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a b s t r a c t

Storing sun’s energy in the form of latent thermal energy of a phase change material (PCM) offers high
volumetric energy storage density resulting in low capital cost. The objective of this paper is to analyze
the dynamic behavior of a packed bed thermal energy storage system with encapsulated PCMs, subjected
to partial charging and discharging cycles, and constraints on charge and discharge temperatures as
encountered in a concentrating solar power (CSP) plant operation. A transient, numerical analysis of a
molten salt, single tank latent thermocline energy storage system (LTES) is performed for repeated charg-
ing and discharging cycles to investigate its dynamic response. The influence of the design configuration
and operating parameters on the dynamic storage and delivery performance of the system is studied to
identify configurations that maximize utilization of the storage system. Based on the parametric studies,
guidelines are derived for designing a packed bed PCM based storage system for CSP plant operating
conditions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Concentrating solar power (CSP) plants rely on thermal energy
from the sun to generate electricity. Integration of a thermal en-
ergy storage unit eliminates the need for any fossil fuel backup
to compensate for cloud transients and diurnal insolation varia-
tions. Without any fossil fuel backup, CSP plants can be considered
to be the clean energy source of the future and has the potential to
replace green house gas emitting fossil fueled power plants. Ther-
mal energy can be stored as either sensible or latent heat [1]. Most
of the thermal energy storage systems in operation are based on
sensible heat storage, which carries a high capital cost. However,
storing heat in the form of latent heat of fusion of a phase change
material (PCM), in addition to sensible heat, significantly increases
the energy density, thus potentially reducing the storage size and
cost. However, a major technical barrier to the use of latent ther-
mal energy of PCM is the high thermal resistance to energy transfer
due to the intrinsically low thermal conductivity of PCMs, which is
a particularly acute constraint during the energy discharge. This re-
quires large heat transfer surface area of interaction between the
working fluid and PCM in order to maintain the high heat rates,
typically required in power plants. Several approaches [2–6] have
been considered in the literature to improve the heat transfer rates.
However, a promising approach is to increase the heat transfer
area by incorporating the PCM mixture in small capsules using
suitable shell materials. For example, PCM stored in capsule diam-
eters of 10 mm offer surface area of more than 600 square meters
per cubic meter of capsules. Research to find suitable materials and
process to encapsulate high temperature PCM is underway [7].

The configuration of a single-tank thermocline storage system
packed with spherical capsules containing PCM is considered in
the present work. The working of a latent thermocline energy stor-
age (LTES) system in a CSP plant fundamentally involves the ex-
change of heat between a heat transfer fluid (HTF) and the packed
bed of spherical PCM capsules during the charging and
discharging processes. During charging, hot HTF from the solar
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Nomenclature

b capsule wall thickness (m)
c specific heat (J/kg K)
fL liquid fraction
h convective heat transfer coefficient (W/m2 K)
hsl latent heat of fusion of PCM (J/kg)
H height (m)
k thermal conductivity (W/m K)
_m mass flow rate (kg/s)

Nu Nusselt number
Pe electrical power output (MWe)
Pr Prandtl number
Pt thermal power output (MWt)
Q energy (MJ)
R radius (m)
Re Reynolds number
t time (s)
T temperature (K)
Tm melting temperature (K)

Greek symbols
e porosity of the packed bed
h dimensionless temperature

hm dimensionless PCM melt temperature
h0C dimensionless charging cut-off temperature
h0D dimensionless discharging cut-off temperature
k capacitance ratio
l dynamic viscosity (kg/m s)
q density (kg/m3)
w inverse Stefan number

Subscripts and Superscripts
c capsule
cap storage capacity
C charging
D discharging
f heat transfer fluid
L latent
p phase change material
S sensible
t tank
T total
eff effective
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receiver enters the LTES from the top and transfers heat to the PCM,
thus effecting the melting of PCM at a constant temperature. The
cooled HTF exits from the bottom of the tank to return to the solar
field, completing a closed loop of the HTF flow. During discharging,
a cold fluid is pumped from the bottom of the LTES packed bed,
resulting in the solidification of the PCM within the capsules as heat
is drawn from the PCM to the fluid, and the hot fluid exiting the top
of the tank is directed to generate steam to drive a turbine and pro-
duce electricity. Buoyancy forces ensure stable thermal stratifica-
tion of hot and cold fluids within the tank during both charging
and discharging processes. The charging process takes place during
the day when solar energy is available while energy is discharged
whenever the sun is not available or when there is a peak demand
in electricity. The sequence of the charging and the discharging pro-
cess is referred to as one cycle, and repeated cycles subjected to par-
tial charging and discharging processes may limit the rate of phase
change of PCM and decrease the utilization of the tank with time. It
is important to understand the dynamic thermal behavior of the
packed-bed LTES with encapsulated PCM in order to design the
storage system for a CSP plant operation.

Numerous works on the numerical modeling of sensible heat
storage in packed beds are found in the literature [8–13]. As a pio-
neering work, Schumann [9] presented the first numerical study on
modeling of the packed bed, which is widely adopted in subse-
quent studies. The model enables prediction of the temporal and
axial variation of the HTF and filler bed temperatures in a thermo-
cline tank. Yang and Garimella [10] presented a computational
fluid dynamics model to analyze the performance of thermocline
storage system filled with quartzite rocks for use in parabolic
trough CSP plants, and more recently, Yang and Garimella [11] ex-
plored the cyclic behavior of sensible thermocline storage system.
For a given mass flow rate of the HTF, the cycle efficiency was con-
cluded to be intimately influenced by the filler particle diameter
and tank radius. Van Lew et al. [12] adopted the Schumann model
[9] to analyze the performance of thermocline energy storage sys-
tem embedded with rocks as filler material. Li et al. [13] extended
the model developed in [12] to develop design charts for thermo-
cline energy storage system design and calibration. Hänchen
et al. [14] employed Schumann’s model [9] to discuss the effects
of particle diameter, bed dimensions, fluid flow rate and the solid
filler material on the dynamic performance of thermocline storage
system. Uniform charging and discharging times were considered
and the efficiency of the system as a function of cycles was
monitored.

Ismail and Henriquez [15] numerically investigated the influ-
ence of the working fluid inlet temperature, the working fluid flow
rate and the material of a spherical capsule of 77 mm diameter on
the PCM solidification process. Felix Regin et al. [16] and Singh
et al. [17] presented brief reviews of the work performed on ther-
mocline storage system with PCM capsules. Felix Regin et al. [18]
also reported on the modeling of thermocline energy storage sys-
tem with embedded PCM capsules. The modeling follows the Schu-
mann formulation [9] except that the dependent variable for the
energy equation of the filler bed was enthalpy instead of tempera-
ture. The resistance developed during the solidification phase
change process was accounted for by a decrease in the heat trans-
fer coefficient between the HTF and the filler bed. Wu and Fang
[19] analyzed the discharging characteristics of a solar heat storage
system with a packed bed of spherical capsules filled with myristic
acid as PCM. The influence of the HTF mass flow rate, inlet temper-
ature and the porosity of packed bed were studied.

The foregoing discussion suggests that although several studies
are reported on a thermocline system packed with sensible filler
materials, the literature on the performance of a latent thermocline
energy storage system is relatively few. To the authors’ knowledge,
a thorough modeling of solidification and melting process of
encapsulated PCM in a thermocline energy storage system and a
comprehensive study of the dynamic performance of the system
subjected to constraints dictated by the power plant operation is
lacking in the previous studies. To this end, the objectives of the
present study are to develop a detailed model of a thermocline
storage system containing spherical capsules filled with PCM and
to investigate the influence of the design and operating parameters
on the dynamic performance of the system to identify configura-
tions that maximize system utilization. Based on systematic
parametric studies, design guidelines for a latent thermocline
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storage system with a packed bed of encapsulated phase change
materials are established. The results of the study are presented
in terms of nondimensional groups for generalized applicability
for designing the storage system for both parabolic (low tempera-
ture) and power tower (high temperature) CSP plants.

2. Mathematical model

2.1. Model development

Fig. 1a illustrates the schematic of a thermocline storage tank of
height Ht and radius Rt packed with spherical capsules filled with
PCM. For the sake of clarity in illustration, an ordered arrangement
of capsules is depicted in Fig. 1a; however, in reality, the packing
scheme may vary and the porosity of the packed bed for a fixed diam-
eter of spherical capsules can range from 0.25 to 0.48 [20]. The solid
arrows indicate the direction of hot HTF during charging while the
dotted arrows indicate the direction of cold HTF flow through the
storage system during discharging. The inner radius of the capsules,
represented by Rc, is filled with PCM (shaded), while the thickness
of the capsule wall is denoted by b, as depicted in Fig. 1b.

