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Abstract: In this work, a comprehensive numerical study on a latent heat storage system is
presented. The adopted storage system consists of a tank with a fixed bed of phase-change
materials (PCMs). A numerical model simulating the dynamic and thermal behaviour of this
system during the discharge period has been developed and validated using experimental data
from the literature. During the discharge mode, when the inlet heat transfer fluid (HTF) is
maintained at a temperature near the melting temperature of the PCM, a quasi-
stabilization of the outlet HTF temperature is observed. The duration of the discharged
energy is increased when the flowrate of the fluid is decreased. A detailed study was also
carried out to better understand the behaviour of latent storage system using multiple PCMs.
The obtained results for a multi-PCM configurations reveal that the latent energy released
during the discharge period depends on the placement order of the PCMs inside the tank, the
flow rate of the HTF and the level temperature of the HTF at the inlet to the tank. This
numerical study could a be a key solution in industrial cold applications such as air

conditioning and thermal comfort, the medical and food sectors.
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Nomenclature

A
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T «

HTF
Lr
Pr

Ra
Re

Ty
Trcm

Ts

superficial capsule area [m™]

specific heat capacity [J.K™.kg™]

diameter of capsules [m]
diameter of the tank [m]

liquid fraction

gravitational acceleration [m.s?]

tank height [m]

heat transfer fluid
heat latent [J.kg™]
Prandtl number

flow rate [m®.h™]
radius of capsules [m]
Rayleigh number
Reynolds number
time [s]

HTF temperature [°C]
PCM temperature [°C]

maximum value of Ts at the inlet

of the tank [°C]
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u velocity [m.s?]

U heat transfer coefficient [W.m?.K™]

X position along the direction of the
tank [m]

Greek symbols

B heating rate (°C.h™)

A thermal conductivity [W.m™*.K™]

p fluid density [kg.m™]

u dynamic viscosity [Pa.s]

€ porosity

Subscripts

eff  effective

f fluid

ini initial

I liquid state of PCM

m melting

pcm  phase change material

S solid state of

PCM
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1. Introduction

Energy storage represents a promising challenge in the energy transition, both in terms of
optimising the performances of energy resources and promoting access to them [1-2]. Indeed,
making possible to adjust the "production” and "consumption” of energy while limiting
losses [3]. Energy is stored when its availability is greater than needs, and can be recuperated
when demand is higher [4]. Given the intermittent or fluctuating production of certain types
of energy, such as renewable energies, this operation also makes it possible to meet a constant
demand [5]. The thermal energy storage systems are among the options that can address this
challenge [6-7]. For example, in France, the thermal storage provides important services to
the electrical system and increases the flexibility of the power grid. Many thermal storage
options are currently mature or under development and are used in the residential sector (i.e.
domestic hot water tanks), in district heating and cooling systems, to recuperate waste heat in
industry or to optimize the production of solar thermodynamic power plants [8]. With the
development of district heating and cooling systems, massive thermal storage could play an
increasing role [9]. Three approaches can be envisaged for thermal energy storage: sensible
heat storage, latent heat storage and thermochemical heat storage. Sensitive heat storage is the
most mature technology but it has lowest energy density, followed by latent storage and then

thermochemical storage [10].

Latent heat storage using Phase Change Materials (PCMs) is recognized as one of the most
attractive energy storage techniques, due to its high-energy storage density and capacity to
deliver constant temperature performance [11-13]. It can be used for electrical load
management in various applications by displacing electrical heating and cooling needs from
peak to off-peak times [14]. Among the most important applications of latent heat storage
systems are air conditioning and thermal comfort (4 to 20 °C) and the medical and food
sectors (-20 to 10 °C) [15-16]. Cold storage using PCMs permits to save a considerable
amount of energy and to increase the lifetime of the cooling units [8,17]. Different
technologies can be used to store cold in latent energy form [11]. Packed-bed heat storage
based on PCM is among the technologies that have been tested and used in recent years in the
medical and food industries for cold storage [17]. Such systems are generally cylindrical tanks
filled with spherical capsules of PCMs that allow the storage of large amounts of energy by
latent heat. These systems contain a fixed bed of spherical capsules of PCM, which is

