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HIGHLIGHTS

® Thermal behaviors of single and multi PCM thermocline storage are presented.
® Temperature response and phase change process within capsules are revealed.
® Energy analysis of thermocline latent heat thermal storage systems is presented.
® Multi-stage PCM is a promising solution to store thermal energy for CSP plants.

ARTICLE INFO ABSTRACT

Keywords: This paper is aimed at analyzing the behavior of a packed bed latent heat thermal energy storage system in
Spherical capsule concentrating solar power (CSP). One way of improving the performance of a latent thermal energy storage
Phase change material system is by implementing the multiple phase change materials (PCMs) design. The behavior of a packed bed

Melting temperature

! latent heat thermal energy storage system at different cases is numerically analyzed. The molten salt is con-
Concentrating solar power

sidered for the heat transfer fluid (HTF) with phase change material (PCM) capsules as the filler. In this design,
spherical capsules filled with PCMs of different thermo-physical properties are used. The capsules are packed in
the bed at different sections based on the PCM melting temperature. The model developed using the Concentric-
Dispersion (C-D) equations. The governing equations are solved in MATLAB, and the results obtained are va-
lidated against experimental data from the literature. The performance of the systems is calculated. The results
show that the three-stage PCMs system with different melting point exhibited the highest energy and exergy
efficiency during a charging discharging cycle. Moreover, results show that the three-stage PCMs unit can im-
prove the heat transfer rate greatly and shorten the heat storage time effectively.

1. Introduction contained in a small volume, and the irregular flow that exists in the
voids of the bed enhances transport through turbulent mixing [3].

Concentrating solar power (CSP) plants rely on thermal energy from
the sun to generate electricity. The integration of a thermal energy
storage unit eliminates the need for any fossil fuel backup to compen-
sate for cloud transients and diurnal insolation variations. Without any
fossil fuel backup, CSP plants can be considered to be the clean energy
source of the future and have the potential to replace greenhouse gas
emitting fossil-fueled power plants. Several methods of storing thermal
energy for different temperature ranges have been discussed and re-
viewed [1,2].

A Presently, to store thermal energy using latent heat storage in a
packed bed is the most attractive method. In a packed bed thermal
storage system, a large amount of heat transfer surface area can be
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However, latent thermal energy system suffers from low thermal con-
ductivity of the PCMs. This leads to low charging and discharging rates.
Different methods have been proposed to overcome such drawback.
Encapsulation of the PCM within the heat transfer fluid is one of the
method used to enhance the heat transfer process; thus helping to im-
prove the dynamic performance of a latent heat thermal energy storage
system [4]. During the charging process, the heat transfer rate is a
function of temperature difference between the HTF and the PCM; less
heat transfer rate is expected at the downstream sections of the bed.
High heat transfer rate can be maintained if the series of PCMs with a
decreasing melting temperature along the bed are used. During the
discharging process, the HTF needs to flow in the opposite direction to
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Nomenclature

Latin characters

Aped area of bed cross section, m?

[ specific heat capacity, J’kg 'K ™!

Dpea diameter of storage tank, m

d, diameter of PCM spheres, m

d, reference diameter, m

d; diameter of insulation layer j, m

Egored energy stored in the PCM particles, J

Epump pumping energy, J

Einput input energy, J

Eouwpiow  the energy extracted from the tank, J

EXrecfnee et exergy recovered, J

EXqyp pnee Met exergy supplied, J

s maximum theoretical energy can be stored, J

g gravity, ms™?!

H storage tank height, m

h heat transfer coefficient, Wm~ 2K~}

he volumetric heat transfer coefficient between fluid and
solid, Wm 2K !

h,, volumetric heat transfer coefficient between tank and
ambience, Wm 2K ™!

k thermal conductivity, W-m ™K ™?

Lhm latent heat of melting, J’kg ™'

m mass flow rate, kg:s ™!

m mass, kg

Nu Nusselt number

N, nodes in the axial direction

n number of insulations

pPr Prandtl number

AP pressure drop, Pa

Ra Rayleigh number

Re Reynolds number

R, nodes within each sphere

r radius of PCM spheres, m

T temperature, K

Ty peak temperature of the PCM during the solid-liquid
transition, K

Ty peak temperature of the PCM during the solid-solid tran-
sition, K

Tini initial bed temperature, K

Ting ambient temperature, K

AT temperature difference, K

t time, s

1

us fluid velocity, m's™

x axial direction

Greek symbols

e average bed porosity

u dynamic viscosity, kgm s~ ?
v kinematic viscosity, m*s !
a axial thermal diffusivity, m*s ™'
n energy efficiency

i overall exergy efficiency

Y utilization ratio

P density, kg'm ™3

o capacity ratio

B volumetric heat expansion coefficient of fluid, K~ *
Subscripts

ave average

ch charging

disch discharging

f fluid

in inlet

j index for insulations

l liquid PCM

out outlet

P particles

rec recovered

sup supplied

s solid

Superscripts

i index for time step

max maximum

Abbreviations

ALF average liquid fraction
CSP concentrating solar power
HTF heat transfer fluid