The flow of the HTF is considered incompressible and the PCM is
assumed to be homogeneous without any impurities and isotropic
on the physical properties. The outer surface of the insulated ther-
mocline tank is considered to be adiabatic and the HTF flow is as-
sumed to be radially invariant and varies only along the axis of the
tank, which was also confirmed from a detailed computational anal-
ysis of the system, that is not discussed here. The temperature vari-
ation in the thermocline tank is considered to be axisymmetric,
whereas the temperature is considered to vary radially inside the
encapsulated PCM region. The transient heat transfer in the axisym-
metric domain of the packed bed is coupled with the transient radial
heat transfer in the PCM to determine the spatial and temporal tem-
perature variation along with the melt interface location. Thermal
expansion and shrinkage of PCM in the spherical capsules is not ac-
counted for in the present study and the density of solid and liquid
phase of the PCM is considered to be same. Thermal conduction be-
tween the spherical PCM capsules in contact is neglected because of
the large contact resistance. The melting and solidification processes
Fig. 1. Schematic illustration of: (a) latent thermocline storage system (LTES), (b)
capsule cross-section.
within a PCM are modeled by the enthalpy-porosity technique as
introduced by Voller et al. [21]. By this approach, the porosity in each
cell is set equal to the liquid fraction, fL, in the cell, which takes either
the value of 1 for a fully liquid region and 0 for a fully solid region.

Based on the foregoing assumptions, the governing energy
equations for the HTF temperature, Tf, and the encapsulated PCM
temperature, Tp, are as follows:

eqf cf
@Tf

@t
þ qf cf U

@Tf

@z
¼ kf

@2Tf

@z2 þ
3ð1� eÞ

4pðRc þ bÞ3
Tp;r¼Rc � Tf

RT1 þ RT2
ð1Þ

qp cp þ hsl
@fLðTpÞ
@Tp

� �
@Tp

@t
¼ 1

r2

@

@r
kp;eff r2 @Tp

@r

� �
ð2Þ

where RT1 = b/4pkwRc(Rc + b) and RT2 = 1/4ph(Rc + b)2 in Eq. (1) de-
note the thermal resistance offered by radial heat conduction in
the capsule wall and convective heat transfer between the HTF
and filler phase, respectively. The terms q, c, k and T correspond
to density, specific heat, thermal conductivity, and temperature,
respectively, of either the HTF denoted by subscript f or the encap-
sulated PCM denoted by subscript p, hsl denotes the latent heat of
fusion of the PCM, t denotes time, U represents the superficial veloc-
ity of the heat transfer fluid entering the packed bed storage system,
h represents the convective heat transfer coefficient between the
HTF and PCM capsules and e denotes the porosity of the packed
bed. The term, Tp;r¼Rc on the right hand side of Eq. (1) denotes the
PCM temperature calculated at the inner surface of the PCM cap-
sules as shown in Fig. 1(b). The liquid fraction fL(Tp) is given by
the Heaviside step function at Tp = Tm, represented as fL = 0, Tp < Tm

and fL = 1, Tp > Tm, where Tm is the melt temperature of PCM.
The circulation of liquid due to buoyancy-driven natural con-

vection currents during the melting of PCM are modeled using an
enhanced effective thermal conductivity of the PCM melt front,
kp,eff, evaluated using the empirical correlation in [22], which cov-
ers both the conduction and convection regimes and is expressed
as kp,eff = kp�Nuconv, where kp is the molecular thermal conductivity
of PCM and Nuconv is calculated using [22]:

Nuconv ¼ 1:16f ðPrÞ Do � Di

2Di

� �1=4 Ra1=4

fðDi=DoÞ3=5 þ ðDo=DiÞ4=5g
ð3Þ

where f ðPrÞ ¼ 2:012

3 1þ 0:492
Prp

� �9=16
� �4=9. The correlation is valid for a wide-

range of Prandtl (Prp) number and Rayleigh number (Ra) of the
PCM. The term Do–Di appearing in Eq. (3) represents the thickness
of the liquid layer formed during melting of PCM. Since the thick-
ness of the liquid layer is very small initially, heat transfer across
the liquid layer occurs primarily by conduction although, ulti-
mately, convection becomes important as the melt region expands.
Therefore, heat transfer through the melt is calculated by evaluating
both (1) a conduction heat transfer rate using kp and (2) a rate asso-
ciated with the use of kp,eff for free convection in a spherical enclo-
sure. The expression that yields the largest heat transfer rate was
used in the computations.

In order to generalize the model and the corresponding results,
Eqs. (1) and (2) are non-dimensionalized as follows:

e
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where the non-dimensional parameters are defined as follows:
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in which, the interstitial Nusselt number, Nu, thermally couples the
HTF with the spherical PCM capsules, and is given by the above expres-
sion obtained from Galloway and Sage [23]. The other characteristic
nondimensional parameters that appear in Eq. (6) are the Reynolds
number, ReH, Prandtl number of the HTF, Prf and the inverse Stefan
number of the PCM, w. Subscripts C and D correspond to the hot inlet
HTF temperature during charging and the cold inlet HTF temperature
during discharging, respectively. Note that hot HTF enters the tank at
z� = 0 during charging and the exit temperature of the HTF corre-
sponds to an axial position of z� = 1 and vice versa during discharge.

Further, the boundary conditions during the charging and dis-
charging process are specified as

hf ðz� ¼ 0Þ ¼ 1;
@hf

@z�
ðz� ¼ 1Þ ¼ 0; Charging

hf ðz� ¼ 1Þ ¼ 0;
@hf

@z�
ðz� ¼ 0Þ ¼ 0; Discharging

k�p
@hp
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h i
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h i
þ 2�R�c

Nu�ðR�cþb�Þ

h in o ð7Þ

@hp

@r�
ðr� ¼ 0;0 < z� < 1Þ ¼ 0

The numerical simulations start with a charge process assuming
that the tank is completely discharged initially, resulting in the fol-
lowing initial conditions for the HTF and the PCM phase:

hf ¼ 0; hp ¼ 0 ð8Þ

The complete set of governing equations is discretized using the fi-
nite volume approach and the melting/solidification of the PCM is
modeled using the fixed-grid enthalpy method as presented by Vol-
ler et al. [21]. In order to accurately predict the liquid fraction in the
fixed grid enthalpy-based formulation, the liquid fraction in each
computational cell, in conjunction with the temperature, hp, pre-
dicted by Eq. (5) for the encapsulated PCM, should be updated at
each iteration within a time step. In the present case, the enthalpy
iterative updating scheme of the liquid fraction takes the following
form for a pure PCM, which melts at constant temperature:

wf nþ1
LðiÞ ¼ wf n

LðiÞ þ
ai

a0
i

d½hn
pðiÞ � F�1ðf n

LðiÞÞ� ð9Þ

In the above equation, ai is the coefficient of hi for the radial no-
dal point i in the discretized energy equation of the PCM, n is the
iteration number, d is a relaxation factor, which is set to 0.01 for
the present case, and F�1 is the inverse of latent heat function
which takes the value of hm for a pure substance.

The coupled system of governing equations in their nondimen-
sional form is solved using an implicit method with the convec-
tive-diffusive fluxes in the HTF governing equation [Eq. (4)]
discretized using the power-law scheme, and the diffusive fluxes
in the PCM governing equation [Eq. (5)] discretized using central
differencing scheme [24]. After a systematic grid refinement
study, the thermocline tank was discretized into 200 equally
spaced intervals in the axial direction and the encapsulated
PCM within the spherical capsules was discretized into 10 uni-
form zones in the radial direction. The nondimensional time step
chosen for the study was Dt⁄ = 5 � 10�10. The iterative residuals
at each time step are converged to the order of 10–11 to eliminate
iterative errors from the solution.

2.2. Model inputs and outputs

The numerical model allowed for studying all the physical heat
transfer processes that occur within the system namely, the con-
vective heat transfer between the HTF and the filler phase, the ra-
dial thermal conduction in the wall, the conduction in the solid
PCM, and conduction and natural convection within the liquid
PCM. The outputs from the model comprise the transient axial var-
iation of temperature in the HTF, the transient radial variation of
temperature and the melt fraction contour of PCM within the cap-
sule at any axial location. The transient total energy available with-
in the system (QT = QS + QL) is composed of sensible energy (QS) and
latent energy (QL) components, calculated as the summation of en-
ergy stored in all the PCM capsules and the HTF, which can be
determined from the following expressions:

QS ¼ pR2
t

Xp

j¼1

eqf cf ðTf ðjÞ � TDÞDz
h

þ
Xq

i¼1

ð1� eÞqpcpðTpði;jÞ � TDÞViDz
Vc

#
ð10aÞ

QL ¼
Xp

j¼1

Xq

i¼1

ð1� eÞpR2
t qphslfLði;jÞViDz

Vc
ð10bÞ

where i represents the radial node at any axial location, j, p and q
denotes the total number of discretized finite volumes in the axial
direction of the tank and radial direction of the capsules, respec-
tively. Vc and Vi denotes the volume of the spherical capsules and
the discretized volume of the radial node ‘i’, respectively; and Dz
represents the discretized length of the nodes in the axial direction
of the LTES. The corresponding nondimensionalized sensible energy
and latent energy components are calculated as:

Q �S ¼
Q S

qf cf pR2
t HtðTC � TDÞ
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Q L
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4
3
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The nondimensional operating and design parameters analyzed in
the present study are the Reynolds number, ReH, the capsule radius,
R�c , the capsule wall thickness, b�, inverse Stefan number, w, and the
melt temperature, hm. The results of the study are presented and
discussed in the following section.

