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A B S T R A C T

Efficient medium temperature thermal energy storage (TES) can help to eliminate the imbalance between energy
demand and supply. In this study the issue of thermal ratcheting in TES system is avoided by using structured
sensible heat storage material. Another technical issue of temperature drops at the end of discharging cycles
occurring in only sensible material filled TES is overcome to some extent by using phase change material (PCM)
between sensible rod structure (SRS) providing stable fluid outlet temperature. A comprehensive transient nu-
merical model is formulated by solving separate equations for heat transfer fluid and storage materials using
energy balance method coupled with enthalpy technique to study the influence of phase change temperature in
the PCM. The numerical model predicts thermal stratification behaviour and thermocline formation along the
symmetry-axis. A detailed parametric analysis of the combined sensible-latent heat thermal energy storage is
performed to investigate the effect of porosity variation, inlet velocity and feature size of sensible heat storage
material on total energy utilization, effective discharging efficiency and effective discharging time using ther-
mocline characterization. The results indicate that discharging efficiency of hybrid TES tank can be increased by
using lower velocity of fluid at inlet, by decreasing porosity or by using reduced SRS feature size. The study
offers suggestions for optimized design and governing parameters of a new type of combined sensible-latent heat
TES configuration, while avoiding thermal ratcheting with stable fluid outlet temperature for an application
specific process.

1. Introduction

To eliminate the imbalance between energy supply and demand is a
tough challenge for researchers in the current global energy scenario
(Kılkış et al., 2018). The contribution of TES units can be enhanced by
taking the advantage of large-scale switching characteristics of thermal
energy systems (Gasia et al., 2017). To extract maximum solar energy
(Pelay et al., 2017) and entrap waste heat from industrial processes
(Jiménez-Arreola et al., 2018) are considered as potential alternate en-
ergy resources. These energy resources find their medium temperature
applications in hot water supply for industrial and domestic usage,
greenhouse warming for agricultural purpose, space heating for com-
mercial buildings etc. However, the intermittency and unpredictability of
the energy sources make it vulnerable (Dincer and Rosen, 2002). In recent
years, this lead researchers to focus their attention on new innovative TES
systems and are considering it as an efficient method to make the energy
resource sustainable and more efficient (Kılkış et al., 2018).

In a TES useful energy from the heat source is transferred to storage
material as a change in its internal energy. It is stored as sensible heat,
latent heat and thermochemical heat or it can be a combination of these
(Gil et al., 2010). Both sensible and latent heat storage types have ad-
vantages and disadvantages. Although sensible heat thermal energy
storage (SHTES) systems are well developed and simple, constituting
cheap storage materials like brick manganese, concrete etc. But these
are not much attractive because of low storage capacity per unit volume
and temperature drops at the end of discharging cycles(Gasia et al.,
2017). Whereas, latent heat thermal energy storage (LHTES) is com-
paratively more attractive because of high storage capacity per unit
volume with small temperature swings(Abhiji et al., 2015). LHTES
using phase change materials also offer some other advantages like
small storage unit size and isothermal characteristics during charging
and discharging cycles. However, these storage systems are not much in
commercial use as SHTES systems because of low thermal conductivity,
inconsistent thermo-physical properties under extended cycles, high
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cost, poor heat transfer rates during charging and heat recovery cycles
(Dincer and Rosen, 2002). The main reason can be attributed to the fact
that the convective interaction of solid-liquid interface of PCM with
HTF is reduced due to the increased thermal resistance of developing
solid layer inside PCM (Elfeky et al., 2018). Thus causing poor heat
transfer rate.

These issues with sensible and latent heat storages need to be
technically resolved before they can be widely available for commercial
use. The hybrid combination of sensible and latent heat storage mate-
rials can help to eliminate the issues experienced in SHTES and LHTES
to some extent and combine the advantages of both systems (Pelay
et al., 2017). The advantage of cheap naturally occurring material can
be enjoyed more effectively by the use of PCM helping to improve the
degradation of thermocline region at the outlet of storage tank. This
results into prolonging effective discharging time (Mat et al., 2013).

In single tank storage systems, high heated region and low heated
regions are separated by thermal gradient called thermocline. One tank
type TES systems are 20–37% more cheap than two tank type TES
systems (Libby, 2010). Moreover, thermocline characteristics of single
tank TES system make it more favorable to use low-cost solid storage
material. Literature study reveals that packed bed was first modeled
and analytically studied by Schumann (Schumann, 1929) and a large
number of studies reported in the literature has focused on Schumann’s
model equations. A very useful review on different experimental and
numerical studies using thermocline storage tanks for solar thermal was
presented by Flueckiger et al (Flueckiger et al., 2013). After the eva-
luation of thermocline characteristics and performing thermal cycling
tests, Sandia National Laboratories identified silica sand and quartzite
rock as a potential low-cost solid storage material (Brosseau et al.,
2005). Moreover, recently thermal stability of gneiss rock was in-
vestigated experimentally up to 1000 °C as the potential candidate for
cheap sensible heat storage material (Jemmal et al., 2016). In most of
the SHTES studies packed aggregate bed is typically used as storage
material in thermocline storage tanks (Brosseau et al., 2005; Hänchen
et al., 2011; Jemmal et al., 2016; Meier et al., 1991; Van Lew et al.,
2011). However, this system experiences a critical technical issue of
thermal ratcheting. Repeated thermal cycles during charging and dis-
charging results into high lateral stresses on lower part of the tank walls
due to the settlement of aggregate filler material caused by expanded
tank volume (Flueckiger et al., 2012). Thermal ratcheting of storage
tank walls caused by the use of packed bed storage material reduces life
time of TES unit and its reliability. Therefore, the authors (Strasser and
Selvam, 2014) proposed structured concrete design. The advantage of
using structured solid material over aggregate filler is that it abolishes
thermal ratcheting and for a given volume more thermal energy can be
accommodated even at higher temperatures (Abarr et al., 2017).