LF liquid fraction

LHS latent heat storage

PCM phase change material
SHS sensible heat storage

TES thermal energy storage

achieve the same effects. The continuous variation of a PCM melting
temperature and latent heat along the bed is neither a practical nor an
economical approach. Instead, the storage system is made of number of
stages. Each stage is packed with capsules containing a PCM of different
melting temperature. Doing so, one establishes more uniform tem-
perature difference between the HTF and the PCMs. Yang et al. [5]
numerically investigated a heat storage tank filled with the spherical
capsules of three PCMs according to their melting temperatures; which
comprise a packed bed and used water as the HTF. Using a finite dif-
ference method for the numerical solution, the comparison between a
single and multiple PCMs was made by evaluating the results in terms
of the energy and exergy performance. The conclusions indicate that
there is an advantage of using multiple materials from the energy as-
pect, whereas exergy efficiency is lower during the melting process.
This result is possibly related to the specific model used in that work
and further analysis is required. Furthermore, the solar collector used
for water heating showed a higher collection efficiency when multiple

610

PCMs are used.

Most recently, Aldoss et al. [6] used spherical capsules filled with
PCM of different thermo-physical properties. Spherical capsule con-
taining paraffin 40, paraffin 50 and paraffin 60 were used in various
stages along the length of bed. It was observed that an increase in the
number of stages of multiple PCMs based latent heat storage system
resulted into enhanced rate of charge and discharge, increased heat
transfer rate and improved storage capacity. However, increasing the
number of stages more than three could not enhance the system per-
formance significantly. Gong et al. [7] presented the exergy analysis for
a packed bed single-PCM TES system and compare it with the three-
stage PCMs system. The overall exergy efficiency of the three-stage
PCMs system was found to be 74%, higher than that of the single-PCM
system. Watanabe et al. [8] developed and researched a heat storage
module consisted of horizontal cylindrical capsules filled with three
types of PCMs. The study proved enhanced charge and discharge rates
when operated as a multi-stage PCMs compared to a latent heat storage
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with only single PCM. This is due to the reason that more uniform
temperature distributions exist between the heat transfer fluid and the
PCM. Kousksou et al. [9] made a second law analysis of latent thermal
storage for a solar system. The numerical results showed that minimum
irreversibility is achieved when multi-PCMs are placed in series and
linearly in the storage tank. Gracia et al. [10] reviewed and discussed
different numerical methodologies available in the literature, which are
used to predict the performance of latent packed bed thermal energy
storage systems. Wang et al. [11] investigated the charging processes of
a cylindrical heat storage capsule filled with three kinds of PCMs. Ex-
perimental results demonstrated that the charging rate is obviously
enhanced. The literature review shows that the packed bed storage has
been extensively studied over the years; but the temperature field inside
the PCM capsules and the phase change process within the PCM cap-
sules for single PCM and three-stage PCMs has not been deeply studied.
The present study is mainly focused on this.

In this study, single-PCM of different thermo-physical properties
and multi-PCM of three-stage design are investigated by using con-
centric-dispersion model. The concentric dispersion model is used be-
cause only this approach solves the thermal distribution inside solid
particles. The phase change phenomena of PCM inside the capsules are
analyzed by the apparent heat capacity method. The performance of the
systems is calculated and presented in terms of storage capacity, char-
ging and discharging temperature profile, overall thermal efficiency,
exergy efficiency, utilization ratio and capacity ratio. The present work
can provide insights on the optimizations of the storage system con-
figurations and operational strategies for a better energy and exergy
efficiency.

Hot HTF

x=H

Packed Bed

<

x=0

Cold HTF

Applied Thermal Engineering 139 (2018) 609-622

Table 1
Main characteristics and design parameters of the packed bed thermal storage
system.

Parameters Values
Height of tank (H) 7.376 m
Diameter of tank (Dp.q) 10.593 m
Porosity (¢) 0.22
Diameter of PCM capsule (Dp) 0.02653 m
Mass flow rate (1) 84.5175kg/s

Heat transfer fluid (HTF)
Phase change material (PCM)

60% NaNO; & 40% KNO;
PCM-1, PCM-2 and PCM-3

Operating temperature (T) 288-565 °C
N, 300
R, 30

Discharging

< Doed >

2. Numerical analysis
2.1. Model description

Packed bed systems provide efficient thermal storage due to their
high heat transfer effectiveness. A general structure of a packed bed
thermal storage system is illustrated in Fig. 1, which consists of a ver-
tical cylindrical tank having inlet and outlet manifolds at the ends and
insulating material around the vertical walls. The height of the filler
region is denoted H. Dyq is the diameter of the cylindrical tank. The
bulk of the tank is occupied by a filler material and PCM spheres, at a
porosity of e. In the present study, Table 1 summarizes the main
characteristics and parameters of the packed bed thermal storage
system. The properties of HTF changing with temperature can be ex-
pressed as follows [12,13].

p (kg m=3) = 2090—0.6354T (°C) (€D

Hot Fluid

Cold Fhid Insulation

Discharging

Fig. 1. Schematic diagram of packed bed thermal storage system.
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« (Ns m~2) = [22.714—0.12T (°C) + 2.281 x 107*T? (°C)

—1.474 x 107'T3 (°C)] x 1073 2)
¢, T kg 1K) = 1443—0.172T (°C) 3)
k (Wm™ K1) =0443 + 1.9 X 107*T (°C) (©))

In the present study, the following four different PCM distribution
cases are considered as shown in Fig. 2.