3. Results and discussion

3.1. Model validation

The validity of the model developed in Section 2 is examined by
comparing the axial variation of the HTF temperature at different
time instants obtained from the present simulation with experi-
mental data reported by Pacheco et al. [25] for a small pilot scale,



Fig. 2. Comparison of the (a) axial HTF temperature variation from the present
simulations (lines) with the experimental data from Pacheco et al. [25] (markers),
(b) the temporal HTF and PCM temperature variation from the present simulations
(lines) with the experimental data from Nallusamy et al. [26] (markers).

Table 1
Operating and design parameters considered in the study.

Parameters Symbol Design intervals

Reynolds number ReH 5000 6 ReH 6 50000
Capsule radius R�c 0:00025 6 R�c 6 0:0025
Capacitance ratio k 0:5 6 k 6 2:0
PCM melt temperature hm 0:0 6 hm 6 1:0
Inverse Stefan number w 0:0 6 w 6 2:0
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2.3 MWht sensible thermocline storage tank. The results of the
comparison are presented in Fig. 2a. The model developed to study
latent thermocline energy storage system in the previous section
can be used to analyze sensible thermocline energy storage system
by setting the nondimensional PCM melt temperature, hm, to a va-
lue greater than 1 and the inverse Stefan number of the filler mate-
rial, w, to 0. In the experimental studies [25], a eutectic molten salt
of NaNO3 + KNO3 and Quartzite rocks were used as the HTF and fil-
ler material, respectively, for which the thermophysical properties
are reported in [25]. In Fig. 2a, the markers denote the experimental
results while the lines denote the corresponding results obtained
from the present simulation. The initial condition of the HTF axial
temperature profile, at t = 0.0 h in Fig. 2a, corresponds to the final
charging state of the first cycle, which was carried out for 2 h from
a fully discharged state. With the flow of cold HTF into the tank, at
z⁄ = 0, the preexisting hot fluid in the tank flows out at z⁄ = 1. Simul-
taneously, heat exchange between the Quartzite rocks and the cold
HTF takes place, which is characterized by the sloped line from
hf = 0 to hf = 1 observed at t = 0.5 h in Fig. 2a. As time progresses,
the temperature of the fluid exiting the tank gradually decreases
as all the preexisting hot fluid in the tank is discharged and the cold
HTF which entered the tank at t = 0 h starts to discharge. Since not
all the energy is transferred from the filler material to the cold HTF,
the temperature of the HTF exiting the tank, hf(z⁄ = 1), starts to de-
crease gradually, as observed at t = 1.5 h and 2 h in Fig. 2a. Since the
experiment is not carried in a controlled environment, the temper-
ature profiles show some scatter. The agreement between the
experimental and numerical results is satisfactory to within the
uncertainty in the experimental tests, the properties of materials
considered and the numerical simulation.

Fig. 2b shows the comparison of the temporal variation of the
HTF temperature at z/Ht = 0.25 and the PCM temperature inside
the spherical capsules at z/Ht = 0.5, obtained from the numerical
simulation, with experimental data of Nallusamy et al. [26]. The
experimental results correspond to the operation of a packed bed
thermocline system filled with spherical capsules of diameter
55 mm. The capsules were filled with paraffin wax, which melts
at 60 �C and water was used as the HTF. It is observed from
Fig. 2b that the prediction of the PCM melting rate with the present
convection-assisted model leads to a sound agreement with the
experimental data than accounting for only conduction within
the PCM inside the spherical capsules, which predicts a slower
melting rate relative to the observed experimental data. This result
points to the importance of accounting for the buoyancy-driven
natural convection effects during the charging process, which is
incorporated in the present study using an effective thermal con-
ductivity of the PCM, as discussed in the previous section.

The close agreement of the numerical simulations with the
experimental results confirms the reliability of the model, which
forms the basis of the parametric studies presented and discussed
in the reminder of this section.

3.2. Single charge and discharge

The effects of the various design and operating parameters on
the performance of the system subjected to a single charging and
discharging cycle are discussed first. The range for each of the
operating and design parameters included in this study is deter-
mined from a literature review of various PCM properties, as
shown in Table 1, such that the default parametric combination
is R�c ¼ 0:001; ReH ¼ 5000; b� ¼ 5� 10�8; w ¼ 0:5; hm ¼ 0:75; Prf ¼
5; e ¼ 0:25; k ¼ 1; k�w ¼ 1; k�p ¼ 1. The Prandtl number chosen for
the study corresponds to that of molten salt HTF used in CSP
plants. The initial state of the system corresponds to a fully
charged state for the discharging process and a fully discharged
state for the charging process. The performance of LTES is quan-
tified in terms of the discharge efficiency of the tank defined as,

gD ¼
R t�¼t�D

t�¼0
hf ðz�¼0Þ

hC

� �
.

Fig. 3a presents the axial HTF temperature distribution (solid
line) and the PCM melt fraction (dashed line) inside the tank at var-
ious time instants during the charge process for PCM melt temper-
ature of hm = 0.5 with the rest of the design parameters at the
default values. The tank is initially in a fully discharged state with
the HTF and the PCM filler capsules kept at the cold temperature,
hf = hp = 0, and the PCM in solid state (Fig. 3a). At t⁄ = 0, hot HTF
is introduced into the tank at z⁄ = 0, which results in the heat ex-
change between the incoming hot HTF and the cold solid PCM
stored in the spherical capsules, resulting in the melting of PCM.
At t⁄ = 2.0 � 10�5, it is observed that until the axial position of
z⁄ = 0.25, the PCM stored inside the spherical capsules completely
melts and reaches the inlet temperature of the hot HTF. The HTF
temperature distribution presented in Fig. 3a at t� = 2.0 � 10�5

consists of four zones as also reported in [10]: (1) a constant
low-temperature zone (hf = 0) near the bottom of the tank
(z� = 1), (2) a constant high-temperature zone (hf = 1) which
prevails near the top of the tank (z� = 0), (3) a constant melt-tem-
perature zone (hf = hm) and (4) two intermediate heat exchange
zones (hm < hf < 1and 0 < hf < hm). In the constant low- and



Fig. 3. Time evolution of axial HTF temperature and PCM melt fraction profiles during (a) charging and (b) discharging,and time variation of the HTF exit temperature, hf,out,
and total energy available, Q*, in the LTES during (c) charging and (d) discharging.
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high-temperature zones, the molten salt and PCM capsules are in
thermal equilibrium; in the heat exchange zones, sensible energy
transfer between the PCM capsules and the HTF occurs; and in
the constant melt-temperature zone, latent energy transfer be-
tween the HTF and PCM takes place. The constant low temperature
zone is clearly observed in the HTF temperature profile at t⁄ = 2.0 -
� 10�5 (Fig. 3a). As time progresses, at t⁄ = 4.0 � 10�5 in Fig. 3a, it is
found that the temperature of the HTF exiting the tank at z⁄ = 1, in-
creased from 0 to 0.2 as all the initial cold fluid is completely dis-
charged and the incoming hot fluid, which exchanges thermal
energy with the PCM filler materials, starts to discharge.

Fig. 3b shows the HTF temperature profile at various time in-
stants during the discharge process. The HTF and the PCM filler
capsules are initially kept at the high temperature corresponding
to a fully charged state, hf = hp = 1, and the PCM is in molten state
(Fig. 3b). At t⁄ = 0, cold HTF at hf = 0 is introduced into the tank at
z⁄ = 1, which results in the heat exchange between the incoming
cold HTF and the molten PCM stored in the spherical capsules,
resulting in the solidification of the PCM radially inward into the
spherical capsules. The axial temperature variation of the HTF fol-
lows the same discussions as in the charging process. Due to the
small capsule radius considered (R�c ¼ 0:001), natural convection
currents in the molten PCM does not have any significant effect
on the charge rate and as a result, the total time taken to charge
the system was the same as that to discharge the system, i.e.,
t�C ¼ t�D ¼ 8:0� 10�5, for the combination of parameters listed at
the beginning of this subsection.