The performance of single storage tank is derived by thermocline
region formation. The filler materials in TES tank help to maintain
thermal gradient for improved thermocline characteristics (Qin et al.,
2012). The Passive TES systems filled with concrete as sensible heat
storage material are usually embedded with tubular heat exchanger.
This enables high heat transfer rates due to high thermal conductivity
and increased contact area between them. However, the temperature
may vary during discharging cycles. This issue can be overcome by
using phase change materials but with lower heat exchange rates (Alva
et al., 2017). Thermal performance and stratification behavior of single
TES tank using PCMs were studied by many authors. The studies con-
ducted by authors (Abhiji et al., 2015; Kumaresan et al., 2011; Singh
et al., 2018) using DSCmeasurement suggest that D-Mannitol as the
most suitable latent heat storage material for medium temperature
applications. This is because it possesses large temperature difference of
405 K between its melting point and decomposition temperature.

Thermal properties of PCM especially during phase transition tem-
perature can strongly affect the performance of a TES system when
combined with sensible heat storage material like rocks. The hybrid
effect of latent heat and sensible heat storage material in single storage
tank is investigated by limited number authors. PCM has thermal buf-
fering characteristic and can be used to stabilize the fluid outlet tem-
perature (Zanganeh et al., 2014). Zanganeh et al. experimentally and
numerically studied the effect of encapsulated PCM placed on the top of
packed bed of rocks during charging and discharging process
(Zanganeh et al., 2015). They concluded that the fluid outlet tem-
perature can be maintained at a higher temperature around the PCM
melting point as compared to if only rocks are used. Galione et al. used
the numerical model to investigate different combinations of rock filler
and encapsulated PCM, forming multi-layered single storage tank. The
results show that sensible heat storage material in combination latent
heat storage material can lead to a promising TES system (Galione
et al., 2015). In our previous work, a comparative thermo-economic
analysis of the three different types of thermocline TES systems was
presented for medium temperature applications (N. Ahmed et al.,
2018). The performance results show that the maximum EDE for pure
latent heat TES, sensible heat TES and the combined sensible-latent TES
configurations are 95%, 87% and 76% respectively. Morevoer, the cost
model predicted that these configurations possess the capacity cost of
$42/kWh $37/kWh and $35/kWh, respectively. Based on the devel-
oped numerical model and the cost model, a new structured combined
sensible-latent heat TES configuration was proposed as the more viable
thermocline TES alternative. However, more investigation is needed to
explore the effect of different influencing parameters on thermocline
characterization for the proposed TES configuration.

It is learnt from the literature study that researchers mostly focused

Nomenclature

U superficial velocity, m/s
tc cutoff time, s
T temperature, K
Tf,out HTF temperature at outlet, K
Tfinal final temperature of storage material, K
X melt fraction of PCM
HPCM enthalpy of PCM, J/kg
h0 overall heat transfer coefficient, W/m2 K
hv volumetric heat transfer coefficient, W/m3 K
Re Reynolds number
Nu Nusselt number
Pr Prandtl number
As surface area, m2

Δx size of control volume, m
dis discharging efficiency

Qinitially energy initially stored in tank, kJ
Qf energy of HTF, kJ
QSRS energy of SRS, kJ

Greek characters

ρ density, kg/m3

ε porosity
μ viscosity, kg/m s
η efficiency

Subscripts

f fluid
SRS sensible rod structure
PCM phase change material
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on either sensible heat storage material or latent heat storage materials
for thermocline TES system. Limited work has been reported to com-
bine the advantageous characteristics of both of these types (Gasia
et al., 2017). To the best of authors knowledge, till no work has been
reported for one tank thermocline TES configuration using the concept
of cheap structured sensible heat storage material impregnated with
PCM capsules for medium temperature applications. The main objective
of this work is to investigate the discharging performance of a new
combined sensible-latent TES system. The study takes into account
thermocline degradation and the effect of phase change temperature
(PCT) on effective discharging time while avoiding the issue of thermal
ratcheting.

2. Model formulation

In present work, the geometrical structure of TES consists of solid
rod structures positioned vertically in a storage tank with gaps between
the rods as shown in Fig. 1. These gaps between SRS are filled by en-
capsulated spherical shaped PCM capsules of D-Mannitol with a con-
stant porosity. The fluid flow path is of the same length as the tank
height. The storage tank is assumed to have distributors to make sure
HTF at the inlet is distributed radially uniform. These distributors are
not included in the computational domain. The numerical model is
formulated for two sensible and latent heat sections of thermal energy

storage coupled with the conditions of HTF at their interfaces. Mathe-
matical formulation of energy balance method is done by taking a
differential control volume of height Δx along the tank height.

For control volume Δx following assumptions are considered:

(1) The model takes axisymmetric computational domain with in-
compressible fluid flowing through it.

(2) The distribution of HTF flow and storage filler material is con-
sidered uniform in radial direction.

(3) Heat transfer of fluid is governed by advection mode and not by
conduction, therefore conduction in fluid along the axial direction
is ignored.