traversed by a heat transfer fluid in order to carry out thermal charging or discharging by
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convective heat transfer [18-19]. Several models have been developed to simulate the
dynamic and thermal behaviour of heat storage systems [20-22]. There are two main groups
of numerical models: the homogeneous model and the heterogeneous model [23]. The first
one (homogeneous model) considers the PCM and the HTF as an equivalent homogeneous
medium with a unique local temperature. The second model takes into account the thermal
gradient between the PCM and the heat transfer fluid. In general, the use of the homogeneous
model is justified by the small size of the spherical capsules and the low flow velocity of the
HTF [24-25].

There are three types of heterogeneous model: the Schumann model [26], the concentric
diffusion model [27], and the continuous solid phase model [28]. The Schumann model is
one-dimensional and takes into account the heat transfer between the HTF and the PCM [26].
However, this model has its limits since it does not take into consideration the axial heat
conduction within the fluid and the PCM, as well as radial diffusion within the spherical PCM
capsule [29]. The concentric diffusion model is a heterogeneous two-phase model, which has
the specificity of accounting for thermal conduction within the PCM and the heat transfer
between the HTF and the spherical PCM capsule [30-31]. This model considers the bed of
capsules as an isotropic porous medium and divides it into several layers in the axial
direction. All the spherical capsules in the same layer are assumed to behave in the same
manner and each layer can be modelled and discretized using a single spherical capsule [32-
33]. The continuous solid phase model considers the latent storage system as a continuous
medium and not as a medium composed of independent PCM capsules. However, conduction
in axial (one-dimensional model) and/or radial (two-dimensional model) directions within the
PCM medium can be considered [34]. There are two coupled expressions in the system of

energy conservation equations, one for the PCM and one for the HTF [35-36].

To the best of our knowledge, few numerical studies have been published on positive latent
cold storage utilizing PCM having a melting temperature between 0 and 4°C. This work aims
to present a mathematical model to describe the performance of a cold energy storage tank
using PCMs confined in spherical capsules. The PCMs studied range in phase change
temperatures from 0°C to 4°C and the solution of monoethylene glycol is used as heat transfer
fluid (HTF).

A detailed study was also carried out to better understand the behaviour of latent storage using
multiple PCMs. In this paper, a heat source method [37], which is different from the models

discussed above, is used as the physical model to describe the phase change process inside the
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capsules. This method has the particularity of taking into account the thermal conduction

during the melting process of PCM as well as the natural convection in the liquid phase of the

PCM via an effective thermal conductivity.

2. Physical model

In the industry, most of the cold storage tanks are installed in vertical position (see Fig.1),

where the HTF circulates from the bottom to the top during the charge period and from the

top to the bottom during the discharge period. This mode of storage allows a good

stratification of the flow during charging and discharging phases.

Fig.1: Cold storage systems [38]

The principal hypotheses used to describe the flow and heat transfer involving phase change

in the tank are as follows:

The packed bed is vertical and well insulated.
To ensure a good stratification in the tank, the flow is carried out from the top to the

bottom during discharge period.
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e The flow in the tank is unidirectional and the phase change in the capsules is
considered concentric according to the radius of the capsule.
e All capsules have the same diameter (d).

e Ineach control volume, all capsules are assumed to have the same thermal behaviour.

Under these assumptions, the energy conservation equations in each control volume (see

Fig.2) can be written as:

> For HTF:
oT aT, (x.t T, (xt d
pfcfggfﬂofcfuf fa(x ) = A, faxz )+UfAf (Tpcm(r :E)_Tf (X,t)) (1)

where, T, is the HTF temperature, C; is the specific heat capacity of the HTF, pis its

density and ¢ is the porosity of the packed bed.
» For PCM:
oT .. (r,t ol ., (1t ,
(pC) pcm( ):izg r2ﬂ‘pcm : ( ) o |0cm|—Faf (r t)
pem ot r<or or ot
)

where, L is the heat of latent melting, f is the liquid fraction and (,OC)pcm and chm

can be calculated by the following expressions :
|
(P€) yon = Poom| (1= T ) Ciom + T Clr | 3)