(1) PCM-1: Single-PCM design, where all capsules are filled with the
same PCM material with a low melting temperature.

(2) PCM-2: Single-PCM design, where all capsules are filled with the
same PCM material with medium melting temperature.

(3) PCM-3: Single-PCM design, where all capsules are filled with the
same PCM material with high melting temperature.

(4) Three-stage PCMs: where the bed is divided equally into three axial-
sections, each section is filled with different PCM material i.e. PCM-
1, PCM-2, and PCM-3 in sequence and each PCM occupies 1/3 of
the bed. The arrangements are considered in this case based on the
PCM melting temperature, high to low (PCM-3, PCM-2, PCM-1).
The PCMs for three-stage PCMs are selected based on two para-
metric study i.e. PCM latent heat and melting temperature; to
identify the optimal values that would maximize the energy output
of the storage system. Firstly for the latent heat, the magnitude of
heat of fusion inside the PCM is expressed relative to the fixed
sensible heat capacity as an inverse Stefan number:

Lhm

InvSte = —————
Cp,ave (Th ,f_Tc f)

5)
Secondly for the melting temperature, the cut-off criteria for the
charging and discharging processes are applied. These threshold values
are characterized by the normalized temperature, which is expressed as:
0= =Ty
(6)
where Ty, ¢ and Ty are the charging inlet temperature and discharging
inlet temperature, respectively.
The criteria for the selection of three-stage PCMs are described in
details as follow:

Thy—To

(a) The melting point of top PCM must be greater than the discharging
cut-off temperature (Tpeh,cur-off = 493 °C and Opcn,cur-off = 0.74). As
the melting point decreases, the pinch point interface travels at a
higher rate towards down section of the bed. Thus, the top PCM
phase transition temperature is selected to be 505 °C, which lies just
above the discharging cut-off value; and corresponds to a normal-
ized melt temperature of 0.783. The PCM latent heat of 344 kJ kg ~*

Hot HTF Hot HTF

Charging n Discharging Charging n Discharging Charging

TTTTTTITTTITT [TTTTTTITTTIT

CM-1 PCM-2

+erereer

T T
R R RN
R o e g

Applied Thermal Engineering 139 (2018) 609-622

is equivalent to InvSte = 1.2.

(b) The melting point of middle PCM should be between the dischar-
ging cut-off temperature (Tpcn,cur-off = 493 °C and Opcp,cur-off = 0.74)
and the charging cut-off temperature (Tch, curoff = 396 “C and Ocp, cur-
off = 0.39). Thus the middle PCM phase transition temperature is
selected to be 439.8 °C, which lies between the discharging cut-off
value and charging cut-off value; and corresponds to a normalized
melt temperature of 0.548. The PCM latent heat of 214.9kJ kg ™! is
equivalent to InySte = 0.75.

(c) The melting point of bottom PCM should be less than the charging
cut-off temperature (Tepcut-off = 396 °C,0ch,cut-off = 0.39). Thus the
bottom PCM phase transition temperature is selected as 382.1 °C,
which lies just below the charging cut-off value and corresponds to
a normalized melt temperature of 0.34. The PCM latent heat of
197.6 kJkg ! is equivalent to InvSte = 0.7.

A molten-salt HTF fills the pore volume as well as the unfilled
portions at the top and bottom of the tank. During the charging process,
the hot fluid is introduced from the top end, after depositing heat,
leaves the packed bed through the bottom end with a lower tempera-
ture. Reversely, during the discharging process, the cold fluid enters the
packed bed from the bottom and forcing out a flow at high temperature.
Table 2 lists the thermo-physical properties of the used PCMs, as pub-
lished by Liu et al. [14]. The selected PCMs have appropriate thermo-
physical properties that suit a multi-PCM thermal energy storage de-
sign.

2.2. Packed bed model and governing equations

In order to calculate the transient temperature distribution of HTF
and storage media within the packed bed system, the concentric dis-
persion model is employed. The concentric dispersion model treats the
packed bed as an isotropic porous medium consisting of independent
spherical particles [15]. The assumptions are as follows:

(1) The solid particles are identical and isotropic, and the bed porosity
is uniform.

(2) The fluid exhibits dispersed plug flow and that intra-particle ra-
dially concentric conduction occurs in the solid phase.

(3) Each sphere is modeled as axisymmetric and discretized into
equally spaced radial nodes.

(4) Heat losses from the top and bottom of the tank are neglected and it
is assumed that the HTF is the only medium that exchanges energy
with the environment through the tank wall.

(5) The properties of molten salt are constant and calculated at an
average temperature, Toy. = (Tin + Tou)/2 [16].