(4) Inter particle heat conduction in PCM capsules is negligible.
(5) The tank walls are assumed to be thermally well insulated and

losses from storage tank wall to surrounding are negligible.

2.1. Governing equations

By considering above mentioned assumptions energy balance
equations are reduced to unsteady axisymmetric problem using
Schumann model equations for fluid, SRS and PCM respectively. The
numerical model assumes fluid flow as laminar, Newtonian in-
compressible and its thermos-physical properties are taken as constant
over the considered range of temperature. Accordingly, the system of

Fig. 1. Schematic of the combined sensible-latent heat storage tank filled with SRS and PCM capsules.
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governing equations for the proposed thermal energy system can be
written as follows,

2.1.1. For fluid
The energy balance equation for fluid entering at a temperature Tin

in a control volume (AΔx) having interior storage material at an initial
temperature Ti and the fluid flowing at a superficial velocity u can be
written as(Van Lew et al., 2011).

t
T uA T

h A
C

T T S( ) . ( ) ( )f f f f f
v,SRS SRS

p,f
SRS f 1+ = +

(1)

where

S
t

A H
C

(1 )
1

PCM PCM PCM

p,f
=

(2)

The unsteady term S1, is the additional term added to account
change in latent heat content of PCM caused by HTF.

2.1.2. For solid
Similarly, energy balance equation for brick manganese SRS is

governed by (Van Lew et al., 2011)

t
C A T h A T T( (1 ) ) ( )SRS p,SRS f SRS v,SRS SRS f SRS= (3)

Heat transfer exchanged by fluid with the filler storage material is
governed by interstitial volumetric heat transfer coefficient hv, which is
a function of overall heat transfer coefficient h0 of the storage bed.
Volumetric heat transfer coefficient for both PCM and SRS are for-
mulated separately using the following correlations (Kim, 1993)

h h
D
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Fig. 2. Comparison between numerical results and experimental data for (a) Sensible heat storage section (b) Latent heat storage section.

Table 1
Geometric parameters and material properties.

Parameter Value

Height of tank (H), m 7.5
Diameter of tank (D), m 5.0
Density of fluid (ρf), kg/m3 940
Conductivity of fluid (Kf), W/m K 0.10
Specific heat of fluid (Cp,f), J/kg K 2000
Viscosity of fluid (μf), kg/m s 4.90 × 10-04

Density of SRS (ρSRS), kg/m3 3000
Conductivity of SRS (KSRS), W/m K 5.07
Specific heat of SRS (Cp,SRS), J/kg K 1130
Melting temperature of PCM (Tmp), K 438
Latent heat of PCM (LPCM), J/kg 3.0 × 1005

Specific heat of liquid PCM (Cpl,PCM), J/kg K 1310
Specific heat of solid PCM (Cps,PCM), J/kg K 2360
Density of PCM (ρPCM), kg/m3 1490
Conductivity of liquid PCM (Kl,PCM), W/m K 0.19
Conductivity of solid PCM (Ks,PCM), W/m K 0.11
Solidus temperature (Tsolidus), K 435.15
Liquidus temperature (Tliquidus), K 440.8
Inlet temperature of HTF (Tf,in), K 408
Initial temp of storage tank (Ti), K 468
Threshold temperature (Th), K 436

Fig. 3. Temperature distribution of fluid, SRS and PCM along tank axial di-
rection at different discharging moments.
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External thermal resistance caused by the fluid due to convection on
the external surface of PCM and SRS is a function of storage bed por-
osity, thermos-physical properties of HTF and its Reynolds number. And
the Nusselt number is calculated using the following relation suggested
by Wakao et al. (Wakao et al., 1979)

Nu 2 1.1(6(1 ) )Re Pr0.6 0.6 1
3= + (5)

where Reynolds number and Prandtl number are formulated using the
correlations

uD
µ

Pr
µC
K

Re ; p= =
(6)

2.1.3. For PCM material
Phase change phenomenon in encapsulated PCM during the dis-

charge process is formulated using enthalpy method (Felix Regin et al.,

2009). The enthalpy equation for phase change storage bed material is
governed by

t
H h T T( (1 ) ) ( )PCM PCM v,PCM f PCM= (7)

where the value of HPCM depends on the region in which it lies during
solidification or melting and is a function of TPCM. The temperature
range of phase change process of PCM is divided into the following
three sub-states.

i. When in solid phase

H C T T TPCM ps,PCM PCM PCM solidus= (8)

ii. When in solid–liquid phase

The enthalpy change occurs over a range of temperature when PCM

Fig. 4. Temperature distribution along axial direction at different discharging moments for different porosities (a) fluid (b) PCM capsules (c) SRS.
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just starts changing phase with latent heat of melting supplied over this
temperature range and it is neither fully in solid state nor fully liquid
state.

H C T L
T T

T T T T

T

( )
( )PCM ps,PCM PCM

PCM

liquidus solidus
PCM solidus liquidus PCM

solidus

= + <

< (9)

iii. When PCM is fully in liquid phase

H C T T C T T L T T( ) ( )PCM ps,PCM mp i pl,PCM final mp PCM PCM liquidus= + +
(10)

This enthalpy equation for PCM packed bed is used to calculate PCM
temperature with enthalpy being dependent variable and temperature
as an independent variable. The calculated enthalpy value as a function

of storage tank axial location and time is used to study thermal strati-
fication and thermocline layer degradation after each discharging cycle.