ﬂ“pcm = (1_ f )ﬂ“;cm + f ﬂ‘;ﬁ,pcm (4)

The correlation proposed by Lacroix [39] is adopted to determine the effective thermal
conductivity /L!ﬁlpcmof the PCM at the liquid state by considering the effects of natural

convection during melting process :

Al —aRa’.A

eff , pcm pcm

()
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where, a and b are constants and equal to 0.05 and 0.5, respectively. The Rayleigh number Ra
is computed using the following expression:

| 3 I |
Ra=(/ 9(pC)., [T, ~T,|/ (thonApen))
©)
where, g is the gravitational acceleration, /3 is the PCM thermal expansion coefficient, y:ocm

is the dynamic viscosity of the liquid PCM and T, is the melting temperature of the PCM.

The heat transfer coefficient U can be determined by using the correlation proposed by Beek

[40]:

ﬂ“f 1/3 1/3 0.8 0.8
U, =F[3'22 Re”* Pr’®+0.117 Re"® Pr®® |
(6)
The superficial capsule area per unit tank volume can be calculated by using the following
expression:

6(l-—¢
5 _802)

d

()
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Fig.2: Discretisation of a PCM capsule and the tank

The initial and boundary conditions are chosen as follows:

> For heat transfer fluid:

oT; (L,t)
T (O =Tyi T O =At+T,; ————=0
X
(8)
> For PCM:
_ oT (O,t) _ ancm d
Tpcm(r’o):Tini’ T:O’ _ﬂ’pcm ar :Uf (Tpcm _Tf ) at r:E (9)

A fully implicit finite volume method was used to solve the energy equations system. The
first-order upwind scheme was applied to address convective terms, and diffusion terms are
discretized using the second order of the central differential scheme. Therefore, the resulting

expression of the system of energy equations is given as follows:

> HTF

0 0
A plip=awTiw+ta el e +a5 5155 +b; (10)
With :

A p =85y T8 ¢ +UAAX

(11)
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> PCM

0 0
a‘pcm, PTpcm,P = a"pcm,WTpcm,W + a‘pcm,ETpcm,E + apcm,PTpcm,P + bpcm (13)

With :

_ A0
apcm,P - apcm,P + apcm,W + apcm,E

(14)
a0 _ C r|52 B r-v\i . _ r-V\iﬂ“pcm,w - a _ r-EZ/’chm,E
pcm ppcm pcm 3At 1 YpemW T Ar ! Ypem,E T Ar (15)
33
bPCm = ppcm LF (ﬁ}( fP (t) - fP (t + At))

(16)

where E and W represents the East and West of each control volume. Iz and K, refer to the

local radius of the P control volume faces. In this paper, Egs. 10 and 13 were solved
iteratively by using a Tridiagonal Matrix Algorithm (TDMA) method [41]. The computation
procedure was carried out using Fortan 90. The specified iteration in each time interval was
considered convergent when the maximum relative residual of T and Tpen Was less than 107,
During this iterative process, the liquid fraction was updated, at each iteration, using

Swaminathan and Voller method [42]:
k

a cm
fo (1) = o () + =7 LP (Toemp =T ) (17)

pem,P ~ 'm
pcm —F

where, index k refer to the newest iteration loop. The liquid fraction is corrected at each

control volume using the following test

0 if fi <0
1 if fit>1

k+1
fo' =

(18)

3. Physical model validation
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The different PCMs considered in the present study are labelled PCMi where i corresponds to
the value of their melting temperature. Two studies were selected from the literature to
validate our physical model. The first one [43] consists in studying the discharge phase
(melting process) in a cylindrical tank filled with spherical capsules containing ice as a PCM.
The second one [36] consists in studying the melting process in a system containing three
PCMs confined in spherical capsules and placed successively in a cylindrical tank.