Fig. 3c presents the temporal variations of the exit temperature
of the HTF (hf at z⁄ = 1) depicted by dotted line and the accumula-
tion, Q⁄, of total (solid line), sensible (dashed line), latent energy
(dotted-dashed line) in the thermocline system during the entire
charging process, for the default parametric values as presented
at the beginning of Section 3.2. The sensible, latent and total en-
ergy available in the LTES can be calculated from Q �S in Eq. (11a),
Q �L in Eq. (11b) and Q �S þ Q �L . The exit temperature of the HTF is ob-
served to gradually increase at t⁄ = 3.5 � 10�5 when the hot fluid
which entered the tank at t⁄ = 0 and exchanged thermal energy
with the cold PCM capsules starts to exit from the bottom of the
tank. Ideally, considering infinite heat transfer rate between the
HTF and the PCM capsules, the hot HTF entering the tank should
transfer 100% of its thermal energy to the cold solid PCM capsules,
and the exit temperature of the HTF should follow a step curve
increasing from 0 to 1 after all the PCM capsules are completely
charged. However, due to the conduction and convection resis-
tances limiting the heat transfer rate between the HTF and PCM
capsules, the HTF temperature gradually increases from 0 to hm

and stays at hm until the bulk of the PCM at the top portion of
the tank changes phase from solid to liquid after which the tem-
perature increases from hm to 1 (Fig. 3c). From the temporal varia-
tion of the total energy stored in the tank, as plotted in Fig. 3b, it is
observed that the charge rate slightly decreases at approximately
t⁄ = 4.5 � 10�5 when the HTF exit temperature is governed by the
melting of the PCM. The latent energy storage rate is slower than
sensible energy storage rate as observed from the slope of the sen-
sible energy and latent energy curves in Fig. 3c. At t⁄ = 4.5 � 10�5,
latent energy storage rate dominates as reflected in a decrease in
the total energy storage rate. Similar to the charge process, the
temporal variations of the energy available in the tank and the exit
temperature of the HTF during the discharge process (hf at z⁄ = 0) is
presented in Fig. 3d. Since the PCM melt temperature, hm = 0.5 is
exactly mid-way between the charge and the discharge tempera-
ture of the incoming HTF fluid, and no convection assistance is ob-
served during charging, the exit temperature and the energy
available during the discharge process shown in Fig. 3d exhibits
a reverse variation of the corresponding curves illustrated in
Fig. 3c. The discharge efficiency, gD, can be visually interpreted as
the ratio of the area under the HTF exit temperature curve in
Fig. 3d with respect to the total plot area.

Fig. 4 portrays the time required to charge and discharge the
thermocline tank and also the corresponding discharge efficiency



Fig. 4. Variation of (a) charge time, discharge time and discharge efficiency with Reynolds number, (b) HTF exit temperature with time for various Reynolds numbers, and
charge time, discharge time and discharge efficiency with (c) capsule radius and (d) porosity.

1452 K. Nithyanandam et al. / Applied Energy 113 (2014) 1446–1460
for the various nondimensional operating and design parameters
of the system namely, the Reynolds number (Fig. 4a), capsule ra-
dius (Fig. 4c) and porosity (Fig. 4d). The driving force for melting
(solidification) is the difference between the hot (cold) HTF tem-
perature and the PCM melt temperature. In Fig. 4, the charge time
is higher than the discharge time because for the default melt tem-
perature of hm = 0.75, the driving force for solidification is greater
than that for melting. It can be observed from Fig. 4a that with in-
crease in Reynolds number, the charge time as well as the dis-
charge time decrease. The trend can be explained by the fact that
for a given capsule size, the Nusselt number, which governs the
heat transfer rate between the HTF and the PCM capsules, in-
creases with increase in Reynolds number (Eq. (6)), leading to a
faster storage and extraction of energy. However, the discharge
efficiency decreases with increase in ReH due to the faster decrease
of the exit temperature with increase in Reynolds number, as seen
in Fig. 4b during the discharge process. This, in turn, corresponds to
a smaller area under the temperature time curve, leading to a de-
crease in discharge efficiency with increase in ReH.

An increase in capsule radius is accompanied by an increase in
the Nusselt number (Eq. (6)), which signifies efficient convective
heat transfer between the HTF and PCM capsules, due to the in-
crease in surface area of interaction. Simultaneously, the conduc-
tion resistance within the PCM capsules also increases resulting
in a slower extraction of both latent and sensible energy from
the interior of PCM capsules. This leads to a subsequent increase
in the charge and discharge time leading to a decrease in discharge
efficiency with increase in capsule radius, as illustrated in Fig. 4c.
The difference between the charge and discharge time decreases
with increase in capsule radius from t�C � t�D ¼ 3:78� 10�5 for
R�c ¼ 0:00025 to t�C � t�D ¼ 3:03� 10�5 for R�c ¼ 0:0025. This is due
to the enhancement in the PCM melting rate during charging as-
sisted by the buoyancy driven natural convection currents. From
Fig. 4c, it is also found that the critical capsule radius beyond which
the buoyancy driven natural convection current effects in the mol-
ten PCM are important correspond to R�c ¼ 0:001 with
t�C � t�D ¼ 3:66� 10�5.

With increase in porosity, the charge and discharge time of the
thermocline tank decreases as illustrated in Fig. 4d. The decrease
in charge and discharge time with increase in porosity can be ex-
plained by the fact that a smaller number of capsules are present
inside the tank for thermal energy exchange with the HTF. With
increase in porosity, the sensible energy extraction rate increases
while the latent energy extraction rate decreases due to the in-
crease in HTF volume and reduction in the number of PCM cap-
sules respectively. This leads to a faster decrease in the exit
temperature of the HTF following the discharge of pre-existing
hot HTF in the tank, thus leading to a decrease in discharge
efficiency with increase in porosity for the default PCM melt tem-
perature of hm = 0.75. For low PCM melt temperatures, hm < 0.5,
the discharge efficiency is found to increase with increase in
porosity (not illustrated here) due to the larger area under the
temperature–time curve, similar to that illustrated for different
Reynolds number in Fig. 4b. However, as seen in Fig. 4d, the
porosity has a minimal effect on the discharge efficiency com-
pared to the rest of the parameters. For a porosity of 1, which
is not plotted here, the total volume of the tank will be occupied
by the HTF leading to equal charge and discharge time dictated
by the velocity of HTF flow and the tank height, as seen by the
faster approach of charge time to the discharge time value at
higher porosity in Fig. 4d.

From Fig. 5a, it is seen that as the capacitance ratio increases,
since the thermal inertia increases, the corresponding slower tem-
poral variation of PCM temperature, hp, leads to a slower energy
charge and discharge rate or equivalently, longer charge and
discharge times. On the other hand, only a slight decrease in the



Fig. 5. Variation of charge time, discharge time and discharge efficiency with (a)
capacitance ratio, (b) inverse Stefan number and (c) PCM melt temperature.
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discharge efficiency is observed because with increase in capaci-
tance ratio, the thermal capacitance increases and the exit temper-
ature of the HTF decreases slowly, which compensates for the
longer charge and discharge times. Fig. 5b shows the influence of
inverse Stefan number on the charge and discharge times and
discharge efficiency of the tank. With increase in inverse Stefan
number, the PCM has a larger amount of latent energy (Eq. (11b)),
which increases the latent thermal inertia of the system, and results
in a longer charge and discharge time. The discharge efficiency
initially increases from gD = 64.04% for an inverse stefan number
of 0, which corresponds to a sensible thermocline storage system,
to gD = 80.84% for an inverse Stefan number of 1, after which it de-
creases again togD = 79.6% forw = 2. For high inverse Stefan number,
the discharge efficiency does not decrease as much as the increase in
the discharge time, because the HTF exit temperature remains at the
PCM melt temperature for a longer time with increase in inverse
Stefan number, which compensates for the longer discharge time.