An important parameter used to evaluate the discharging perfor-
mance of combined sensible-latent heat TES is thermocline thickness,
Wtc and is defined as the covering length of thermocline region (Xu
et al., 2012).

W
H T H T T T T T

H T T T
H H T T T

( ) ( ) ( )&( )
( ) 0 ( )

( ) ( )
tc

h c f,inlet c f,out h

h f,inlet c

c f,out h

= >
< (11)

In the current study for the evaluation of thermocline thickness Tc,
the critical cold temperature and Th, the critical hot temperature are
taken as 412 K and 468 K, respectively.

The usefulness of energy recovered from TES during discharging
cycles is quantified using discharging efficiency. Discharging efficiency

Fig. 5. Temperature profiles of fluid, PCM and SRS at x = H/2 as a function of
discharging time for different porosities.

Fig. 6. Thermocline thickness formation as function of discharging time for
different porosities.

Fig. 7. Temperature profile of fluid at outlet with discharging time for different
porosities.

Fig. 8. Discharging efficiency of HTES as a function of time for different por-
osities.
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is defined as the ratio of the amount of useful energy extracted from
storage tank during the whole discharging process to the maximum
energy stored initially before the start of discharge process. It is given as

mC T T dt

Q

( )
t

dis
0

·
p f,out f,inlet

initially

c

=
(12)

Q Q Q Qinitially f PCM SRS= + + (13)

where

Q V C T T( )( )f f f p,f final initial= (14)

Q X V L V C T T

V C T T

( ) ( ( ))

( ( ))
PCM l PCM PCM s PCM p,s mp initial

l PCM p,l PCM mp

= +

+ (15)

Q V C T T( )( )SRS SRS SRS p,SRS final initial= (16)

where tc is the cut off time during discharging process at which HTF
outlet temperature drops below the threshold value. Threshold value
depends on specific process to which TES is integrated and in present
work it is taken as 436 K which is just below the melting point of PCM
and is chosen to take advantage of outlet temperature stabilization
characteristic of PCM (Zanganeh et al., 2014). It means that the only
energy extracted above (Tinitial – 32) is considered to be useful for

application specific process. Practical storage capability of TES closely
depends on threshold temperature of a particular application (Merlin
et al., 2016).

The fractions of thermal energy retained by SRS fSRS and latent heat
storage material fPCM, relative to the total energy stored in TES tank are
formulated using the relations (Zanganeh et al., 2014)

f E
E E ESRS

SRS

PCM HTF SRS
=

+ + (17)

f E
E E EPCM

PCM

SRS HTF PCM
=

+ + (18)

where ESRS, EHTF and EPCM is the amount of thermal energy ex-
hibited by SRS, fluid and PCM storage material, respectively.

2.2. Initial and boundary conditions

The formulated equations for the numerical model are solved using
the following suitable set of initial and boundary conditions.

T T T T(i) Initial condition: At t 0 468 Ki f SRS PCM= = = = =
(19)

T u(ii) B.C. at inlet: At t 0 408 K, 0.002 m sf> = = (20)

dT
dy

du
dy

dv
dy

(iii) B.C. at symmetry axis: 0, 0f = = =
(21)

dT
dy

dT
dy

dT
dy

u

v

(iv) B.C. at outer wall of tank: 0, 0, 0,

0

f PCM SRS= = =

= = (22)

dT
dx

dT
dx

dT
dx

P(v) B. C. at outlet of tank: 0, 0, 0,

0

f PCM SRS= = =

= (23)

2.3. Numerical modeling

The transient numerical model is based on two-phase Schumann
model equations formulated separately for fluid, sensible and latent
heat storage materials. During discharging process, the cold HTF at a
temperature Tin flows from the bottom of storage tank. It gains heat
energy from the storage filler (PCM and SRS) causing internal stored
energy of TES to be decreased as the time passes. After several hours of
discharging cycles HTF and the filler material have almost the same low
temperature, the TES tank is said to be in completely discharged state.
The geometric configuration of computational domain consists of a 2D
axisymmetric cylindrical storage tank having a height of 7.5 m and a
diameter of 5 m. The mesh grid is quadrilateral dominant having cells
with a discretization size around 7 mm. The numerical model is im-
plemented by using formulated energy balance equations as User
Defined Scalar (UDS) transport equations in FLUENT using SIMPLE
scheme. The gravity direction is in-line with axial flow. First order
implicit scheme is used for the transient formulation of temporal terms.
Spatial discretization is performed using Least Square Cell based
method with first order upwind schemes. The solution for numerical
model is assumed to be converged when residuals for the UDS and flow
variables approach values less than 10-6 and 10-3 respectively.

2.4. Model validation

The developed numerical model is validated separately for both
sensible heat storage material and latent heat storage material. The
model for sensible heat storage section is authenticated using the ex-
perimental data of pilot scale thermal storage prototype ARIANE con-
taining a packed bed of rocks as storage material and is shown in
Fig. 2(a) (Hänchen et al., 2011). The formulated numerical model is

Fig. 9. Total energy recovered during discharging process for different poros-
ities.

Table 2
Fractions of thermal energy exhibited by the TES system at the end of t = 150
min relative to the total energy recovered.