3.1 Melting process in a cylindrical tank filler with spherical capsules containing ice

In this study [43], the flow rate of the HTF varies between 1m*.h™ and 2.3 m®.h™ and the
maximum temperature of the HTF at the inlet of the tank ranges between 4°C and 10°C. The
storage tank, which was studied by Bedecarrats et al. [43-44] and Kousksou et al. [45-46]
contains approximately 2500 spherical capsules containing water as PCM and with a diameter
of d = 77 mm. The useful height of the tank is H = 1.42 m and its internal diameter is
D = 0.94 m. The tank is insulated with polyurethane foam and it is initially at temperature T,
lower than the melting temperature of ice (in our case T, = -6°C). During the discharging
phase (melting process), the temperature of the heat transfer fluid (solution of monoethylene
glycol) at the inlet of the tank increases continuously until it reaches a maximum value called
the final inlet temperature Ts (in our case +6°C) and remains at this temperature until the end
of discharge mode. The heat transfer fluid flows from the top to the bottom of the tank. We
assumed that the instant at which the temperature at the exit of the stock reaches that of the

inlet corresponds to the end of the discharge process.

Fig.3 illustrates the temperature evolution of the HTF at the outlet of the tank for three flow
rates. The same temperature was imposed at the inlet of the tank for those three flow rates. On
the same figure, we presented the experimental temperatures of the HTF at the outlet of the
tank, which are obtained by Bedecarrats et al. [43-44]. It is clear that the duration of the
discharge decreases by increasing the flow rate. This may be explained by the fact that the
increase in flow rate leads to an increase in heat transfer between the heat transfer fluid and
the capsules. Also, we can observe that the numerical results are in good agreement with the
experimental data. The slight difference between the numerical and experimental results can

be explained by the following points:

e According to experimental observations [43], the melting process begins uniformly on
the inner surface of the capsule shell. In the case of water, as soon as the amount of

liquid is sufficient, the gravitational forces due to the difference density between the
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solid and liquid phases push the ice up against the top wall of the capsule. This process
can accelerate the melting inside the capsule. In our model, this phenomenon has been
neglected.

e In our model, heat exchanges between the tank and the ambient air are neglected.
These heat exchanges with the ambient air may slightly heat up the HTF and impact

the melting process inside the capsules.

- =0O=— = Experiment[43]
— Simulation

Temperature (C)
o

TTTITTTIYTTIY]’T'ITT'ITT]

PCM = Water

.8 EEEE IEENSE INEEE NSNS ENEEE INENE SEEEE NN SNEE |

0 2 4 6 8 10 12 14 16 18
Time (Hours)
Fig.3: Variation in HTF temperature versus time at the outlet of the tank for different flow

rates

3.2 Melting process in a cylindrical tank filled with three PCMs

In this work [36], a packed bed heat storage system (diameter = 0.36 m and height = 0.46 m)
containing spherical capsules (diameter = 55 mm) confining three types of PCMs was
numerically studied. The apparent heat capacity method is used by the authors [36] to
describe the melting process inside the PCM. The capsules are placed in series according to
the melting temperature of the PCM (see Table 1 and Fig.4). Water is used as a HTF and

heated in the solar collector. The flow rate is 2 L/min and the initial temperature of the HTF
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and PCMs is 26°C. The inlet water temperature of the tank has been determined using the
same methodology reported by Yang et al. [36].

Fig.4 presents the temperature evolution of the HTF and the PCM at various positions inside
the tank. A good agreement was found between our numerical HTF temperatures and those
obtained by Yang et al. [36]. However, a difference between the two results was observed for
PCM temperatures especially during the three stages indicating the phase change process.
This discrepancy can be explained by the fact that Yang et al. [36] used the apparent heat
capacity method to investigate the melting in PCMs while in our model we employed the heat
source method. It is interesting to recall that with the apparent heat capacity method, the phase
change is supposed to be performed over a temperature range while with the heat source
method the fusion is carried out at constant temperature (i.e.the melting temperature).

|

Spherical 8
capsules  ~_|

PCM60

— H/3

PCM50

_ 2H/3

PCM42

e H

v

Fig.4: Schematic diagram of the tank with multi PCMs

Table 1: Properties of the PCMs considered [36]

