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Abstract—The performance of a Solar Receiver Unit with a built-in thermal storage system is simulated

by the enthalpy method. It is shown that accurate resuits can be obtained with a simplified modelling of

the forced convective heat extraction. The results indicate some criteria to determine the optimal size of
the storage system.

INTRODUCTION

ErFICIENT thermal storage is a crucial point in the
solar dynamic power generation. Recently a new inter-
est developed in this field due to the space applications
perspectives [1, 2]. Latent heat thermal storage in the
melting and solidification of a Phase Change Material
(PCM) has been proved an effective method, due to
the high storage density [3]. Moreover in this case
heat is charged and extracted at a fixed temperature,
and the global efficiency of the conversion system can
be improved.

A Solar Receiver Unit (SRU) integrated with a
latent heat thermal storage facility is shown in Fig. 1.
A tube is surrounded by an external coaxial cylinder ;
the annular gap is filled with the PCM. The SRU
collects the solar radiation focused by a concentrator
on the outer cylinder ; a cold fluid enters into the inner
tube and absorbs heat along the way.
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Fi1G. 1. Solar Receiver Unit module (SRU).

During the active phase (sunlight) the PCM melts;
heat is partly supplied to the circulating fluid and is
partly stored in the phase change. During the eclipse
the PCM solidifies and the stored latent heat is
extracted by the fluid.

A numerical description of the SRU performances
requires the solution of a ‘moving boundary problem’
because the solid-liquid interface inside the PCM
moves continuously with time, and its position is a
priori unknown. Moreover, the boundary conditions
on the outer wall—pulsed heat flux plus radiative
losses—enhance the non-linear features of the
problem.

Cao and Faghri [4] modelled a similar problem in
which both the heat charge and recovery processes
were performed by the circulating fluid. The outer
wall of the system was assumed perfectly adiabatic.
The performances of the storage module were ana-
lysed for the charge phase alone.

In their numerical study the fluid flow in the inner
tube and the heat diffusion in the PCM were solved
simultaneously as a conjugate problem because—they
claim—significant errors could be introduced by the
utilization of steady fully developed heat transfer
correlations.

In this paper the transient behaviour of the SRU
shown in Fig. 1 is simulated in a multiple cycle oper-
ation, until steady reproducibility is attained. The dur-
ation of the sunlight and the eclipse phases is rep-
resentative for low earth orbit space applications. The
enthalpy method [5-8] is utilised to treat the heat
diffusion inside the SRU.

It will be shown that in normal operative conditions
accurate results can be obtained if the forced con-
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specific heat capacity
inner diameter of the SRU
nondimensional storage density, as
defined in equation (10)
solar radiation intensity on the SRU
outer walls
nondimensional variable, G+ D/(Ty * k.)
convective heat transfer coefficient
enthalpy per unit volume
*  nondimensional enthalpy,
(H—p, ¢, Tu)l(p. A)
enthalpy stored in the PCM, as defined
in equation (11)
k thermal conductivity
L length of the Solar Receiver Unit (SRU)
M PCM mass
m mass flow rate of the fluid flow
Nu  Nusselt number, D - hfkg
Pe Peclet number, Re- Pr
Pr Prandt] number, cg- pufky
0* nondimensional variable, 6+ D* T3 /k,
inner and outer radius of the SRU,
respectively
Iy radius at the wall PCM interface
Re Reynolds number, D« pr-v/u

mo°

Q

TR Q

T

S nondimensional variable, ¢, * Ty/A

t time

Ic duration of a full sunlight-eclipse cycle
tec.  duration of the eclipse phase in a cycle
tsyn  duration of the sunlight phase in a cycle

To  initial temperature of the SRU

NOMENCLATURE

T\n fluid temperature at the inlet of the SRU
Tour fluid temperature at the outlet of the SRU
Tv  melting temperature of the PCM

T temperature [K]

T* nondimensional temperature, T/T,

v fluid velocity

x, r axial and radial coordinates, respectively.

Greek symbols

o thermal diffusivity
€ emissivity of the SRU outer walls
0 nondimensional variable,

G tc/(pL" 4" D)
A latent heat of the PCM

u fluid viscosity

¢, n  nondimensional coordinates: x/D, r/D
respectively

P density

o Stefan—Boltzman constant

X nondimensional variable,
kslky.

Subscripts
P PCM

S solid phase of the PCM
L liquid phase of the PCM
F fluid

W walls

MIN minimum value

MAX maximum value.

vection is modelled through standard experimental
correlations. This allows the fluid velocity to be
treated as an independent variable and to drop the
continuity and momentum equations.