Parameter fPCM, (%) fSRS, (%) fHTF, (%)

Porosity 0.4 45.82 45.62 8.55
0.5 49.4 39.43 11.16
0.6 53.8 32.4 13.74

SRS size 0.06 47.5 40.4 12.1
0.08 49.4 39.43 11.16
0.1 51.2 38.54 10.26

Velocity 0.001 52.1 37.2 10.7
0.002 49.4 39.43 11.16
0.003 48.4 40.17 11.4
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simulated using dimensions and properties taken from previous work
by the same group (Hänchen et al., 2011; Meier et al., 1991). The im-
plementation of developed numerical model for the latent heat storage
section is tested by comparing simulated results with the experimental
results stated by Nallusamy et al. (Nallusamy et al., 2007) and is shown
in Fig. 2(b). The numerically predicted results show a reasonable trend
as reported in experimental measurements (Nallusamy et al., 2007).
However, a little discrepancy may be attributed to following reasons
that capsule film thickness conductivity is ignored in current studies but
included in the experimental results. Also there is uncertainty about the
exact placement of thermocouples. An error analysis between the ex-
perimental data and simulated results indicate a maximum error of
8.6% and 3% for sensible and latent heat sections, respectively.

Agreement of the numerically predicted results with the experimental
results (Hänchen et al., 2011; Nallusamy et al., 2007) confirms the
validity of the formulated model. Thus forming the foundation for
parametric analysis which is presented and discussed in the next sec-
tion.

3. Results and discussion

Thermal performance of a single TES tank is associated with the
thickness of thermocline region. The lower the thickness, the higher is
effective discharging efficiency (Xu et al., 2012). However, thermocline
formation is characterized by different operating factors. The results
presented in current section use ENE LQ-D400 as a HTF with geometric

Fig. 10. Temperature distribution along axial direction at different discharging moments for different fluid inlet velocities (a) Fluid (b) PCM capsules (c) SRS.
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parameters and material properties presented in Table1. Fig. 3 shows
the temperature distribution of HTF, PCM and SRS along the axial di-
rection of the storage tank at different discharging moments. The nu-
merical simulations consider u = 0.002 m/s, ε = 0.4 having PCM and
SRS constant diameter of 0.08 m and 0.02 m, respectively. Over the
discharging period thermocline layer is shifted upward, leaving more
cold region at the bottom section and resulting in reduced hot areas at
the top section of the tank. Moreover, it can be observed from the re-
duced slopes of temperature profiles that the thermocline layer thick-
ness keeps on expanding as the discharging time increases. As can be
seen from the figure, the temperature history of PCM dictates that
temperature reduction of HTF is high until PCM arrives at its phase
change temperature i.e. 438 K. At this point it increases the slope of
fluid temperature profile. This is because hot water in the storage tank
losses its sensible heat to cold inlet HTF due to mixing at a temperature
close to the phase transition of PCM. After that moment the reduction in

PCM temperature is very small or negligible over a discharging period
as long as PCM keeps on releasing its latent heat. Meanwhile the liquid
fraction in PCM starts to decrease.

Moreover, the results in Fig. 3 also show that after every discharging
time there are tiny waviness of temperature profile in PCM capsules
along the tank height during the phase transition temperature range. As
the same was revealed by Tan et al. (Tan et al., 2009), is due to the
presence of unstable fluid flow structure at the bottom of capsule. It is
also caused by the presence of variable temperature zones possessing
different thermal conductivity in the mushy zone of PCM. SRS structure
of brick manganese release its heat energy slowly as compared to the
latent heat storage material. Though after initial discharging of
30 minutes (min) it is at a higher temperature than the PCM except
during phase transition period. However, it is interesting to note that as
discharging time passes the temperature difference between HTF and
SRS becomes lower, while PCM trying to keep HTF temperature closer

Fig. 11. Temperature profiles of fluid, PCM and SRS at x = H/2 as a function of
discharging time for different inlet velocities.

Fig. 12. Thermocline thickness formation as function of discharging time for
different fluid inlet velocities.

Fig. 13. Temperature profile of fluid at outlet with discharging time for dif-
ferent inlet velocities.

Fig. 14. Discharging efficiency of HTES as a function of time for different inlet
velocities.
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to its melting point during phase transition. For instance, after a dis-
charging time of 30 min along the tank height at H = 1.4 m, the max-
imum temperature difference between SRS and fluid during PCT range
is 6.4 K. As the discharging process proceeds, this temperature differ-
ence reduces until it becomes zero at H = 6.6 m after t = 150 min.

Hence, the temperature profiles of combined sensible-latent heat
storage unit show that there is a thermal buffering effect for thermo-
cline region formation along tank height where PCM capsules are at its
phase transition stage. HTF passing through this region is forced to
remain close to PCM’s melting point affecting the thermal gradient of
fluid. This allows comparatively longer discharging time and greater
thermal energy filling of the whole storage tank. Therefore, the thermal
stabilization characteristic of PCM can be utilized to enhance effective
discharging time (EDT) of TES. But it important that the PCT is chosen
carefully depending upon the fluid outlet temperature to be used for a
specific medium temperature application.

3.1. Effect of porosity

In order to investigate the effect of different porosities on dischar-
ging performance of combined sensible-latent heat TES system, three
different porosities of 0.4, 0.5 and 0.6 are simulated for a fixed
u = 0.002 m/s, DSRS = 0.08 m, DPCM = 0.02 m. It can be seen clearly
from Fig. 4, the TES systems having lower porosity values show better
performance and improved temperature profiles at different dischar-
ging moments. The temperature profiles for fluid, SRS and PCM are
observed to be at a higher value for ε = 0.4 than ε = 0.5 and the least is
for ε = 0.6. This is because lower porosity means smaller path is
available for fluid flow and more contact area with PCM and SRS sto-
rage material causing increased heat transfer. These different behaviors
of temperature profiles at different porosities directly lead to different
thermal performances of TES system.