From Fig. 5c, it is observed that the discharge time is higher
than the charge time for PCM melt temperature less than 0.5
because the temperature difference between the external cold
HTF temperature and the PCM melt temperature decreases with
decrease in PCM melt temperature. The effect of PCM melt temper-
ature beyond hm = 0.5 on the discharge time is observed to be insig-
nificant. The converse trend is observed in Fig. 5c for the charge
time in that the charge time is higher than the discharge time for
PCM melt temperature greater than 0.5 and the relative immunity
for hm < 0.5. For instance, the discharge time in Fig. 5c decreases
from t�D ¼ 7:91� 10�5 for PCM melt temperature of 0.5 to t�D ¼
6:44� 10�5 for hm = 1. For hm = 0 (hm = 1) during the discharge
(charge) process the temperature difference between the cold
(hot) HTF and the PCM melt temperature to drive the solidification
(melting) of the PCM is zero which results in zero extraction of
latent energy. However, the discharge efficiency is obtained to be
the lowest at hm = 0.25 (gD = 52.32) when the discharge time is
the highest, because the exit temperature of the HTF will stay at
the low PCM melt temperature for the longest period of time.
The discharge efficiency of the tank is found to be the highest
for a melt temperature equal to the hot HTF temperature because
the exit temperature of the HTF will stay at the highest
temperature for a long time. The effects of k�p and k�w on the LTES
performance metrics are found to be insignificant and are not re-
ported here. Among the plots in Figs. 4 and 5, the highest discharge
efficiency is obtained to be gD = 83.32% for hm = 1 (Fig. 5c), with
other parameters held at the default values mentioned earlier in
this subsection, which is significantly higher than gD = 64.04%
corresponding to a sensible thermocline tank with the same
parametric values.

3.3. Cyclic charging and discharging

When designing a storage tank for a CSP plant, the dynamic
behavior of the LTES subjected to repeated charge and discharge
process is of primary interest. Initially the tank is kept in a fully
discharged state as established by Eq. (8). The cyclic charge and
discharge process of the LTES differs from the single charge and
discharge process considered in Section 3.2 in that the initial con-
ditions for subsequent charge and discharge processes are not the
fully discharged or charged states, as considered in Section 3.2, but,
instead, are the final states of discharge or charge at the end of the
previous cycle. The performance of the LTES is analyzed following
repeated charge and discharge processes until a periodic state is
established, when the variations from one cycle to another is less
than 0.5%.

The dynamic behavior and design of a latent thermocline stor-
age system is assessed with respect to the following operating con-
siderations of molten salt power tower CSP plants. In a molten salt
power tower plant, the storage fluid as well as the working fluid of
the power block is the same and hence, the mass flow rate of the
HTF depends on the CSP plant thermal power output requirement,
Pt, and can be expressed as

Pt ¼ _mf cf ðTC � TDÞ ¼ qf cf UpR2
t ðTC � TDÞ ð12Þ

where U is determined from the power plant output assuming that
the HTF temperature always enters the power block at TC. The base-
line volume of a LTES, Vt (Vt ¼ pR2

t Ht) can be found out from the fol-
lowing relation

Qcap ¼ Vt ½eqf cf ðTC � TDÞ þ ð1� eÞqpcpðTC � TDÞ
þ ð1� eÞqphsl� ð13Þ

where Qcap denotes the storage capacity of LTES based on an ideal
thermocline.

In an effort to generalize the system performance and design a
thermocline tank for any given discharge power and storage capac-
ity, Eqs. (12) and (13) are non-dimensionalized as
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P�t ¼
Pt

ðkf pHtðTC � TDÞÞ
¼ b2ReHPrf ð14aÞ
Q �cap ¼
Q cap

ðqf cf pH3
t ðTC � TDÞÞ

¼ b2½eþ ð1� eÞkþ ð1� eÞkw� ð14bÞ

where b = Rt/Ht. The analysis is presented here for b = 1, although
other values of b will not affect the performance of the thermocline
since the governing equations (Eqs. (4) and (5)) of the LTES are inde-
pendent of b. Based on the given power plant power requirement
and the storage operation duration, b merely appears as a scaling
factor for increasing or decreasing the storage capacity of the plant
and determining the Reynolds number. In this study, the Prandtl
number of the fluid is not changed while the Reynolds number of
the HTF is adjusted to explore the performance of the thermocline
tank designed for various power plant requirements.

It was pointed out in Section 3.2 that the exit temperature of the
HTF decreases (increases) after a period of time during discharging
(charging). Commonly in CSP plants, the HTF exiting the tank dur-
ing discharging (charging) is fed into the power block (solar field)
for superheated steam generation (solar energy capture). The
strong dependence of the power block cycle efficiency on the
working fluid temperature [27] requires the termination of dis-
charge process when the HTF exit temperature reaches a certain
minimum dimensionless cut-off temperature, h0D. Similarly, the
material temperature limitations of the heat transfer fluid and
the solar receiver dictate a maximum cut-off temperature, h0C , for
the HTF exit temperature of the thermocline system during charg-
ing. If the exit temperature exceeds this value, a high flow rate is
needed through the receiver in order to keep the temperature of
the receiver and HTF in the receiver within allowable limits. The
high flow rate, in turn, increases parasitic and thermal losses
[27]. In the present study, h0C and h0D were set to be 0.39 and 0.74,
respectively, representative of the requirements of a CSP plant
operation [27].

The performance metrics used to characterize the dynamic
behavior of the system in the present work are the cyclic total uti-

lization, UT ¼
Q�S;DþQ�L;D

Q�cap
and the latent utilization, UL ¼

Q�L;D
Q�cap;L

, where

Q �S;D (Q �L;D) denotes the sensible (latent) energy discharged in a cy-
cle, which is obtained by subtracting the sensible, Q �S (latent, Q �L)
energy available within the system defined in Eq. (11) of Section 2.2
at the end of the discharging process, from the sensible (latent) en-
ergy available within the system at the end of the charging process
of the corresponding cycle. The term Q �cap represents the total en-
ergy storage capacity of LTES as defined in Eq. (14b) while Q �cap;L ac-
counts for only the latent energy capacity of the LTES, which can be
denoted as Q �cap;L ¼ ð1� eÞkw. A third performance metric namely,
the useful thermal energy discharged by the system defined as,
Q �cap;u ¼ Q �cap � UT was also used to quantify the performance of the
storage system. Numerical simulations were conducted for various
combinations of design and operating parameters listed in Table 1,
to analyze the effects of total utilization, UT, latent utilization, UL,
and useful thermal energy discharged, Q �cap;u, of the LTES at its peri-
odic steady state. It is to be noted that the porosity of the bed and the
Prandtl number of the HTF are kept constant at the default values as
listed in the beginning of Section 3.2, viz. e = 0.25 and Prf = 5.

Fig. 6 shows the cyclic behavior of the axial temperature distri-
bution of the HTF, hf, and the melt fraction distribution of the PCM
inside the spherical capsules subjected to five cycles of the charg-
ing and discharging process. The layout of the figure is such that
each row of plots represents one cycle of charging and discharging,
and within each row the first and second plots represent the axial
temperature profile evolution with time during charging and dis-
charging, respectively, whereas the third and fourth plots denote
the transient melt fraction profile variation during charging and
discharging, respectively. The axial HTF temperature and PCM melt
fraction profiles illustrated in Fig. 6 correspond to a dimensionless
PCM melt temperature of 0.5 and Reynolds number of 25,000 with
the rest of the parameters retaining the values listed in Section 3.2.
In cycle 1, Fig. 6a–d, initially, at t⁄ = 0, the tank is in a completely
discharged state and the PCM is in the solid phase as denoted by
the coincidence of the HTF temperature and PCM melt fraction
curve with the x-axis in Fig. 6a and c, respectively. In Fig. 6a, as
charging continues, hot HTF flows from z⁄ = 0, and exchanges en-
ergy with the PCM stored inside the spherical capsules resulting
in the melting of PCM. As illustrated for Fig. 3, the HTF temperature
distribution at any time instant consists of two heat exchange
zones, a constant melt temperature zone, high- and low-tempera-
ture zones. Charging continues until the exit temperature of the
HTF at z⁄ = 1 reaches the cut-off temperature, h0C ¼ 0:39, during
which time the total molten PCM volume fraction in Fig. 6c corre-
sponds to 0.77. During the cyclic operation, the final charging tem-
perature and melt fraction profile of the first process, depicted by
chain dashed lines in Fig. 6a and c, respectively, becomes the initial
condition, t⁄ = 0, of the subsequent discharge process, as depicted
by the solid lines in Fig. 6b and d, respectively. During the dis-
charge process, cold HTF flows from z⁄ = 1, extracting thermal en-
ergy from the PCM inside the spherical capsules, thereby
resulting in the solidification of PCM. As cold HTF flows from
z⁄ = 1, the pre-existing hot HTF at the end of the previous charge
process (solid line in Fig. 6b) exits the tank at z⁄ = 0, followed by
the discharge of the HTF that has extracted energy from the PCM.
For a given design configuration, the nondimensional time taken
for the inlet HTF to traverse the entire height of the tank is e/ReH-

Prf, obtained by substituting t = eU/Ht for the definition of t⁄ in
Eq. (6), which for the current design configuration yields
2 � 10�6. Correspondingly, at t⁄ = 2 � 10�6 in Fig. 6b, the HTF tem-
perature exiting the tank at z⁄ = 0, decreases as the incoming HTF
that exchanges thermal energy with the PCM starts to discharge.
The discharging process continues until the exit temperature of
the HTF, hf, at z⁄ = 0 reaches h0D ¼ 0:74 and the corresponding axial
PCM melt fraction distribution is depicted in Fig. 6d. The percent-
age of shaded area in Fig. 6b and d provide a representation of the
total utilization, UT, and latent utilization, UL, of the LTES system,
which are seen to be 53.06% and 40.45%, respectively. The dimen-
sionless charge and discharge times are noted to be, respectively,
t�C ¼ 5:3� 10�6 and t�D ¼ 3:4� 10�6 .