THE MATHEMATICAL MODEL

The heat propagation inside the SRU is governed
by the energy equations, written for the fluid, the
containment walls and the PCM :

Fluid
= %-[Tw(r = r,)—TF]+kF'% (1)
Walls

PCM
dH, 1 8(, 0T\, K o, 0Ty
Ty 5("?’7)%;("? E?)' 3)

H in equations (1)—(3) indicates the specific enthalpy,
i.e. the enthalpy per unit volume, and is related to the
temperature field via

T=A-H+B (G))
where :
Fluid
1
A= ; =0
Pr Cr
Walls
1
A= B=0
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PCM

1
A= ;
Ps*Cs

B=0(Hp <ps-cs-Ty)

A=0; B=TM<OSM<])
pL2

1
A= ;
pLC

B TM.<1_&>_1<MT_M> 1).
PL CL cL pL*

We make the following assumptions :

—the heat transfer fluid is incompressible and viscous
heating is neglected ;

—the fluid flow is radially uniform, and the axial
velocity is an independent parameter ;

—nheat diffusion in the containment walls is considered
only at the fluid~-PCM interface, i.e. zero thickness
of the outer walls is assumed ;

—the SRU is lighted with uniform and constant inten-
sity during the active phase;

—heat diffusion inside the SRU is axisymmetric;

—equal duration of the sunlight and the eclipse phase :
Isun = lgcL = Ic/2;

—no natural convection inside the liquid PCM (micro-
gravity conditions) ;

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

The initial and boundary conditions for equations
(1-3) are specified by :

Initial conditions
T=T, 0<r<ro; 0<x<L

Boundary conditions

T=Tn x=0; 0<r<n
oT
a=0 x=0; n<r<r
oT
a=~0 x=L; 0<r<rg
oT,
h-(Tw—TF)=kw-—5rﬂ 0<x<L; r=n
oT, oT,
Icw'a—rw=kp'a—rp 0<x<L; r=ry
oT,
ke 'a—: = G—og-¢° T} (sunlight)
0<x<L; r=ro
oT,
kp-a—rp=—a-s-Tg‘,(eclipse) 0<x<L; r=r,

The initial temperature T, of the SRU is assumed
uniform. The working fluid enters into the SRU at a
constant temperature T;y. No heat exchange is
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allowed through the walls normal to the SRU axis.
Due to the space application only radiative losses are
assumed at the outer wall.

The problem can be conveniently restated in terms
of nondimensional variables. We define:

n=r/D; ¢=x/D; =G tf(p.*A-D)
T*=T/Ty: H*=(H—ps-cs' Tu)/(po" 3
S=c . Tu/l; G*=G D[(Ty k)

Q*=0e D Tifk; x=kelky
0 =G-t/(p.* A D).

In phase change problems the temperature scale is
generally chosen as (7} — T). However, our choice
results in an easier treatment of the radiative losses at_
the outer wall. The time scale is related to the time
required to melt the PCM if no heat extraction and
no radiative losses occur.

The nondimensional energy equations can be writ-
ten as follows:

Fluid
JH ¥ + E_Re'Pr.ﬁ
ot k, G* 0¢&

kg 4-N ke 1 9°T%
= (T = TH+ -
L

)

"k G* G* 98
Walls
OHY ky 1 (1 0 0T% O°TY
—ar—%zﬁ(a " e ) ©
PCM
oHY 1 (1.4

oTt 0 0T}
s —mr— ey — —ye—. 7
7t G* <r] FrL A M T ac) M
The initial and boundary conditions are specified
as follows:
Initial conditions

T*=T§ 0<n<ro/D; 0<EXLID

Boundary conditions

oT*
Y_O E=0; 05<n<ry/D
oT*
=0 &E=L/D; 0<n<ro/D
o
k oT%
Nu 5 (T —T¥H =—0< ¢S L/D; n=05
kw on
oTE k. 0T¢
— =T g < > =
Pl 0<ESLID; n=ry/D
oTY G* Q* .
— =——=--T}* (sunlight)
m x x ®
0<Eé<LID; n=ro/D
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oTE * .
— = —-=T (eclipse
an x p- (eclipse)

0<EéEKL/ID; n=ro/D.