For the convenience of porosity effect analysis, the temperature
profile of fluid and storage material at x = H/2 as a function of dis-
charging time is chosen as the representative profile. The results in
Fig. 5 illustrate that the temperature profile remains almost at an initial
temperature of 468 K for ε = 0.4 until 25 min, after that it starts to
discharge more quickly except during the PCT range. It becomes fully
discharged after 150 min when the fluid at inlet and tank has the same

temperature i.e. 408 K. Whereas for ε = 0.5 and ε = 0.6, the TES units
are in fully discharged state after 140 min and 136 min, respectively.

The Thermocline thickness profile is a key indicator to predict the
thermal performance of single tank energy storage and can clearly ex-
plain the formation of thermal gradients for fluid, SRS and PCM cap-
sules along the flow direction. Fig. 6 shows that initially there is a sharp
increase in thermocline thickness and when the cold inlet fluid starts
gaining heat energy, the growth in thermocline becomes slower. It at-
tains maximum value when the thermocline region reaches at outlet
and after that there is a linear decrease in thermocline thickness. The
results show that thermocline thickness increases with the increase of
porosity. The maximum thermocline thickness achieved is for ε = 0.6 of
5.33 m at a discharging period of 75 min and the least is for ε = 0.4 of
5.19 m at t = 80 min.

The lower thermocline thickness effect at lower porosities helps to
maintain the fluid at the outlet at a higher temperature than the TES
tanks with higher porosities. It is evident from Fig. 7, showing the effect
of porosity on the outlet temperature of the fluid. The fluid remains at a
hot temperature of 468 K for several minutes, then it decreases almost
linearly until it reaches phase transition temperature of PCM. During
this period, it tries to maintain the fluid outlet temperature around its
PCT prolonging EDT. It should be noted that when fluid outlet tem-
perature drops below the threshold value of 436 K, the output energy
cannot be further utilized to perform useful work by the assumed spe-
cific application. The outlet threshold temperature is chosen close to the
melting point of PCM filler because PCM capsules placed nearby outlet
of TES try to stabilize the temperature of outgoing fluid around its
phase transition temperature. The results indicate that as the porosity
increases fluid outlet temperature drops more quickly. The results in
Fig. 8 show that initially discharging efficiency increases linearly for all
three porosities and after several minutes the increment becomes slow.
This is because the thermocline region reaches at the outlet and when
stored energy is completely discharged, the efficiency becomes 100%.
Furthermore, the results indicate that EDE of thermocline TES decreases
as porosity increases. The maximum EDE achieved for ε = 0.4 is 96.5%
followed by ε = 0.5 with 86.7% and the least at ε = 0.6 with 79.2%.

The results in Fig. 9 indicate that the discharging performance is
clearly affected by the amount of energy extracted from fully charged
TES system during recovery cycles as a function of porosity. The energy
utilization of combined sensible latent heat TES increases as porosity
decreases. This caused by increased heat transfer rates and the avail-
ability of heat driving force, arising due to higher temperature differ-
ence between fluid and the storage media. After a discharging period of
210 min, the amount of energy recovered is10.2 MWh, 10.6 MWh and
11.1 MWh for a porosity value of 0.6, 0.5 and 0.4 respectively. This can
also be explained by analyzing the fractions of energy exhibited by the
HTF and storage material (SRS, PCM) relative to the total energy re-
covered for different porosity values. Table 2 shows that as porosity of
the filler material is increased, the fractions of thermal energy stored by
phase change material and HTF increases while for SRS it decreases.
After a discharging period of 150 min PCM and SRS retain 45.8% and
45.6% of total thermal energy for ε = 0.4. Whereas with a porosity
value of 0.6, the energy fraction is increased to 53.8% and decreased to
32.4% for PCM and SRS respectively.

3.2. Effect of fluid inlet velocity

In this section effect of fluid inlet velocity is investigated on the
performance of thermocline combined sensible-latent heat TES tank.
Fig. 10 shows the temperature distribution of fluid, PCM and SRS sto-
rage material along tank height for different inlet velocities of 0.001,
0.002 and 0.003 m/s, respectively at various discharging moments. The
numerical simulations are carried out for a fixed ε = 0.5, DSRS = 0.08 m
and DPCM = 0.02 m. The results show that with the decrease in fluid
inlet velocity longer discharging time is observed, causing reduced
thermocline thickness. For instance, at a velocity of 0.003 m/s the

Fig. 15. Total energy recovered during discharging process for fluid inlet ve-
locities.

N. Ahmed et al. Solar Energy 180 (2019) 243–256

252



temperature distribution of fluid, PCM and SRS have thermal gradient
covering almost entire tank height only after 30 min of discharging.
This is associated with the fact that higher inlet fluid velocity causes
quick solidification of the downstream PCM capsules due to higher heat
transfer rate between HTF and the storage material. The temperature
profiles of fluid, PCM and SRS at × = H/2 in Fig. 11 show that the
lower the fluid velocity, the longer the time taken by the PCM to reach
below its phase transition temperature. For u = 0.003 m/s PCM arrives
at its melting point only after 59 min, while at the velocities of
0.002 m/s and 0.003 m/s it takes approximately 85 min and 162 min
respectively. The effect of fluid inlet velocity on the formation and
degradation of thermocline thickness is shown in Fig. 12. As can be seen
that the maximum thermocline thicknesses achieved for the velocities
of 0.001, 0.002, 0.003 m/s are 4.3 m, 5.2 m, 5.9 m after the discharging
times of 172 min, 75 min and 47 min, respectively.