(6) Radiant heat transfer is negligible and there is no internal heat

Hot HTF

u Discharging

Hot HTF

Charging u Discharging

TTTTTTTIIIILI
}PCM-3

}PCM—Z
}PCM-I

LR AR I
tePererreere
R R R
D I
K R IR R R O O
Rk 25 2R SR 35 2 2R 2 = 2
R R R R

oo e b e s
R o R o 2
e

[TTTTTTTTTIT

Charging
Cold HTF

Discharging

Charging

[TTTTTTITTTIT

Cold HTF

Discharging

Cold HTF

Fig. 2. Different PCMs distribution cases.
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Table 2

PCMs properties.
Arrangement PCM-1 PCM-2 PCM-3
PCM Material PCM* pPCM” PCM*®
Melting temperature (°C) 382.1 439.8 505
Solidification temperature ("C) 390.9 429.8 450.1
Latent heat of fusion (kJ kg™ 1) 197.6 214.9 344
Latent heat of solidification (kJ kg™") 183.7 162.9 344
Solid density (kg m~3) 2118 2109 2266
Liquid density (kg m™>) 1607 1604 2160
Solid thermal conductivity (W m~! K™ 1) 1.0 1.0 2
Liquid thermal conductivity (W m~* K™ %) 1.0 1.0 1.885
Solid specific heat capacity (J kg~* K™% 928 1005 1338.88
Liquid specific heat capacity (J kg~! K™1) 1035 1096 1757.28

where
2 : 59.98 wt% MgCl, — 20.42% KCI — 19.6% NaCl.
b . 55 wt% MgCl, — 45% NaCl.
€ : 35 wt% Li,CO3-65 wt%K;COs.

generation in the bed.

In adopting the above-mentioned assumptions, the governing en-
ergy equations for the fluid and solid phases are defined respectively.
Eq. (7) determines the fluid temperature in the global domain and Eq.
(8) determines the solid temperature in the local domain of the sphere.

oT, 0Ty uy 0T, h Ny Dpea

Loz L ()l (1T

ot ox* € 0x cpppE Cp fPrEAbed @
on _ (T, 20%

ot \orz " ror (8)
where duy = (keg/e pr ¢y p) and as = (ky/ps ¢p5)

The effective conductivity is often defined in terms of the thermal
properties of the individual phases as well as the geometry of the bed.
For the packed bed model, the effective thermal conductivity of the
fluid phase is based on a correlation discussed in Gonzo [17] as:

1+ 28p + (28°—0.18)¢* + 930.05exp(4.50)
1-Bp

kg = kr
)

where ¢ =1 — ¢ and B = (k; — 2kp)/(ks + 2kg)
The volumetric heat transfer coefficient hs for thermal storage
system can be written as [18]:

585
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e - 6(1—¢)[2 + 1.1Rep®Pri/3]ks
f= 42
P

(10)

CpfHy

_ pfdpsuf Py
E— ks

Ky

Re,

(1)

The volumetric heat loss coefficient h,, through the wall is given by
Incropera [3].

_ h’(ﬂ.’Dbed) _ 4n’

v ﬂDbzed/“- - Dbed (12)
1_14 +Dbedz": 18w 1 d
h hin Dped 2 et ke d; Rout dny1 (13)

where radiation losses from the outside wall are neglected for simplicity
as their contribution to the overall heat loss is estimated to be less than
5%. For h,y, a correlation for natural convection on a free-standing wall
given by VDI Warmeatlas [16] is applied:

172
[0.825 + 0.387[Ra.f(pr)]e] Ky

h — Nuautkw —
out H H 14)
9 16
fer) = [1 + (0.492/Pr)ﬁ] o (15)
Ra = GrPr, Gr = gBATH3/v? (16)
The convective heat transfer coefficient in the tank h;, is:
kf 1/3 0.8
hin = | == [(2.58Rep'*+0.094Red " Pro¢)
dp a7)

The pressure drop across the thermal storage packed bed system is
given by [19].

_e)? peld u?
AP = 15004 ,f) ”fzf + 17H (1) S
€ b dp a8)
2.2.1. Initial and boundary conditions
At time t = 0,
Ty =T, for 0<x<H (19)

At time t = 0,
For the fluid phase as:

Aodd a4

535 Coldl Zone

Sub-Solidus Sensible
Heat Thiarmocline Zone

Pinch Point Interface
Phase Cfllange Zone

Hot Zone

{
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Fig. 3. Progression of the zones of a packed bed latent heat storage system during the charging process.
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an 0, at 0

— =0,atx=

0x (20)
Ty =Ty, at x=H 21)

For PCM capsules at each position, the following boundary condi-
tion is used:

T, _
a—r—O,atr—O (22)

Ty _ _
ksa—r = hy(T;—T; y—g,).at r = Ro 23

2.2.2. PCM particles as packing materials

The phase change process of PCM can be divided into three sub-
processes, i.e. solid phase, phase transition and liquid phase. Latent
heat is represented as a sensible heat, is spread over finite temperature
difference (Tp2 — Tp1). The thermal conductivity of the material during
phase transition is assumed to be the average value of both liquid and
solid phases:

Applied Thermal Engineering 139 (2018) 609-622

(1) When PCM is in the solid phase
IfT, <Thc=c¢s&LF=0 k=k 24)

(2) When PCM is in the phase transition

_ _ ks + k;
Iprl < TP < sz Cp = Cp,llpp k= 2 (25)
Cps + Cp) Lhm
Cpapp = ————
papp 2 Tyo—Tp (26)

where, Lhm is the latent heat of the PCM.