PCM60 PCM50 PCM42
Density (kg.m™)
Solid 861 848 844
Liquid 778 767 760
Latent heat (kJ.kg™) 209 200 168




Melting temperature (°C) 60 50 42
Specific heat capacity (J.kg™.K™)
Solid 1850 1650 2052
Liquid 2384 1863 2411
Thermal conductivity (W.m™.K™)
Solid 0.4 0.4 0.4
Liquid 0.15 0.15 0.15
244
80 - 80
" Result[36]), H/3 s . Result [36], H3
» Result[36], 2H/3 i 4 Result [36], 2H/3
! Result [36], 3H/3 i e Result[36],3H73
0 _.._f_..- o:::n[\ullalion, Hi3 Y ,7."‘—.”‘3. NE ————— Our sim[?llz!ﬁon, H73
[ = = = = Oursimulation, 2H/3 v [ = = = = OQursimulation, 2H/3
- Our lation, 3H/3 ,{,?" o QOur simulation, 3H/3 ..‘b
p 60 > - < [ " e
ek » 60 [
g S - .-
3 » 7 -
E W g
g sof 4 g 50
£ Wl E |
e | 4 - [
1’: sk ; = 40 i
x | / e |
%
wfF & 30
' -
245 Time (hours) Time (Hours)
246 @ (b)
247 Fig.5: Variation in HTF temperature (a) and PCM temperature (b) versus time at various
248 positions inside the tank
249
250 4. Results and discussion

251  The list of the main properties of the PCMs studied in this section is presented in Table 2. In
252  the following of this work, the dimensions and characteristics of the tank studied by

253  Bedecarrats et al. [43-44] are used in the numerical simulations.

254 Table 2: Main properties of the PCMs considered [47]

PCMO PCM2 PCM4

Density (kg.m™)

Solid 917 888 880
Liquid 1000 7 760
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Latent heat (kJ kg™ 333 200 180

Melting temperature (°C) 0 2 4
Specific heat capacity (J.kg™.K™)

Solid 2040 1980 1990
Liquid 4220 2000 2005
Thermal conductivity (W.m™.K™)

Solid 2.25 0.2 0.2
Liquid 0.6 0.18 0.19

4.1 Single-type packed bed PCM storage tank

Fig.6 shows the numerical temperature of the HTF as a function of time between the inlet and

outlet of the tank. The flow rate q, of the HTF is equal to 1 m®.h™. It can be noticed that the

temperature of the HTF in the control volumes that are close to the inlet of the tank does not
display a significant plateau during the melting process inside the capsules. One can conclude
that the phase change within the capsules in these control volumes occurs relatively rapidly.
However, the temperature of the HTF in the control volumes close to the exit of the tank
shows a noticeable plateau while the phase change in the capsules is taking place. We can
note that the temperature of the HTF at the outlet of the tank over the early stages of the
discharge mode remains practically constant. This period corresponds to the time required
(i.e. residence time) for the HTF to reach the outlet of the tank. The analysis of this curve
indicates also that there is a stratification in the tank and the flow in the system corresponding

to a piston flow.
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Fig.6: Variation in heat transfer fluid temperature from inlet to outlet of the tank

Using the physical model, it is possible to determine the amount of PCM melted (i.e. the
liquid fraction) in the capsules during the discharge mode (See Fig.7). This parameter allows
us to easily detect the beginning of melting process in the capsules as well as the end of latent

storage in the tank. Therefore, we can determine the latent storage time in the tank.

1

0.9

Liquid fraction
o o o o
w @ | o]

.
Ix

0.3 q\,=1m3.h-1

0.2 PCM = Water

0.1

g ol NS RS AN RS NS FEEEE NS R
0 2 4 5] 8 10 12 14 16 18

Time (hours)
Fig.7: Liquid fraction of PCM versus time inside the tank

Fig.8 presents the temperature evolution of the HTF at the outlet of the tank as a function of

time and for different temperatures Ts. it is remarked that the time of discharge is reduced by
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increasing Ts. These results are evident, since the higher temperature level at the inlet of the
tank accelerates the phase change process inside the capsules and reduces the time required
for the PCM to melt in the tank.

