temperature at the outlet of the W walls.
TSM
THE MATHEMATICAL MODEL Fluid
The numerica? calculatiogs have been conducted 0H, oT,  4h ‘ 2T,
under the following assumptions: 5 + pr CFUE; =5 [Twlr=r)—Tel+ks P
e the heat transfer fluid is incompressible and vis- )
cous heating is neglected ;
o the fluid flow is radially uniform, and the axial Walls

velocity is an independent parameter ;

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

# no thermal losses through the outer walls;

e heat diffusion inside the TSM is axisymmetric;

» cqual duration of the sunlight and the eclipse
phase, fsun = fec = 1¢/2;

e no natural convection inside the liquid PCM
(microgravity conditions) ; and

e convective terms due to contractions and expan-
sions of the PCM in the phase change are neglected.

The energy equations governing the heat transfer
inside the storage module, written for the fluid, the
pipe walls and the PCM are

,1é 2T, é éT,
- —--;(kwr «W)‘f‘:“(kw—rvy') 2
ot rér or ox Ox

PCM

6Hy 1 ¢ Te J 0T,
o T (’“’”W)* ax (;‘PE - @

H in equations (1)—(3) indicates the enthalpy per unit
volume and is related to the temperature via

T=AH+B CY

where



Analysis of a latent heat TSM

Fluid
1
=———; B=0
(pr cr)
Walls
1
(pwcw)
PCM
—ml B=0 (Hp< Tw)
= ; = faf
(ps ¢5) P< Pslsim

(HP"APS ¢s Tm) < 1)
pLA

1 A
Ad=—: B= TM(I—— "Scs)——
{prc) Ll Cy,

<HP“‘PS cs Tu > 1>.
pLA

The initial and boundary conditions for equations

(1)—(3) are specified by

A=0; B=Ty <0<

initial conditions

T=T0 Osréro; OSX<L
boundary conditions

T=Tc(storage) x=0; 0<r<n

T=Tg{removal) x=0; 0<r<n

or

=0 x=0; n<r<ro

T

5;=0 x=L; 0<r<r

oT,

h(Tw‘TF)zkwEvl 0<x<L; r=r

0Ty 0T

M=k 0<x<L; r=
kwé‘r kpar()erfw

o7,

arp=0 0<x<L; r=ro

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

_ . N . __ PrCe oL (Tc—Tw) v
W—r/Ds ‘f'—x/Ds t_chL }‘ D

T* = (T—-TWw/{(Tc—~Tw);

H* = (H—pscs Tu)/(p 4)
St=c. (Te=Tw/A; Q% = Tu/(Tc—Tw)
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_prce e (Tc—Tw) v

X = kpfky; ‘Cc—chL 7 ple

The dimensionless energy equations can be written as
follows

Fluid
oHE OTE , Nu . . 1 &Tt
e T o T e TV IO Repy aEr

(5

Walls

oHY ke 1 [8T% 16 Th\
Fra RePr( o= taa ) ©
PCM
oH* ko 1 (8 oTt 16 0T
3t ke RePr\EX 3 Tqom* "oy )

The initial and boundary conditions are specified as
follows

initial conditions
T*=T¢ 0<y<ro/D; 0KESLID
boundary conditions

T* =1 (storage) £{=0; 0<n<0S5

T*=T% (removal) ¢=0; 0<y<05
.‘%j:o E=0; 05<n<ry/D
%ngo E=L/D; 0<y<ro/D

N%’;_‘:a—;:;‘*‘i:(m—rg) 0<ESL/D; n=05
a—a?ﬂ’,%(%‘i)a; 0<E<LID: n=ru/D
%ﬁzo 0<E<LD; n=ry/D.

The nondimensional enthalpy is related to the tem-
perature via
T* = A* H* 4+ B* ®)

where

Fluid

A*=L(ef_fﬁ)"; B,.zg*[,es_fg(w)“',l]
Stip e Pl \PLCL

Walls
v L{owewY"
St\pLey ’
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B* = Q*[Ps s (Pwﬁv)‘ ' _ 1]
PLiu \ Py

1 (psesY!
A* —(ﬂ%ﬁ) . B*=0 (H*<0)

PCM

~St\pe
A*=0;

i
A¥ = —;
St

B*=0 (0<H*<1)

1
¥ _ *
B S (H*>1).
It can be observed that the temperature field in the
TSM depends on
Pw Cw

PsCs  PrCy

7. e, St OF, , , , Nu,
P Pt P
k k
Pe, 7+, -,
kg kg
Tg, T§~ rO/D’ rW/Dv L!;D

Equations (5)-(7) have been approximated with the
control-volume finite-difference approach suggested
by Patankar [12, 13]. 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

IRGSTES

15 +

Fi. 2. Melting front positions at different times. Curve (a)

vt/D = 150 curve (b) vt/D = 400; curve (¢) vi/D = 1000.