(3) When PCM is in the liquid
Ipr>szcp=Cp,l&LF=1 k=k 27)

2.3. Heat-exchange region

The poor utilization of latent heat at high PCM melting points is

Set parameters of packed bed

v

Initial temperature of fluid

and solid (7,75,

Ve
V<

Judgment 7',

p

If ];i.N\' < Tl l If Tpl < Tsi.;\"x s p2

A

If Tsi‘Nx >szl

cC =cC _ cp.s +cp.l

Lhm c =c

P pS c =

g 2

P pd
sz - Tpl

PCM sphere

in node Nx

v

Calculate temperature of HTF and solid
(71 )

Max space step=Nx

Max time step=¢

No Nx = Nx+1

No i=i+l

final

Stop and data output

Fig. 4. Detailed numerical method procedures.
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system.

explained by the behavior of the heat-exchange region inside the
porous bed [20]. A narrow layer of large temperature gradient develops
at the interface between the hot and cold regions and is known as the
thermocline or heat-exchange region; is shown in Fig. 3. The thermo-
cline region consists of not only the sensible heat exchange zone, but is
also extended to include an isothermal heat exchange zone caused by
the phase change process. The relative movement of these two heat
exchange segments complicates the storage and removal of thermal
energy. It is heavily influenced by the thermos-physical properties of
PCM, such as melting temperature and latent heat of fusion.

2.4. Numerical approach

The mathematical model developed in Section 2.2 is solved by
MATLAB program using finite difference method under the fully im-
plicit scheme. The first order upwind scheme is used to discretize the
temporal and advective term in Eq. (7), while second-order central
differencing is used to discretize the diffusion term. The detailed nu-
merical method procedures are shown in Fig. 4. Let N, nodes in the
axial direction (counting in the flow direction), R, nodes within each
sphere (counting in the radial direction) and i denote the time step. The
variables (T, Tj) are known at time step i and for all nodes N,.

Variables at time step i + 1 are obtained by the following six-step
procedure:

Step 1: set parameters of the packed bed and initialize the tem-
peratures of fluid and solid.

Step 2: judge the temperature of solid PCM capsules and set the
related heat capacity and thermal conductivity of PCM at different
temperatures.

Step 3: finite difference method applied to the governing Egs. (7)
and (8), and can be written as:

T}fl\llx - Tji’ Nx o r?“.‘!}lx+1 B 2‘Tf-':l\llst( + Tf Nx—1  Uf T}TIEIX B T}+,I\1Ix—1
At T T Ax? € Ax
_ ok i+1 hwDped ™
4 fF’fE( ~Trnd=; fszAbd(Tnf Tf o) (28)
The solid equation, Eq. (8), is discretized as follows:
Tl+1 _Ti Tl+1 _ZTi+ T1+1 Tl+1 Tl+1
s,Rx ks S,Rx+1 s,Rx §,Rx—1 2 S,Rx+1
- 2
At PsCp.s Ar r 2Ar
29
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As a result of Stepl, the terms of T}y, and Tiy, are known. Egs. (28)
and (29) are expressed as a tri-diagonal matrix and (T4}, Tik) can be
solved by the direct finite difference approach.

Step 4: finite difference method applied to the heat transfer in PCM
capsules. Egs. (8) and, (23) are considered:

At the center node, therefore the resulting discretization is:

T o1 Tl
Ar?

The second boundary condition of the sphere is applied to the sur-
face of the sphere:

_6ks

PsCp,s

i+1 i
THA-T! o

At B (30)

i+1 i+1
Tsl _TsZ

ks - hf( }+I$'x 1+1 (31)
As Tif} is known from Step3, surface, and center temperature dis-

tribution of PCM T{%} can be calculated for this time step. Then use the

l+1 1+1 Z
1

volume averaged solid Ty, (Tsn: = T eragere / Vpi) instead of the
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1% temperature of PCM in the left side of Eq. (29), where V,; the inner

volume of the single sphere of PCM.

Step 5: repeat the Step 2-Step 4 until the number of space step
reaches to N,.

Step 6: repeat the Step 2-Step 5 until the time step reaches to tgnq.

The simulation model is designed to calculate the axial temperature
profile and quantity of energy stored within the filler material and HTF.
Using this data, the net energy and exergy in and out of the system, first
and second law efficiencies, capacity ratio and, utilization ratio are also
determined.

3. Performance analysis
Thermal energy storage performance metrics in terms of first-law,

second-law efficiencies, capacity ratio and utilization ratio provide the
general measurement for TES design and analysis.
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3.1. Energy and exergy efficiencies

The charging efficiency is defined as the ratio of the energy stored in
the PCM at the end of the cycle to the net input and pumping energy
[21]:

Estored

Nen =

Einput + Epump ch (32)

The discharging efficiency is defined as the fraction of the recovered
energy during the discharging phase to the stored and pumping energy:
Eﬂutﬂow

Ndisch = E

stored + Epump Jdisch (33)

The overall cycle efficiency of the storage system is the ratio of the
recovered energy for a single charging/discharging cycle to the input
and pumping energy.

where
t ch
Epump,ch = z (APmAL)/p.
i=0 (€2
Eslorcd = Eslored after ch™—Listored before ch (35)
7 _ Eoutﬂow
overall Einput + Epump ch T Epump Jdisch (36)

The overall exergy efficiency of the storage system for a complete
charging and discharging cycle is the ratio of net exergy recovered to
the net exergy supplied.