Fig. 6e shows the charging process of cycle 2, the initial temper-
ature distribution of which corresponds to the final distribution of
the discharge process of cycle 1 (Fig. 6b). As the initial condition for
charging of cycle 2 corresponds to a partially discharged LTES sys-
tem compared to a fully discharged LTES in cycle 1 (Fig. 6a), the to-
tal charge time for cycle 2 is less than that obtained for cycle 1. As
the total time taken for the HTF to traverse the entire height of the
tank is 2 � 10�6, the exit temperature of the HTF starts to increase
as the pre-existing cold HTF is completely discharged and the inlet
hot HTF starts to discharge after exchanging energy with the PCM.
On the other hand, the exit temperature of the HTF for cycle 1 at
t⁄ = 2 � 10�6 in Fig. 6a does not increase yet, due to the exposure
of inlet hot HTF to a completely discharged LTES which results in
the discharge of HTF at low temperature even after the complete
discharge of pre-existing cold fluid. After the culmination of charge
process when the exit temperature of the HTF at z⁄ = 1 reaches the
cut-off temperature, h0C , discharge process commences until the
HTF exit temperature at z⁄ = 0 reaches h0D, as presented in Fig. 6f,
resulting in a total utilization, UT, of 47.75%, about 10% lower than
the 53.06% (Fig. 6b) at the end of cycle 1. The corresponding charge
time and discharge times are t�C ¼ 3:4� 10�6 (Fig. 6e) and
t�D ¼ 3:1� 10�6 (Fig. 6f), which are less than the corresponding
times in cycle 1 (Fig. 6a and b). The solid line in Fig. 6g represents



Fig. 6. Temporal evolution in the axial distribution of HTF temperature, and PCM melt fraction during repeated charging and discharging cycles: HTF temperature variation
during cycle 1 (a) charging and (b) discharging and PCM melt fraction variation during cycle 1 (c) charging and (d) discharging; HTF temperature variation during cycle 2 (e)
charging and (f) discharging and PCM melt fraction variation during cycle 2 (g) charging and (h) discharging; HTF temperature variation during cycle 4 (i) charging and (j)
discharging and PCM melt fraction variation during cycle 4 (k) charging and (l) discharging; HTF temperature variation during cycle 5 (m) charging and (n) discharging and
PCM melt fraction variation during cycle 5 (o) charging and (p) discharging. The legend is included in Fig. 6g.
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the melt fraction contour at the start of cycle 2 charging which is
the same as melt fraction curve at the end of discharging of cycle
1 (chain-dashed line in Fig. 6d). As seen from the solid line in
Fig. 6g liquid PCM exists between z⁄ = 0 and z⁄ = 0.6. From Fig. 6e,
it is seen that the HTF between z⁄ = 0.35 and z⁄ = 1.0 at t⁄ = 0 is be-
low the PCM melt temperature, which results in further solidifica-
tion of the PCM until the hot HTF from z⁄ = 0 is convected to that
position. Hence, the axial melt front moves further to the left for
a brief period of time from the start of cycle 2 charging before it
moves right due to melting, which results in the crossing of melt
fraction contour at t⁄ = 0 and t⁄ = 1 � 10�6. The latent utilization
of the LTES at the end of cycle 2 decreases to 33.17% (Fig. 6h) from
40.45% obtained for cycle 1 (Fig. 6d).

Subsequent charge and discharge processes are carried out until
the LTES reaches a periodic state, defined such that the total and
latent utilization of the LTES, each changes by less than 0.5% be-
tween two consecutive cycles. Fig. 6i (Fig. 6j) and Fig. 6m
(Fig. 6n), which show the temporal evolution of axial HTF temper-
ature distribution during charging (discharging) of cycles 4 and 5,
respectively, follows the same description as cycles 1 and 2. Fig. 6j
and n reveals that the difference in total utilization of the LTES be-
tween cycle 4 and 5 is 0.13% and from Fig. 6l and p, it is observed
that the change in latent utilization of the LTES between the two
cycles is 0.29%, reflecting the attainment of periodic state. The
charge and discharge times are also seen to be nearly invariant
with cycles at t�C ¼ 3:2� 10�6 (Fig. 6i and m) and t�D ¼ 3:0� 10�6

(Fig. 6j and n). It requires at most five cycles of operation for the
system to achieve periodic state for the various range of parametric
values considered in the present study (Table 1). Overall, it is seen
from Fig. 6 that a completely discharged initial state during the
first cycle results in a higher utilization and the utilization of the
LTES decreases in the subsequent cycles. It is instructive to note
that the design of the LTES for CSP plants should be based on the
utilization of the system obtained at the periodic cycle and the per-
formance of the LTES is explored only after cyclic periodicity is
achieved.

Fig. 7a–d illustrates the influence of capsule radius, capacitance
ratio, inverse Stefan number and PCM melt temperature, respec-
tively, on the utilization of the thermocline storage system for dif-
ferent Reynolds number. Fig. 7a portrays the total and latent
utilization of the LTES system calculated for different ReH and dif-
ferent non-dimensional capsule radius, R�C . It is clear from Fig. 7a
that utilization decreases with increase in ReH and R�C . At the higher
values of the Reynolds number, a longer flow time is required for
the exchange of thermal energy between the HTF and PCM, which
results in an expansion of the heat exchange zone. Also, the con-



Fig. 7. Effects of (a) capsule radius, (b) capacitance ratio, (c) inverse Stefan number and (d) PCM melt temperature on total and latent utilization of the latent thermocline
energy storage system for different Reynolds numbers.
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stant melt-temperature zone is observed to reduce in length as the
Reynolds number increases, implying lesser extraction of latent en-
ergy from the PCM. As explained before, the area between the
charge and discharge temperature profile is a visual representation
of the total utilization of the system, which is found to decrease
with increase in Reynolds number for any capsule radius. It is ob-
served that increasing R�C results in an expansion of the heat ex-
change zone and restricts the formation of constant melt-
temperature zone as illustrated for the axial HTF temperature dis-
tribution in Fig. 6, thus resulting in a decrease in total and latent
utilization. This is attributed to the fact that for a given height of
the tank, increasing the capsule radius, results in an increased
resistance to the conduction dominated PCM solidification, which
occurs during discharge process limiting the heat exchange rate
between the HTF and PCM. Fig. 7a highlights the important effects
of the Reynolds number and capsule radius, R�C on the design of a
latent thermocline storage system. For very small capsule radius,
R�C , between 0.00025 and 0.0006, negligible variation in total and
latent utilization is observed with increase in ReH. Hence, capsule
radii as large as 6 mm and 12 mm can be used in LTES of height
10 m and 20 m, respectively, for enhanced system performance.

It is observed from Fig. 7b that the total utilization and latent
utilization of the system decreases with increase in capacitance ra-
tio. With increase in capacitance ratio, the slope of the heat ex-
change zone increases while the extent of the constant low
temperature zone and constant high temperature zone decreases
in the axial temperature distribution as explained for Fig. 6. This
can be explained with reference to high thermal inertia posed to
the temporal variation of the PCM temperature resulting in a slower
extraction of thermal energy from the PCM inside spherical cap-
sules. For a given capacitance ratio, the total and latent utilization
is observed to decrease with increase in Reynolds number as a re-
sult of insufficient residence time of the incoming cold/hot inlet
HTF inside the tank and slower heat exchange between the HTF
and spherical PCM capsules, notwithstanding the increase in Nus-
selt number. The discharging cut-off temperature is reached quick-
er for higher ReH as the heat exchange zone expands and
contributes to low total utilization. Fig. 7c illustrates the total and
latent utilization of the LTES as a function of the inverse Stefan
number and ReH. From Fig. 7c, it is found that the total utilization,

UT ¼
Q�S;DþQ�L;D

Q�cap
, of the LTES is highest for inverse Stefan number of 0,

which corresponds to a filler material with zero latent heat storage
capacity or a sensible thermocline storage system. This is attributed
to the low total storage capacity of the system, Q �cap, as w = 0, which
can be readily observed from Fig. 7c with the latent utilization value
being zero for w = 0. As inverse Stefan number increases from 0 to
0.23, it is observed from Fig. 7c that the total utilization of the sys-
tem decreases linearly corresponding to the increase in Q �cap, while
the latent utilization of the system is found to increase in Fig. 7c. Be-
yond w = 0.23, both the total utilization and latent utilization of the
LTES, portrayed in Fig. 7c, decreases with increase in inverse Stefan
number due to higher thermal inertia concomitant with the in-
crease in latent energy density of the PCM.