Lines: ascalculated by Cao and Faghri [5] ; asterisks: present

study. The set of nondimensional parameters that charac-
terizes the solution is specified in Table 1.
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Table 1. Values of the dimen-
sionless parameters that charac-
terize the solution shown in Fig. 2

Re 2200
Pr 0.0063
oL (Tin— T4 0.5
(To—TwH{Tiw—Tw) 0.1
cgfey i
kstky 1
L 0.02
U/ e 0.11
kplkw 1.42
ki kw 0.124
ro/D 1.325
rw/D 0.575
LiD 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 LiF-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 [15] 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

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

Figure 3 shows, vs ro/D, the maximum and minimum
values of T3, in a full charge-removal process. The

Table 2. Thermophysical properties
of the PCM

Twm 1008 K

A 550000 J kg !
oL 2300 kgm~?

Ps 2630 kgm™?

o, 1990Tkg'K-!
s 2510T kg TK !
kp 35Wm 'K™!
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Table 3. Values of the dimensionless
parameters utilized in the present

paper
St 0.579
o* 6.30
PsCs 1.44
PLCL
Pr C
prLCL 0.213
Pw Cw
pLCL 0.785
Pe 7.56
kw/ky 0.740
ki jke 5.86x 1072
x 1
Ty 0
T} -1
rw/D 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¥,r stability is attained for
ro/D > 1.6—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 T3y
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 7. It is worth observing that - embodies

*

TOUT
1
05 F b
O -
05 F a
100 16 18 2 22 24
r, /D

FiG. 3. Fluid temperature at the outlet of the TSM vs ry/D.

L/D = 40; 1 = 800. 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.
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TOUT
1
05 | b
0 -
os 7
“Lag 30 0 50 60
L/D

FiG. 4. Fluid temperature at the outlet of the TSM vs L/D.

1c = 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

H

F=a

®

where H represents the enthalpy stored in the PCM

H= J; (H—pscs Ty)dxdydz. (10)

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 Fyn < 0 and/or Fyax > 1

*

TOUT
1
05 b
0 -
05k a
1o 500 1000 1500 2000
TC

FiG. 5. Fluid temperature at the outlet of the TSM vs 1¢;

ro/D =1.5; L/D =40. Curves (a) and (b) represent the

minimum and the maximum values, respectively, in a steady

cycle. The other nondimensional parameters that charac-
terize the solution are specified in Table 3.
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F

2

15 F

1 F b
05 |

O —

B a

05 + /,__——r

—_—

12 14 16 18 2 22 24

r, /D
FiG. 6. F values vs ro/D. Fis defined by equation (9). Curves
(a) and (b) represent the minimum and maximum values,
respectively in a steady cycle. L/D = 40; 7 = 800. The other
nondimensional parameters that characterize the solution
are specified in Table 3.

subcooling and/or overheating occurs and T8 runs
away.

On the other side, it can result in Fy,n > 0 and/or
Fyax < 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 Fin a steady cycle vs ro/D. As expected, the excur-
sions of F decrease as ro/D increases. The curves
indicate that heavy sensible heat operation occurs at
ro/D < 1.5; furthermore, the graph shows that for
ro/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
1 > 0.8; at lower values of 1., however, only a small
fraction of the PCM is involved in the phase change.

o]

1.5

T T

0.5

-0.5

|

1o 30 40 50 60

L/D

FiG. 7. F values vs L/D. F is defined by equation (9). Curves

(a) and (b) represent the minimum and maximum values.

respectively, in a steady cycle. ro/D = 1.5; 7c = 800. The

other nondimensional parameters that characterize the solu-
tion are specified in Table 3.
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F
2
15 - b
1 L
0s L
oL
05 - Xa
1o 500 1000 1500 2000
T

.

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. ro/D =1.5; L/D = 40. The other nondimensional

parameters that characterize the solution are specified in
Table 3.

CONCLUSIONS

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 resulits indicate some useful
criteria for a convenient compromise in this respect.
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