Exrec f et

M =

Exsup f .net (37)

where EXrec,fnet and EXgyp £nec i calculated from the following equa-

tions.
))]dt
(38)

¥ Tf Jin
sy s | Tp in—Ty our—Tinsln| —— | |1dt

f out

tfinal dch . Tf out
Exrec,f,net = f myCp ¢ —

tinitial ,dch [ Jinlet

[Tf out™— T}" Jinlet™ ﬂnfln[

tfinal ,ch

Exsupj,net = ./[‘

initial ,ch

(39

3.2. Capacity ratio

The capacity ratio describes the amount of energy stored compared
to the theoretical maximum energy that can be stored during the
charging process.

Eslored

max
'stored

Capacity ratio = 0 =
pacity 40)
To calculate the energy stored in each filler sphere, the model de-
termines whether the control volume of each radial node is in the solid,
liquid, or phase transition. If the PCM temperature falls within the

predefined phase change temperature range, the liquid fraction is de-
termined as.

Tp—Tp

Liquid Fraction = LF = ———
Tpo—Tpn

(41)

3.3. Utilization ratio

The utilization ratio characterizes the amount of energy that is ex-
tracted versus the maximum potential stored energy that could be re-
covered during the discharging process if the PCM were to be cooled to
the initial bed temperature [22].
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Ediscn
stored (42)

where the discharging energy is determined by calculating the differ-
ence between the energy stored at the end of the charging cycle and the
energy remaining in the filler material after the discharging cycle:

Utilization ration = y =

Edisch = Estored after ch™Listored after disch (43)

The maximum possible storage capacity of the system is defined as:

Efored = Mpem Cp 1 (Tinter—Tp2)) + Mpey A + mpens € s (Tp1—Tpeu initial)
(44)

Egs. (38) and (39) are calculated at the end of each minute and summed
over the charging and the discharging period to calculate the total ex-
ergy supplied or recovered.

4. Results and discussion
4.1. Model validation

In order to validate the present numerical code, the differences
between the numerically predicted results and the experimental results
are first presented. The experimental results of Cascetta et al. [23] are
used here to validate the numerical model. A packed bed thermal sto-
rage system was set up for their experiments. The storage tank was
filled with alumina beads and air was used as the heat transfer fluid.
The temperature profile of HTF modeled numerically at different
heights during the charging process is compared with the experimental
ones in Fig. 5. As shown in this figure, for the experiments, the change

in HTF temperature takes place at different heights because of the
temperature stratification, in accordance with the results presented by
numerical simulation. The average deviations are approximately 2.32%
for temperature profile around the tank height. The numerical results of
the present model seem to be in good agreement with the experimental
ones. That is to say, the numerical predictions of the present model are
reasonable.

4.2. Storage capacity

The performances of different cases are present in terms of the total
energy transferred to or from the bed as shown in Fig. 6. Fig. 6a is for
the charging process, and Fig. 6b is for the discharging process. Total
energy transfer measures the capacity of the storage system, and the
slope of the curve represents the rate of charging or discharging pro-
cess, a measure of the dynamic characteristics of the system.

Fig. 6a compares the performance of the cases during charging
process in term of the total energy transferred to the bed. It indicates
that the single PCM-1 attains the highest performance, the three-stage
PCMs design the second and single PCM-3 the worst in the row. The
three-stage PCMs case performance is the closest to the single PCM-1
performance. The single PCM-1 has the highest rate of heat transfer
because of the large difference between the temperature of the HTF and
the melting temperature of PCM-1. The three-stage PCMs case attains
the high performance because it has the best matching melting tem-
perature distribution with the HTF temperature profile. The other cases
PCM-2 and single PCM-3, show less performance because of the low
heat transfer rate between HTF and the PCM. The melting temperatures
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of the PCM in these cases are high (439.8 and 505°C) lead to less
temperature difference, thus less heat flow driving force.

Fig. 6b shows the performance of the systems during the discharging
process. During discharging PCM-1 case attains the highest perfor-
mance followed by the three-stage PCMs design having almost the same
performance. Low performance is attained by the other two cases,
single PCM-2 and single PCM-3. The reason can be attributed to the
availability heat flow driving force, which is the function of the tem-
perature difference between the HTF and the PCMs. Considering the
whole operation cycle (charging and discharging) of the latent thermal
energy storage system, the only design that shows high performance
over the whole cycle is the three-stage PCMs design.

4.3. Average liquid fraction

Fig. 7 show the performances of the average liquid fraction for
different cases. Average liquid fraction indicates the rate of melting or
solidification of the PCMs in the bed. The slope of the curve represents
how fast the rate of charging and discharging process is occurring. The
steeper slope means the better dynamic performance of the system.

Fig. 7a for the charging process indicate that the three-stage PCMs
attains the highest performance, single PCM-1 design the second and
single PCM-3 the worst in the row. The three-stage PCMs case perfor-
mance is the closest to the single- PCM-1 performance. The three-stage
PCMs case attains the high performance because it has the best
matching melting temperature distribution with the HTF temperature
profile. The single PCM-1 has the highest rate of heat transfer because
of the large difference between the temperature of the HTF and the
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melting temperature of PCM-1. The other two cases of single PCM-2 and
single- PCM-3, show less performance because of the low heat transfer
rate between HTF and the PCM.