12
Ts=10C
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/ Ts=8C

8
/ / Ts=6<C
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Fig.8: Variation in HTF temperature versus time at the outlet of the tank for different final

inlet temperatures Ts

Fig.9-a illustrates the effect of capsule diameter on the energy performance of the tank. The
reduction in the capsule diameter leads to an increase in the number of capsules and therefore
the exchange surface between the HTF and the PCM. The discharge time is reduced by
decreasing the diameter of the capsules. For the three diameters considered, the latent energy

of the PCM was fully recuperated.

It is clearly observed in Fig.9-b that an increase in tank size leads to an increase in d the
discharge time. It is also shown that the larger the size of the tank, the greater the plateau in
the outlet temperature of the storage tank. This plateau represents the solid-liquid phase

change process inside the capsules.
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Fig.9: Variation in HTF temperature versus time at the outlet of the tank for different

diameter of capsule (a) and for various volumes of the tank (b)

Two parrafins (PCM2 and PCM4) were selected to examine the influence of the melting
temperature on the thermal performances of the latent storage system (see Table 1). Fig.10
illustrates the effect of the phase change temperature on the discharge time. On this figure, the
evolution of the HTF temperature is presented as a function of time between the inlet and
outlet of the tank. One can see that the discharge time increases significantly as melting
temperature of the PCM approaches the temperature Ts. These results can be explained by the
fact that when the fusion temperature of the PCM is close to the maximum temperature
reached by the HTF temperature at the inlet of the tank, the rate of transfer between the fluid

and the capsules decreases which slows the process of melting inside the tank.
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Fig.10: Effect of melting temperature on the thermal performance of storage system
(@) Tm=2°C- (b) T, =4°C.

The principal objective of a thermal energy storage system is to ensure a good heat transfer
efficiency during discharging process with an acceptable pumping imperative. The Ergun

equation [47] is used to determine the pressure drop through packed beds of spherical

capsules:
1-¢)° u,. - 2
Ap:A( f) Hi 2ue+B(1 3‘9)pfue
H £ d £ d

(19)

Where 4; is the dynamique viscosity of the HTF, U, is the superficial bed velocity (i.e. the

average velocity of the HTF in an empty bed), O; is the density of the HTF, A is 150 and B is

1.75. The first term on the right-hand side refers to the viscous energy losses that govern
during laminar flow and the second term accounts for kinetic losses that dominate in the

turbulent regime.

Fig.11 illustrates the pressure drop across the packed bed for various values of HTF flowrate

and for different diameter of the spherical capsule. The analysis of this figure shows that, in
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general, for a relatively small values of the flow rate of the HTF, the use of spherical capsules

with a large diameter can be beneficial in terms of thermal packing bed efficiency and

pumping performance.
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Fig.11: Variation of pressure drop with flowrate of HTF for various values of spherical

Recent methods used

capsule diameter

4.2 Multiple-type packed bed PCM storage tank

to improve the efficiency of latent storage systems involve the use of

different materials in cascade mode. The cascade mode, which uses several PCMs permits to

improve the charge and discharge rate during phase change period [48]. This method ensures

an uniform and stable HTF temperature at the outlet of the tank for a prolonged period of time

[49-51]. It also leads to higher the energy capacity and the exergy efficiency of the system

[52-54]. Considering the advantages of these storage systems, a cascading positive cold

storage system with multiple PCMs may also be attractive and potentially preferable to a
single PCM cold storage system. In the continuation of this work, we placed three PCMs (see
Table 2) in series in the storage system. The three PCMs occupy the same volume in the tank
(see Fig.12).
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Fig.12: Cascade latent storage system