The nondimensional enthalpy is related to the tem-
perature via

T* = A*- H*+ B* 8)
where :
Fluid
e Lpie g pstes
S pe-ce Pr’Cr
Walls
g lpa . gy pses
S pwrew Pw ' Cw
PCM
1 pLec
* _ _. - B*=1(H*
A S ps_cS, ( P<O)
A*=0; B*=10<H¥{<)
A*=l' B*=1—1(H*>1)
S’ svr )

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

z Ps'Cs  Pw'Cw  Pr°Cr
’ PL’CL’ pLe’ PL'CL’
ke ky
P ) Ni L T S T 3 G*, T*s
i ko okt
r L r
_5)" 51 Ew: T?‘N7 Q*7 0

Equations (5)—(7) have been approximated by a fully
implicit difference scheme. The resulting algebraic
equations were solved by the successive over-
relaxations method. Due to the intrinsic non-linearity
of the problem, some iterations were needed at each
time step. The consistency of the computational
scheme has been checked by performing an overali
energy balance at each time step : energy is conserved
within 0.01% of the absorbed solar radiation.

NUMERICAL RESULTS

To the authors’ knowledge no experimental data
are available to validate the present model. However,
some significative results have been checked against
the numerical solution quoted from Cao and Faghri
for a hollow cylinder with adiabatic outer walls [4].
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FiG. 2. Melting front positions at different times. Curve a:
vt/D = 150; curve b: vt/D =400; curve c: vt/D = 1000.
Lines : as calculated by Cao and Faghri [4] ; asterisks : present
study. The set of nondimensional parameters that char-
acterizes the solution is specified in Table 1.

The comparison is shown in Fig. 2 where the position
of the melting front inside the PCM at different times
is represented. The set of nondimensional parameters
that characterizes the solution according to the choice
of Cao and Faghri is specified in Table 1. The Nusselt
number in equation (5) has been quoted from the
numerical results of Chen and Chiou for liquid metals
in the thermal and velocity entry length region [9].

It can be observed from the figure that the agree-
ment is quite satisfactory. It is worth noting that the
very small L/D ratio that is utilised can be considered
unrealistic from a technical point of view; at higher
values of L/D the entry length effects lose their import-
ance and the present model should operate even
better. The Nusselt number values were obtained for
steady state conditions, while the present problem is
an intrinsically transient one. However, two distinct
time scales can be recognised : the flight time of the
fluid inside the SRU is small if compared with the
transient time of the phase change process; that is
why the model does not suffer for the use of steady
state Nusselt number values.

The model has been utilised to show the influence
of the geometrical features on the performances of the
SRU in a multiple cycle operation. The effect of the
flow characteristics, i.e. of the Peclet number, is inves-
tigated too.

Lithium fluoride has been chosen as the PCM, due
to the high heat of fusion and a melting temperature

Table 1.
Re 2200
Pr 0.0065
e (Tin—Tw)/A 0.5
(To—TW)/(Tmn—Tw) 0.1
csfeL 1
kglky 1
aL/aF 0.02
Oy [0l 0.11
kefky 1.42
ky[kw 0.124
ro/D 1.325
rw/D 0.575
LD 12
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Table 2.
ps-csf(pL-cL) 1.24
pece/(pLecy) 5.53x 1074

pw cw/(pL ) 0.815
elke 3.55%x 107
kwlky 25.6
S 2.64
x 231
TS 1
T 0.847
rw/D 0.575
G* 0.206
o* 3.71 x 1072
2} 2.99

suited for power production applications. The work-
ing fluid (air) is operated at a pressure of 6 x 10° Pa.
In Table 2 the values of the nondimensional par-
ameters that have been utilised in this investigation
are shown.

In these conditions the Nusselt number is deter-
mined by the well-known Colburn equation [10]:

Nu = 0.023- Pro3- Re%%. 9

Two leading criteria underlie an efficient design of
the SRU:

(i) the oscillations of the fluid outlet temperature
Tout In a cycle, due to the alternating sunlight and
eclipse phases, should be kept in a narrow range;

(ii) economy in the storage mass and size must be
pursued, especially in space-based applications.

Figure 3 shows the oscillations of T at different
values of the Peclet number vs time. The curves indi-
cate that steady reproducibility is attained after few
cycles. Increasing the Peclet number results in higher
fluid mass flow rates; as a consequence T &, lowers
and all the SRU works on the average at lower tem-
peratures. Low slope ranges can be observed, due to
the quenching effect of the phase change process;
high slope ranges indicate, however, that overheating

*
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FiG. 3. Fluid temperature at the outlet of the SRU.
L/D =120; ro/D = 1.8; curve a: Pe =23000; curve b:
Pe =34500; curve c: Pe =41500; curve d: Pe = 50 500.
The other nondimensional parameters that characterize the
solution are specified in Table 2.
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Fi1G. 4. Fluid temperature at the outlet of the SRU vs ro/D;

curves a, b represent the minimum and the maximum values,

respectively, in a steady cycle. L/D = 120; Pe = 32000. The

other nondimensional parameters that characterize the solu-
tion are specified in Table 2.

and/or subcooling of the PCM occurs during the
cycle.