Fig. 13 shows that HTF outlet temperature takes shorter time to fall

below the threshold temperature for larger inlet fluid velocities, pre-
dicting reduced EDE. EDT is calculated to be 307 min, 166 min and 105
min as the velocity is varied to be 0.001, 0.002 and 0.003 m/s re-
spectively. Due to this reason, as shown in Fig. 14, the discharging ef-
ficiency of the TES system for u = 0.003 m/s first increase linearly
higher as compared to the efficiency at lower velocities. But then it
becomes almost constant after a period of 147 min where the tem-
perature difference between HTF and the storage material happens to
be very small. Moreover, the results in Fig. 15 illustrate that it takes
more time for lower velocities to recover the initially stored energy. The
graph shows that the amount of energy extracted at the end of t = 150
min is 89%, 81% and 49% for 0.003, 0.002 and 0.001 m/sec, respec-
tively. Moreover, as the velocity of fluid increases, the fractions of en-
ergy retained by PCM is reduced while for SRS it increases This is be-
cause at higher velocities, the fluid heat exchange with PCM capsules is
enhanced relative to that with SRS and is depicted in Table 2.

Fig. 16. Temperature distribution along axial direction at different discharging moments for different SRS feature sizes (a) fluid (b) PCM capsules (c) SRS.
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3.3. Effect of SRS feature size

The effect of SRS feature size (impregnated with PCM capsules of
uniform size) on the thermocline performance of hybrid TES system is
investigated by using different diameters of 0.06, 0.08 and 0.1 m while
keeping constant ε = 0.5, u = 0.002 m/s, DPCM = 0.02 m. The tem-
perature profiles of HTF and combined storage material along the axial
direction are shown in Fig. 16. The results show that for DSRS = 0.06 m
TES system has the best discharging performance as indicated by the
shortest thermocline region, followed by DSRS = 0.08 m and
DSRS = 0.1 m exhibits the least. This is because with the increase of SRS
feature size, the thermocline region is enlarged due to the reduced heat
transfer rate between solid rods and HTF. It can be seen in Fig. 17 that
after a discharging period of 30 min at x = H/2, the fluid temperature
difference between DSRS = 0.08 m and DSRS = 0.06 m is 1.95 K. After
t = 90 min this difference increases to 17.85 K, exhibiting that the TES
unit with smaller feature sizes improve the discharging performance.
Fig. 18 shows the total energy recovered during discharging process as

a function of time for different SRS feature sizes. The results exhibit that
greater amount of energy is recovered for DSRS = 0.06 m due to en-
hanced heat transfer coefficient between smaller sized SRS and HTF.
The same effect is illustrated by the energy fraction values for different
diameters of SRS in Table 2.

The effect of SRS feature size on the temperature profile of fluid at
the outlet is shown in Fig. 19. The use of smaller SRS feature size
combined with PCM shows stabilization of outlet temperature for a
longer period resulting in enhanced EDT. As can be seen for
DSRS = 0.1 m and DSRS = 0.08 m the EDT is 157 min and 166 min re-
spectively. Whereas, for DSRS = 0.06 m the effective discharging time is
enhanced to 207 min. Moreover, as shown in Fig. 20, this results in
higher EDE of 98% for DSRS = 0.06 m followed by 86.7% and 82.9% for
DSRS = 0.08 m and DSRS = 0.1 m, respectively. Therefore, the new
combined sensible-latent heat TES configuration containing smaller
diameter sized SRS impregnated with PCM capsules is preferred here
for higher EDE and reduced thermocline thickness.

405

415

425

435

445

455

465

0 50 100 150 200

Te
m

pe
ra

tu
re

 (K
)

Discharging Time (Min)

430

432

434

436

438

440

75 90 105
Te

m
pe

ra
tu

re
 (K

)

     ,          = 0.1 m      ,          = 0.08 m

     ,          = 0.06 m         ,          = 0.1 m

        ,          = 0.08 m         ,           = 0.06 m

         ,           = 0.1 m          ,           = 0.08 m

         ,            = 0.06 m

Discharging Time (Min)

Fig. 17. Temperature profiles at x = H/2 of fluid, PCM and SRS as a function of
discharging time for different SRS feature sizes.

-12

-10

-8

-6

-4

-2

0
0 35 70 105 140 175 210

En
er

gy
 R

ec
ov

er
ed

 (M
W

 .h
)

Time (Min)

           = 0.06 m

           = 0.08 m

           = 0.1 m

Fig. 18. Total energy recovered during discharging process for different SRS
feature sizes.

405

415

425

435

445

455

465

0 50 100 150 200

Te
m

pe
ra

tu
re

 (K
)

Discharging Time (Min)

         = 0.1 m

         = 0.08 m

         = 0.06 m

Fig. 19. Temperature profile of fluid at outlet with discharging time for dif-
ferent SRS feature sizes.

0

20

40

60

80

100

0 50 100 150 200

D
is

ch
ar

gi
ng

 Effi
ci

en
cy

  (
%

)  

Discharging Time (Min)    

           = 0.06 m
           = 0.08 m
           = 0.1 m

Fig. 20. Discharging efficiency of HTES as a function of time for different SRS
feature sizes.