In Fig.13, we presented the evolution of the temperature of the heat transfer fluid between the
inlet and the outlet of the tank for different location of the PCMs in the tank. Six
configurations were studied and analysed. All configurations tested received the same flow
rate and HTF temperature profile at the inlet of the tank. The analysis of Fig.13 shows that the
performance of the storage tank depends essentially on the location of the PCMs in the tank. It
is interesting to note that when PCMs are placed in series and in ascending order of melting
temperature: the PCM with the low melting temperature (T,=0°C) is heated from T;, = -6°C
to T=2°C. The PCM with the medium melting temperature (T, = 2°C) is heated from T = 0°C
to T=4°C and the PCM with the high melting temperature (T, = 4°C) is heated from T=2°C
to the maximum temperature Ts = 6°C. With this configuration, PCMs lose only a small
amount of storage density as the temperature ranges for latent heat storage are completely
exploited. In reality, this operating scenario is applicable only in certain cases. For example,
when the time discharge for single PCM system is too short; the PCM may not be fully
utilized for latent heat storage (see Fig.10-b). With a cascade storage, this problem can be
solved. We can also note that the HTF temperature profile at the outlet of the tank is strongly
influenced by the arrangement of PCMs inside the tank. For all configurations, the flow in the
tank is a piston flow from top to bottom. The discharge time can be significantly reduced
according to the distribution of the PCMs in the tank.
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In Fig.14, we presented the influence of the flow rate and inlet HTF temperature on the
thermal performance of the cascade system for configuration 1 (T, = 0>2->4°C). Similarly,
to a latent storage system with a single PCM, the discharge time is reduced by increasing the
HTF flow rate and temperature Ts at the inlet of the tank. These results can be explained by
the fact that the increase in flow rate and Ts intensifies the heat transfers between the fluid

and the capsules, therefore accelerating the melting process in the capsules.

To conclude, the thermal behaviour of the cascade mode depends on several parameters such
as the arrangement of the PCMs inside the tank, the discharge time, the flow rate and the HTF
temperature profile at the inlet of the tank. Therefore, it is necessary to use a multi-criteria

approach to optimise the energy performance of the system in cascade mode.

8=
L Inlet Config1: Tm(0-2-4C) 2r Config1: Tm(0-2-4C)
e — 10
u “—"‘:“::'-: ::::::: o
- i —_— - 4  eae———————————
oo I
- 5 LS =1 P —
© LHus-T ] I A
T2 il e g Y
e Hil o ‘F
2 JHih e _ _q=10nn" S | e TS=6T
& “On _ 1 ® 2F - - —--Ts=8C
g Hi - G=1.5m.h s F Ts=10C
£ LM, —r—e—e= q,=2.0M. h e b -
E ofli E OF
(= I A
-4 .:'!l °F 1
I r gv=1m.h
iy “4E
AN
i °F
.Bh' PN TS N T T T T S T | F||||I||w|||||w|||||||||||\|||
0 5 10 __ 15 20 25 30 85 5 10 15 20 25
Time (hours) Time (hours)
(@ (b)

Fig.14: The effect of flow rate (a) and Ts (b) on the outlet HTF temperature of the cascade

system.

5. Conclusion

A physical model has been developed to describe the energy performance of a latent
storage tank during the discharge period. The storage system consists of a tank with a fixed
bed of phase-change materials. The numerical model have been validated using experimental

data from literature. The effects of HTF temperature at the inlet of the tank, HTF flow rate
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and melting temperature of the PCM on the thermal performance of latent storage system
were presented and discussed. Higher inlet HTF temperature resulted in higher content of the
stored energy as well as lower discharging required time. The increase in HTF flowrate,
resulted in higher overall heat transfer and lower charging time. The discharge time increases
significantly as the melting temperature of the PCM approaches the temperature Ts. A
comprehensive study was also performed to understand the behaviour of the latent storage
system using multiple PCMs. It is found that the thermal behaviour of the multi-PCM
configuration depends on the placement order of the PCMs inside the tank, the flow rate of the
HTF and the level temperature of the HTF at the inlet to the tank. As a perspective, a work is
in progress to optimize the energy performance of multiple PCMs system during the charge
and discharge periods by using the exergetic approach. Another model is under development
to incorporate several PCMs inside the same capsule.
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