Figure 4 shows the maximum and minimum values
of T}, in a steady cycle vs rp/D. It should be men-
tioned that steady reproducibility is attained within
the first five cycles even at large ro/D, i.c. at a large
thermal inertia of the SRU. We can observe that low
ro/D values cannot ensure efficient damping of the
T%.r oscillations ; on the other side increasing ry/D
results in high storage mass. However, the figure
shows that poor improvement in the T§, stability is
attained for ro/D > 2: this is a useful indication for
a proper selection of the SRU external radius.

The effect of the Peclet number on the fluid outlet
temperature is shown in Fig. 5. The curves show that
the maximum stability of the outlet temperature is
attained, for the specified conditions, at Pe = 32 000.

Figure 6 shows the effect of different L/D. The
maximum 7%, stability is attained at L/D = 100.
T%,+ increases with L/D due to the augmented heat
transfer area ; saturation effects are not yet reached in
the range explored.

An efficient operation of the SRU requires a large

*
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FiG. 5. Fluid temperature at the outlet of the SRU vs the
Peclet number ; curves a, b represent the minimum and the
maximum values, respectively, in a steady cycle. L/D = 120,
ro/D = 1.8. The other nondimensional parameters that
characterize the solution are specified in Table 2.
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FiG. 6. Fluid temperature at the outlet of the SRU vs L/D;

curves a, b represent the minimum and the maximum values,

respectively, in a steady cycle. ro/D = 1.8; Pe = 32000. The

other nondimensional parameters that characterize the solu-
tion are specified in Table 2.

heat storage density ; moreover, heat should be stored
as latent heat in the phase change—overheating as
well as subcooling has to be avoided. The problem can
be conveniently stated in terms of a nondimensional
storage density, defined as

(10)

F H
T M-

where H represents the enthalpy stored in the PCM :

H=J (H—ps cs"Ty) dxdydz.  (11)
Veem

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

If in a cycle Fyn < 0 and/or Fyax > 1 subcooling
and/or overheating occurs and T runs away.

On the other side it can result Fy; > 0 and/or
Fuax < 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 0-1.

Figure 7 shows the maximum and minimum values
of Fin a steady cycle versus ro/D. As expected the
excursions of F decrease as ro/D increases. The curves

F
2
1_ /
0—

a
" A

0.5 1 1.5 2 2.5 3
1o /D

FiG. 7. F values vs ro/D. F is defined by equation (10).

Curves a,b represent the minimum and maximum values,

respectively, in a steady cycle, L/D = 120; Pe = 32000. The

other nondimensional parameters that characterize the solu-
tion are specified in Table 2.
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Pe -10%

FIG. 8. Fvalues vs the Peclet number. Fis defined by equation
(10). Curves a, b represent the minimum and maximum
values, respectively, in a steady cycle. ro/D=1.38;
L/D = 120. The other nondimensional parameters that
characterize the solution are specified in Table 2.

indicate that heavy sensible heat operation occurs at
ro/D < 1.6; furthermore the graph shows that for
ro/D > 2 a considerable amount of the PCM is
excluded from the phase change. Figure 8 shows the
effect of different Peclet numbers. At low Pe the SRU
works ‘warm’ and passes to a ‘cold’ operation at high
Pe values. A proper selection of the Peclet number
should be in the range 28 00034 000.

The effect of the SRU length is shown in Fig. 9.
At low L/D subcooling inside the PCM cannot be
prevented. The curves show a saturating behaviour at
large L/D, where the increase of the storage mass does
not compensate that of the stored heat.

CONCLUSIONS

Space based solar power generation is a matter of
growing interest, and latent heat thermal storage is an
effective solution to ensure stability of the thermal
power delivered as well as of the operating tem-
peratures.

A numerical model has been presented to simulate
the cyclic behaviour of a Solar Receiver Unit with
latent heat thermal storage. The phase change process
has been treated by the enthalpy method ; it has been

1_-' /'
/

I~ a

-1 ! L
0 50 100

150 200
L/D
FiG. 9. F values vs L/D. F is defined by equation (10).
Curves a, b represent the minimum and maximum values,
respectively, in a steady cycle. ro/D = 1.8; Pe = 32000. The
other nondimensional parameters that characterize the solu-
tion are specified in Table 2.



Transient behaviour analysis of a solar receiver/storage module 2163

shown that the convective heat extraction can be con-
veniently described in terms of standard heat transfer
correlations. The numerical results indicate some use-
ful criteria for a proper design of the system.
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