N. Ahmed et al. Solar Energy 180 (2019) 243–256

254



In order to achieve improved heat transfer rate between the HTF
and the storage material with reduced thermocline thickness, the heat
transfer coefficient should be large enough to give small temperature
difference between HTF and the storage media. Fig. 21. shows varia-
tions in the maximum temperature differences between HTF and the
storage material (PCM and SRS) as a function of different values of
porosity, SRS feature size and fluid inlet velocity. The results show that
as the porosity of storage material increases, the maximum temperature
difference (TSRS - THTF) and (TPCM - THTF) is enlarged. This indicates less
effective heat transfer which results into reduced thermal energy re-
covery and higher thermocline thicknesses. When the SRS feature size is
increased from 0.06 m to 0.1 m, the maximum temperature difference
(TSRS - THTF) increases from 5.39 K to 9.26 K, respectively. This is be-
cause of lower heat transfer extraction by HTF from large size SRS.
Whereas, on the contrary maximum temperature difference (TPCM -
THTF) for PCM decreases causing enhanced heat transfer rate with small
size PCM capsules. Moreover, the maximum temperature difference
increases for both SRS and PCM capsules for higher fluid inlet velo-
cities. With the increase in velocity from 0.001 to 0.003 m/s, the
maximum temperature difference for SRS increases from 7.6 K to 8.1 K
respectively. Whereas, for PCM it increases from 10.25 to 10.8 K. This is
because at lower velocities more time is spent by the HTF to exchange
heat with the storage material in comparison to higher velocities.
Therefore, the overall results as illustrated in Table 3, show that the
influence of porosity, SRS feature size and fluid velocities on heat
transfer rate play a crucial role in determining thermocline behavior of
combined sensible-latent heat TES system.

4. Conclusions

In current the study, transient two-phase Schumann model equa-
tions are evaluated numerically to investigate the influence of com-
bined sensible-latent heat storage material on thermocline character-
ization of the new proposed TES configuration. A detailed parametric
sensitivity analysis is presented by examining various numerical results,
including temperature distribution of HTF, PCM and SRS, thermocline
thickness as a function of time, formation of thermocline profiles,
fractions of energy recovered, effective discharging time and dischar-
ging efficiency. Moreover, the model is used to study heat transfer
between fluid and the combined sensible-latent heat storage material,
as well as the effect of PCM phase transition on thermocline degrada-
tion is presented. This study contributes to better understanding of
discharging behavior of the combined sensible-latent heat TES system
working on the principle of thermocline. Thus providing a hint to op-
timize the design and operational parameters within practical con-
straints.

Main findings from the current study are summarized below.

(1) The thermocline layer moves upward during discharging process
with little expansion except during phase transition, where it tries
to dictate HTF temperature around its melting point. Moreover, the
impregnation of PCM capsules between SRS structure helps to im-
prove EDT around its PCT.

(2) The waviness of axial temperature distribution during PCM phase
transition was revealed due to the presence of unstable fluid flow
structure at the bottom of PCM capsules.

(3) The performance of combined sensible-latent heat TES system is
improved by using lower porosities as indicated by the maximum
thermocline thickness of 5.19 m, 5.22 m and 5.33 m for a porosity
value of 0.4, 0.5 and 0.6, respectively. And it results into enhanced
EDE of 96.5%, 86.7% and 79.2% respectively.

(4) Moreover, the results show that with higher fluid inlet velocity
thermal energy is discharged quickly during the recovery cycles
because of quick solidification of the downstream PCM capsules.
Maximum EDT of 307 min with EDE of 96% is observed for
u = 0.001 m/s, followed by 166.5 min with 86.7% for
u = 0.002 m/s, respectively. While the least is for u = 0.003 m/s
with 104.7 min and 81.9%.

(5) The large feature size of SRS affects the thermocline character of
combined sensible-latent heat TES negatively as it exhibits the
highest Wtc of 5.84 m for DSRS = 0.1 m and the least is 4.81 m for
DSRS = 0.06 m. Moreover, the results show EDT of 207 min, 167
min and 157 min for feature sizes of 0.06, 0.08 and 0.1 m respec-
tively.

Therefore, a single thermocline TES tank containing cheaper SRS
material impregnated with PCM capsules such that majority of it ef-
fectively go through phase transition process, is the more viable option.
It’s a performance optimized TES configuration which bears no concern
of thermal ratcheting with stable fluid outlet temperature. However,
more investigation is required to harness the maximum potential of the
proposed combined sensible-latent heat TES configuration for medium
temperature applications. This is the main focus of our next phase of
ongoing research in which counter measures for the correct usage of
multistage PCM together with SRS will be presented for optimum de-
sign.
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Fig. 21. Variations in the maximum temperature differences between HTF and
storage filler (PCM and SRS) as a function of different performance influencing
parameters.

Table 3
EDT, EDE and maximum thermocline thickness achieved as a function of dif-
ferent influencing parameters.

Parameter EDT (min) EDE (%) Max- thermocline thickness (m)

Porosity 0.4 174.43 96.5 5.19
0.5 166.53 86.7 5.22
0.6 159.75 79.2 5.33

SRS feature Size (m) 0.06 207 98.2 4.81
0.08 166.53 86.7 5.22
0.1 156.98 82.9 5.84

Velocity (m/s) 0.001 307 96.1 4.30
0.002 166.53 86.7 5.22
0.003 104.70 81.9 5.90
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