Fig. 7d reveals that the total and latent utilization is observed to
follow a non-monotonic trend with variations in PCM melt tem-
perature for different Reynolds number. For any given Reynolds
number, the total utilization of the system is found to be signifi-
cantly higher for PCM with hm either between 0 6 hm 6 h0C or be-
tween h0D 6 hm 6 1 (Fig. 7d). The two peaks in the latent
utilization of the system (hm = 0.34 and hm = 0.76) are observed
for PCM melt temperatures within the above-mentioned con-
straints (Fig. 7d). However, from Fig. 7d, it can also be found that
the latent utilization of the system decreases from the peak value
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to zero at PCM melt temperatures of 0 and 1, due to insufficient
temperature difference between the PCM melt temperature and
incoming HTF temperature to drive the solidification and melting
of PCM, respectively. Within the aforementioned temperature
constraints, it is observed that the latent utilization decreases with
increase in Reynolds number primarily due to the shorter resi-
dence time of the incoming hot and cold HTF to melt and solidify
the PCM, respectively (Fig. 7d). For PCM melt temperature outside
the constraints, h0C 6 hm 6 h0D, high latent energy utilization is not
realized in Fig. 7d, and the latent utilization is found to be the least
for low ReH. At such low latent utilization, it is clear that only a por-
tion of the PCM adjoining the capsule wall is involved in the phase
change process and the LTES is in operation for a short duration
only due to faster approach of cut-off temperatures. So the heat ex-
change rate between the HTF and PCM governs the phase change
process and hence the latent utilization ratio is observed to be
higher for high Reynolds number. Since latent energy is a small
portion of the total energy, the total utilization of the LTES is gov-
erned by the residence time of the incoming HTF and UT is higher
for lower ReH even for h0C < hm 6 h0D (Fig. 7d). The highest total (la-
tent) utilization of the thermocline between PCM melt tempera-
ture constraints of 0 < hm 6 h0C and h0D < hm 6 1 are obtained as
68.43% (46.54%) for hm = 0.34 and 69.14% (39.42%) for hm = 0.76,
respectively, for ReH = 5000, while between h0C < hm < h0D the high-
est total (latent) utilization is obtained as 43.26% (20.31%) for
hm = 0.4 and ReH = 5000 (ReH = 50,000).

Fig. 8 illustrates the influence of various design and operating
parameters on the total useful energy discharged by the thermo-
cline storage system for different Reynolds number (plant power
requirements). The variation in capsule radius and PCM melt tem-
perature does not alter the storage capacity of the LTES. Hence,
the total useful energy discharged follows the same trend as the uti-
lization trends illustrated in Fig. 8a and d for variations in capsule
Fig. 8. Effects of (a) capsule radius, (b) capacitance ratio, (c) inverse Stefan number and (d
energy storage system for different Reynolds numbers.
radius and PCM melt temperature, respectively. With increase in
capacitance ratio—albeit the decrease in utilization (Fig. 7b)—the
useful thermal energy discharged (Fig. 8b) increases because of in-
crease in system storage capacity as calculated from Eq. (14b). From
Fig. 8b, it is observed that the effect of Reynolds number on the use-
ful thermal energy discharged for a given capacitance ratio is found
to be less significant at lower capacitance ratio concomitant with
change in slope of the total utilization slope curve at lower capaci-
tance ratio. Concomitant with increase in energy storage capacity
and latent utilization of the system with increase in inverse Stefan
number from w = 0 to w = 0.23 the total useful energy discharged
also increases. Notwithstanding the decrease in total utilization
and the latent utilization beyond w = 0.23 in Fig. 7c, the useful ther-
mal energy discharged illustrated in Fig. 8c remains the same, be-
cause with increase in inverse Stefan number the storage capacity
of the storage system also increases (Eq. (14b)). So, the opposing
trends of increase in storage capacity and decrease in total utiliza-
tion nullify to yield an almost constant useful thermal energy deliv-
ery from inverse Stefan number of 0.23 to 2.0. It is observed that the
latent utilization of the system is maximum at inverse Stefan num-
ber of 0.23 (UL = 55.85%) in Fig. 7c, beyond which no significant in-
crease in total useful energy discharged is observed in Fig. 8c and
hence can be safely regarded as the optimum inverse Stefan num-
ber value for the current default parametric configurations.

The studies discussed so far pertain to varying one parameter at
a time with the rest of the parameters kept constant. In order to
find the LTES design configuration on the best combination of the
dimensionless parameters that maximizes the various perfor-
mance metrics, numerical simulations were run for 4 � 3 � 16
� 4 � 4 different combinations of the five parameters, Reynolds
number, capacitance ratio, PCM melt temperature, inverse Stefan
number and capsule radius, respectively, for a total of 3072 cases.
Due to the highly nonlinear dependence of utilization on PCM melt
) PCM melt temperature on total useful energy discharged by the latent thermocline



Table 2
Optimum design obtained from comprehensive parametric studies.

Objective R�c w hm k Q�cap;u UT UL

a. Maximum useful energy discharged, Q�cap;u

1. ReH = 5000 0.00025 2.000 0.850 2.000 0.563 35.586 16.764
2. ReH = 12,500 0.00025 2.000 0.850 2.000 0.562 35.475 16.698
3. ReH = 25,000 0.00025 2.000 0.850 2.000 0.560 35.313 16.614
4. ReH = 50,000 0.00025 2.000 0.850 2.000 0.556 35.090 16.505
b. Maximum Utilization, UT (UL)
1. ReH = 5000 0.00025 0.25 0.350 0.500 0.199 83.098 68.546
2. ReH = 12,500 0.00025 0.25 0.350 0.500 0.199 82.926 68.342
3. ReH = 25,000 0.00025 0.25 0.350 0.500 0.198 82.667 68.135
4. ReH = 50,000 0.00025 0.25 0.350 0.500 0.197 82.254 67.825

Table 3
Thermophysical properties of HTF [27], PCM [28] and Sensible filler material [12].

Properties HTF solar salt PCM Li2CO3(20%)–Na2CO3

(60%–K2CO3(20%)
Granite rocks Quartzite rocks

Density, q (kg/m3) 1975.5 2380 2630 2640
Specific heat, c (J/kg K) 1500 1735 775 1050
Thermal conductivity, k (W/m K) 0.55 1.83 2.8 2.5
Dynamic viscosity, l (Pa s) 0.0021 0.002 – –
Melt temperature, Tm (C) – 550 – –
Latent heat of fusion, hsl (kJ/kg) – 283 – –
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temperature sixteen values were chosen to resolve the trends with
higher accuracy. Table 2 presents the designs on the combinations
of dimensionless parameters culled from the comprehensive
parametric studies that maximize the chosen objectives: (1) the
useful thermal energy discharged, Q �cap;u; (2) the total utilization,
UT; and (3) the latent utilization, UL, for different Reynolds number.
In each case, the corresponding values of the useful thermal energy
discharged and the total and latent utilization values are also tab-
ulated, with the maximum values of the objective function listed in
bold face. It is seen from Table 2a that of the cases studied, the best
combination of parameters that maximizes Q �cap;u results in a useful
thermal energy discharge of 0.563 (Table 2a1). Also, it is observed
that the maximum thermal energy discharged corresponds to the
combination of high capacitance ratio, high inverse Stefan number,
small capsule radius and a PCM melt temperature of 0.85, which is
within the high temperature range, h0D 6 hm 6 1. Another impor-
tant observation is that the total and latent utilization of the LTES
corresponding to maximum Q �cap;u are rather low.

Similarly, the parameter combination listed in Table 2b pre-
sents the configuration that maximizes both total and latent utili-
zation. The PCM melt temperature corresponding to the highest
utilization for all the Reynolds number (thermal power output) is
found to be 0.35, which is within the low temperature range,
0 6 hm 6 h0D. This is due to the requirement of higher temperature
difference between the incoming hot fluid temperature and the
PCM melt temperature during the charge process, resulting in a
high latent utilization. On further inspection, it is found that low
capacitance ratio and low inverse Stefan number maximizes sys-
tem utilization (Table 2b), which is in contrast to the results ob-
tained for maximum total energy discharged (Table 2a). Note
that the maximum total thermal energy discharged and the maxi-
mum system utilization marginally decreases with increase in Rey-
nolds number (thermal power output). For low Reynolds number
(thermal power output), the fluid interacts with the PCM capsules
for a long time and, correspondingly, the highest maximum useful
energy discharged and maximum total utilization and latent utili-
zation are obtained for ReH = 5000, c.f. Q �cap;u ¼ 0:563 (Table 2a1)
and UT = 83.10%, UL = 68.55% (Table 2b1).