Fig. 7b shows the performance of the systems during the discharging
process. In this study and as expected single PCM-3 case attains the
highest performance followed by the three-stage PCMs design of almost
the same performance. Less performance is attained by the other two
cases, single PCM-1 and single PCM-2. The reasons can be attributed to
the availability of heat flow driving force, which is the function of the
temperature difference between the HTF and the PCMs.

4.4. Temperature profiles in packed bed

Fig. 8 provides the temporal progression of the axial HTF tem-
perature profiles for the PCM-1, PCM-2, PCM-3 and three-stage PCMs
cases during the charging process. At 0 min of charging, all four tem-
perature profiles are equal. When three-stage PCMs are employed,
melting initiates as the sub-solidus sensible heat zone approaches a new
cascade. As discussed in Section 2.3, a high rate of heat transfer occurs
at the pinch point interface and the HTF leaves the interface at a
temperature close to the phase transition temperature. In a three-stage
PCMs system, each lower PCM can take advantage of that incoming low
exergy flow stream to accelerate the phase change process, promoting
greater usage of latent heat as well as sensible heat. Whereas, in the
single PCM cases only one high heat transfer region exists at the in-
terface of pinch point. After 175 min, the lengthening pinch point of the
single PCM case mandates that most of the PCM is in the process of
changing phase, and shortly thereafter, the charging -cut-off
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Fig. 10. The PCM temperature profile along the bed, after 100 min of (a)
charging processes (b) discharging processes.

temperature is met. In the remaining two cases, the low melting PCM
serves as a buffer by inhibiting the saturation condition.

At 210 min for the three-stage PCMs case, the top pinch point zone
has lengthened into the bottom PCM cascade, and a fraction of the top
PCM remains in the phase change process. On the other hand, si-
multaneously the top PCM in the three-stage PCMs system is completely
melted, allowing the pinch point interface to collapse. At this moment,
the hot zone is free to move at a higher velocity through the bed, as
illustrated in the final charging time figures; showing that more than
three-quarter of the bed in the three-stage PCMs system has reached the
hot inlet temperature. When a low melting PCM is adopted, as in the
single PCM-1 case, the large temperature difference between the hot
inlet HTF and the phase transition temperature provides a large driving
force for heat transfer, fostering rapid movement of the pinch point
interface. When the melting point is high, as in the top PCM of the
three-stage PCMs case, the pinch point interface travels slowly down
the bed curbing the growth of hot zone. Since the three-stage PCMs has
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Fig. 11. The HTF temperature profile along the bed, after 100 min of (a)
charging processes (b) discharging processes.

a lower fraction of the high melting PCM, it completes the melting
process before the charging terminates allowing the pinch point inter-
face to break down.

The axial HTF temperature profile for the PCM-1, PCM-2, PCM-3
and three-stage PCMs cases during discharging process is shown in
Fig. 9 at different times. At 210 min for the three-stage PCMs case, the
bottom pinch point zone has lengthened into the top PCM cascade, and
a fraction of the top PCM remains in the phase change process. On the
other hand, it is at this time that the bottom PCM in the three-stage
PCMs system is completely solid, allowing the pinch point interface to
collapse. At this moment, the cold zone is free to move at a higher
velocity through the bed, as illustrated in the final discharging time
figures, which shows that more than three-quarter of the bed in the
three-stage PCMs system has reached the cold inlet temperature. When
a low melting PCM is adopted, as in the single-PCM cases, the large
temperature difference between the hot inlet HTF and the phase tran-
sition temperature provides a large driving force for heat transfer,
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fostering rapid movement of the pinch point interface as in the single
PCM-3 case. When the solidification point is low however, as in the
bottom PCM of the three-stage PCMs case, the pinch point interface
travels slowly up the bed, curbing growth of the cold zone. Since the
three-stage PCMs has a lower fraction of the high solidifying PCM, it
completes the solidifying process before discharging terminates, al-
lowing the pinch point interface to break down.

Fig. 10a and b show the PCM temperature profiles along the bed
after 100 min of charging and discharging processes, respectively. It is
clear that the behavior of the PCM in the bed is affected by its thermo-
physical properties. The PCM-1 (with 382.1 °C melting temperature) is
the fastest to melt, followed by PCM-2 then PCM-3. The higher the
temperature difference between the HTF and the PCM, the larger the
heat transfer rate. The closest the melting temperature of the PCM to
the HTF inlet temperature, the slower the melting process. In case of the
three-stage PCMs, the melting temperature distribution matches the
heat transfer temperature profile better. This improves the heat transfer
process and increases the system dynamic performance.