As presented, the total utilization of LTES is closely related to
PCM melt temperature, inverse Stefan number, capacitance ratio,
capsule radius and Reynolds number. The numerical results can be
correlated with a maximum deviation less than 5% and mean
squared error less than 3.6 � 10�4 by the following nonlinear
relationship:

UT ¼ ða1h
2
m þ a2hm þ a3Þ þ a4k

ða5
ReH
1000

� 	
þa6R�c Þ þ a7lnðwÞ

� �
em;

0 < hm < h0C ; h0D < hm < 1
ð15Þ

where m ¼ �a8R�cðReH=1000Þ þ a9ðReH=1000Þ þ a10R�c and e repre-
sents the exponential function. The coefficients a1, a2, and a3 for
PCM melt temperature within the temperature constraint
0 6 hm 6 h0C (h0D 6 hm 6 1) are obtained to be –0.6906 (–3.4142),
0.4947 (5.7774), 0.2039 (–2.1585), respectively, while a4,. . .,a10

are obtained to be 0.309, –0.004, –163.1, –0.1755, 5.69, 0.0012,
and –59.6, respectively. The power law dependence on capacitance
ratio in Eq. (15) reflects the monotonic decrease in total utilization
with increase in capacitance ratio (Fig. 7b), while the logarithmic
dependence on the inverse Stefan number captures the quick rate
of decrease in utilization initially after which it levels out with in-
crease in inverse Stefan number as portrayed in Fig. 7c. The expo-
nential dependence of utilization on Reynolds number and
capsule radius corroborates with the trends observed in Fig. 7a,
which shows an exponential decrease in utilization for higher cap-
sule radius and Reynolds number. Within the aforementioned tem-
perature constraints, the utilization is found to increase first and
then decrease as illustrated in Fig. 7d which is captured by the poly-
nomial function in melt temperature. The correlation of total utili-
zation for PCM melt temperatures between h0C 6 hm 6 h0D is not
derived due to the low total utilization of the LTES as presented
in Fig. 7d.

3.4. Design example

Based on the foregoing discussion, a procedure for designing a
thermocline tank packed with PCM capsules is presented in this
section. The storage fluid (HTF) and the PCM selected for the pur-
pose of illustration are Solar Salt, which is a binary sodium/potas-
sium salt mixture (60% NaNO3 + 40% KNO3) [27] and eutectic
mixture of Li2CO3(20%) –Na2CO3(60%)–K2CO3(20%) [28], respec-
tively, the thermophysical properties of which are listed in Table 3.
The dimensionless melt temperature, capacitance ratio, Prandtl
number and inverse Stefan number for the selected combination
of HTF and PCM are 0.915, 1.393, 5.45 and 0.574, respectively. The



Table 4
Design example results.

Case no. Pt (MW) Qcap (MW h) Rc (m) Ht (m) Rt (m)

Simulations Correlation [Eq. (15)] Sensible (granite rocks) Sensible (quartzite rocks)

1 500 3000 0.0075 10 18.538 18.436 24.871 22.397
2 500 3000 0.001 10 18.800 18.584 25.003 22.557
3 500 3000 0.002 10 19.541 19.409 25.672 23.353
4 500 3000 0.0075 15 15.023 15.039 20.295 18.270
5 500 3000 0.001 15 15.211 15.153 20.393 18.393
6 500 3000 0.002 15 15.950 15.795 20.915 19.012
7 1000 6000 0.0075 10 26.217 26.072 35.172 31.674
8 1000 6000 0.001 10 26.587 26.281 35.359 31.900
9 1000 6000 0.002 10 28.073 27.449 36.306 33.026
10 1000 6000 0.0075 15 21.246 21.268 28.701 25.837
11 1000 6000 0.001 15 21.512 21.430 28.840 26.012
12 1000 6000 0.002 15 22.556 22.338 29.578 26.887
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charge and discharge temperatures of the solar salt for the power
plant operation are considered to be 574 �C and 290 �C respectively
[27], typical of molten salt power tower operation. For a given power
plant operation, the thermal discharge power requirement, Pt and
the useful thermal energy storage (discharge) capacity, Q cap, are
pre-determined by the nameplate capacity. For a known capsule ra-
dius, the recommended design procedure is detailed below for
dimensionless charging and discharging cut-off temperatures of
0.39 and 0.74, respectively.

1. Calculate the volume of the tank, Vt, required to meet the
required thermal storage (discharge) capacity, Qcap,u = Qcap �
UT from Eq. (13) assuming a total utilization of UT = 1 for the
first iteration. The ideal LTES generally has a small volume
requirement.

2. Choose the tank height based on the soil bearing capacity of
the location and with the calculated tank volume, Vt, calcu-
late the radius of the tank, Rt, and b appearing in Eqs.
(14a)and b. From the chosen tank height, the non-dimen-
sional capsule radius, R�c ¼ Rc=Ht can also be calculated.

3. Calculate the nondimensional thermal discharge power, P�t ,
and the nondimensional useful thermal energy,
Q �cap;u ¼ Q �cap � UT , from Eqs. (14a and b), respectively.

4. Calculate ReH from the known P�t , Prf and determine UT from
Eq. (15).

5. With the new UT values, repeat steps 1–4 until the newly
obtained UT closely matches the previous iteration value.

6. The final Rt is the required tank radius.

Table 4 presents some examples of designing a latent thermo-
cline based energy storage based on the procedure outlined above
for various power plant requirements. For comparison, the results
obtained from the numerical values and that of sensible thermo-
cline storage system, which employ Granite rocks and Quartzite
rocks as the filler material are also listed in Table 4. The thermo-
physical properties of Granite rocks and Quartzite rocks obtained
from Ref. [12] are listed in Table 3. Two different heights of the
tank based on the soil bearing capacity are considered. For instance
based on the analysis in [29], the soil in Barstow, California could
withstand a maximum structure height of 15 m, which is one of
the potential CSP installation sites. Examples in Table 4 show the
tank radius required for different PCM capsule radius. The devia-
tion between the tank radius values obtained from numerical sim-
ulations and the correlation (Eq. (15)) is found to be less than 2%.
Generally, it is observed that for a given storage capacity time, with
increase in thermal power output, the radius of the tank required
increases due to higher storage capacity. Also, the tank radius in-
creases with increase in capsule radius because of lesser utilization
with increase in R�c as observed from the trends in Fig. 7. The use of
small sized PCM capsules reduces the tank radius greatly, due to
higher system utilization, which not only reduces the material cost
for tank construction but also decreases the surface area for heat
loss to the environment. Also, it is found that at least 32% and
20% increase in the tank radius is observed for Granite rocks and
Quartize rocks filled sensible thermocline storage, respectively,
compared to LTES for the various thermal power requirements
listed in Table 4. Overall, the results in this section illustrate a
methodology for analyzing a latent thermocline storage system
corresponding to CSP plant operation requirements, and provide
important design guidelines in a dimensionless form, valid for
any combination of PCM and HTF. The modeling presented in this
article may be extended in a future work to include a detailed exer-
gy analysis and optimization as well as analysis of cascaded latent
thermocline storage systems.
4. Conclusions

A computational model of a latent thermocline energy storage
system, accounting for axial variation of temperature in the HTF
and radial temperature variation in the PCM at any axial position
was presented. Using the model, the effects of various non-dimen-
sional variables on the steady and dynamic performance of the
thermocline storage system were analyzed. The important results
from the analysis can be summarized as follows: (1) smaller radii
capsules yield higher total and latent utilization; (2) larger values
of the Reynolds number and, in turn, higher mass flow rate leads
to decrease in the utilization of the system due to expansion of
the heat exchange zone; (3) an increase in the inverse Stefan num-
ber and the capacitance ratio are accompanied by a decrease in the
system utilization and an increase in the total useful energy dis-
charged; (4) the effect of the PCM melt temperature on the system
utilization is non-monotonic, with higher latent utilization for
PCM’s whose melt temperature is either greater than the discharge
cut-off temperature or lesser than the charge cut-off temperature.
Based on an exhaustive set of parametric studies, optimum param-
eter combinations that lead to maximizing the total useful energy
discharged and the total and latent utilization values were derived.
The results of the study were used to illustrate a procedure for
designing a latent thermocline energy storage system for practical
operating considerations of a CSP plant. By means of practical de-
sign illustrations, it was shown that the use of smaller PCM cap-
sules greatly reduces the tank volume requirement, which
translates to reduction in material cost.
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