The corresponding HTF temperature profiles along the bed are
shown in Fig. 11a and b, after 100 min of charging and discharging
process, respectively. During the charging process, the PCM-1 case is
the fastest to charge (melt) exhibiting the highest HTF temperature,
followed by PCM-2 case then the PCM-3 case. The three-stage PCMs
case assumes an average behavior between the three single PCM cases
and the HTF temperature shows almost constant slope along the bed.
During the discharging process, the fastest to discharge (solidify) is the
PCM-3 case, thus showing the lowest HTF temperature profile. The
three-stage PCMs case shows the kind of constant slope HTF tempera-
ture profile, a similar behavior as during the charge process. This
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explains why the three-stage PCMs design maintains high performance
both during charging and during discharging cycles.

Fig. 12 shows the outflow temperature during charging as a function
of time for the all four cases. The slope of the HTF exit temperature
curve represents the rate of the heat exchange between the HTF and the
PCM. The steeper the slope, the higher the heat transfer rate, and the
faster the charging. During the charging process, the single PCM-1
shows higher performance, and the single PCM-3 shows the lowest
performance. During the discharging process, the single PCM-3 shows
the highest performance and the single PCM-1 the lowest performance.
As was discussed in the previous section, for the three-stage PCMs, the
top PCM must be completely molten before the pinch point interface is
collapsed and allowing the hot zone to proceed down the bed. There-
fore less top PCM facilitates greater storage at the hot operating tem-
perature. Alternatively, the bottom PCM serves as a buffer to stave off
the saturation condition. This allow for the system to charge for a
longer time period and recover more energy at the higher exergy state.
Though three-stage PCMs produces the highest energy output, but when
compared to single PCM cases, it exhibits a 44% reduction in time
during which the HTF exits the system at the high exergy state.

Fig. 13 shows the outflow temperature of discharging as a function
of time for all four cases. The slope of the HTF exit temperature curve
represents the rate of the heat exchange between the PCM and the HTF.
The steeper the slope, the higher the heat transfer rate, and the faster
the discharging process. During the discharging process, the single
PCM-3 shows the highest performance and the single PCM-1 the lowest
performance. This analysis demonstrates that an advantage of the three-
stage PCMs is to enhance energy output at the top PCM solidifying
temperature. The three-stage PCMs releases HTF at the high exergy
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state in the same time frame as a single-PCM case. The three-stage PCMs
benefits however, by the subsequent release of HTF at the solidifying
temperature of the top PCM, which can be used to produce electricity
under partial load conditions. The three-stage PCMs design shows a
consistent behavior both during charging and during discharging cy-
cles, which is in agreement with the conclusion deduced before.

4.5. Performance parameters

The performance metrics in terms of first-law, second-law effi-
ciencies, capacity ratio and utilization ratio are used to analyze and
investigate the thermal performance of cases study. Fig. 14a shows the
variations in the overall energy efficiency, charging efficiency and
discharging efficiency for all the considered cases. The three-stage
PCMs design attains the highest performance, single PCM-1 the second
and single PCM-3 the worst in the row. The single PCM-1 performance
is the closest to the three-stage PCMs performance. Fig. 14b shows the
variations in the utilization ratio, capacity ratio and overall exergy ef-
ficiency for all cases. The three-stage PCMs design attains the highest
performance, single PCM-1 the second and single PCM-3 the worst in
the row. It is found that the energy and exergy efficiencies vary between
60.6-75.76% and 41.5-75.18%, respectively. Energy efficiency is
founded higher than the exergy efficiency for different cases. Energy
efficiency is calculated based on the total quantity of energy transferred
throughout the system. On the other hand, the exergy efficiency
quantified only the useful amount of energy. To increase the exergy
efficiency, it is necessary to prevent the destruction of exergy during
discharging and this can be accomplished by decreasing the discharging

time.
5. Conclusions

We have developed a transient Concentric-Dispersion (C-D) model
to investigate the dynamic thermal performance of the single PCM and
three-stage PCMs of a molten-salt packed-bed TES system containing
spherical capsules filled with high-temperature PCM with different
thermo-physical properties. Using the numerical model, the transient
heat transfer characteristics between molten salt and PCM capsules as
well as the phase change process within capsules of the three-stage
PCMs unit are analyzed and compared with those of the single PCM unit
with different thermo-physical properties. Then, the performance of
four cases is analyzed by using the performance metrics in terms of first-
law, second-law efficiencies, capacity ratio and utilization ratio. The
following conclusions are drawn:

(1) The complete solidification time of PCM is too long compared to the
melting time. This is due to very low heat transfer.

(2) The three-stage PCMs packed bed melts much earlier than single-
type system. Because of the energy transfer from HTF to the packed
bed during charging process was able to completely melt all of the
PCM in the three-stage PCMs packed bed. But for single PCM
packed bed, PCM at the bottom of the tank was not able to melt
completely, and the highest temperature of the single PCM packed
bed is much lower than that of three-stage PCMs packed bed.

(3) The three-stage PCMs unit has a considerably higher heat transfer
rate than the single PCM unit during the charging-discharging
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Fig. 14. Performance parameters for the four cases study of the (a) overall
energy efficiency (b) utilization ratio, capacity ratio and, overall Exergy effi-
ciency.

cycles. Because the melting temperature variation of three-stage
PCMs matched the heat transfer fluid (HTF) temperature profile
along the bed.

(4) The overall efficiency of the three-stage PCMs unit is higher than
that of the single PCM unit during the charging-discharging cycles
under the same working conditions.
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