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Abstract: Thermal energy storage (TES) units are used to accumulate thermal energy from
solar, geothermal, or waste heat sources. The thermal capacity of these tanks can be further
increased by including latent heat, which gives rise to latent heat storage (LHS) units.
Typically, LHS tanks contain spherical capsules filled with paraffin as phase change
material. This study deals with the numerical evaluation of thermal performance of a
packed bed latent heat TES unit integrated with solar flat plate collector. The apparent heat
capacity formulation provides an implicit capturing of the phase change interface, by
solving for both phases a single heat transfer equation with effective material properties.
Local thermal nonequilibrium approach is considered in packed LHS units. The
nonisothermal flow multiphysics feature is added to model containing a free and porous
media flow and heat transfer in porous media. Paraffin solid wax phase fraction and
temperature evolutions are studied. This paper reveals influence of inlet velocity, solar
collector power, melting temperature interval, latent heat of fusion, thermal conductivity
amplification factor. The time required for heat storage completion is negatively correlated
with inlet velocity, solar collector power and thermal conductivity amplification factor. The
time required for heat storage completion is positively correlated with latent heat of fusion.
The time required for heat storage completion is independent of melting temperature
interval.

1. Introduction

The utilization of the renewable energy resources has attracted many efforts in recent years due
to the continuous increase in the level of greenhouse gas emissions [1]. Its implementation has some
challenges such as a gap between demand and supply because of the fluctuating nature [2]. Thermal
energy storage is a crucial solution to fill this gap and help to produce power steadily by solar
energy [3, 4].

Sensible heat storage and latent heat storage (LHS) are the basic types of thermal energy storage
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techniques. LHS technique provides a high energy storage density and has the capacity to store heat
as latent heat of fusion at a constant temperature. Materials used for latent heat thermal energy
storage are known as phase change materials (PCMs) and may undergo solid-solid, solid-liquid and
liquid-gas phase transformations [5]. PCMs require their upper and lower phase transition
temperatures to be within the operational temperature range for a given application [6]. Due to
abundance of solar energy and time required for charging process, it is important to study discharge
process in order to better utilize the energy stored with regards to time and amount of energy
needed for each application.

The PCM-based heat storage in the packed bed is one of the most suitable storage units [7]. A
packed bed is a volume of porous media obtained by packing particles of selected material such as
spherical capsules filled with PCM into a container [8].

Ismail and Stuginsky [9] presented comparative numerical investigation on packed bed thermal
models suitable for sensible and latent heat thermal storage systems. Ismail and Henriq uez [10]
presented a numerical model to simulate a storage system composed of spherical capsules filled
with PCM and packed inside a cylindrical tank. They studied the influence of the geometrical and
operational parameters of the system on the charging and discharging processes. Various phase
change materials such as AISil12 [11], paraffin wax [12], meristic acid [13] and molten-salt [14]
have been used in the study of packed bed thermal storage.

According to the previous literature, different numerical models have been developed to analyze
the performance of the thermal energy storage systems. These models can be mainly divided into
single phase models, Schumman's model, concentric dispersion model, and continuous solid phase
model [15].

In this paper, it models the flow through a packed-bed storage tank, and it includes the effects of
heat transfer with phase change and local thermal nonequilibrium while charging the LHS unit.
Warm water flows through the tank, and during thermal charging it is continuously heated up by a
solar collector that delivers a power. The temperature difference at the tank’s inlet and outlet is
given by the relations of the power and the flow rate. The influences of power and flow rate will be
investigated.

2. Model description
2.1. Physical geometry and material properties

The model geometry is shown in Figure 1. Geometry, material properties, and operating
conditions are taken from [16]. The thermos-physical properties of paraffin are listed in Table 1.

Table 1: Thermo-physical properties of paraffin.

Material Property Paraffin, solid Paraffin, liquid
Melting temperature, Tm (°C) 60
Latent heat of fusion, L (J/Kg) 213
Density, p (kg/m°) 861 778
Heat capacity, Cp (J/Kg/K) 1850 2384
Thermal conductivity, k (W/m/K) 0.4 0.15

Due to considerable amount of calculations, required time and memory in the 3-D form of the
present study; an axisymmetric 2-D model has been chosen. Paraffin-filled spherical capsules with a
diameter of dp= 55mm are stored in a tank of 36 cm in diameter and 47 cm in height. The porosity
of this bed is €p=0.49. The temperature is initially set to 32<C. Warm water flows through the tank
with a flow rate of Vin=2L/min, and during thermal charging it is continuously heated up by a solar
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collector that delivers a power of Qu=375 W. The temperature difference at the tank’s inlet and
outlet is given by the relation.

& = pCp (Tin _Tout)

Vin )
2.2. Free and porous media flow

The velocity field is calculated by solving Egs. (2) and (3) as below
pV-u =0 (2)

L vyt = vipt + K] (at + Bplul+ Smyu+ F
& &p & (3)

Ergun equation describes the flow through the packed bed, which estimates the pressure drop as
a function of the velocity field u

K dpsz p|u|u

(4)
Here, p (Pa's) and p (kg/m®) are the viscosity and density of water, dp (m) is the spheres’
diameter, and &p the porosity. The permeability k (m?) of the packed bed is given by
2.3
dpgp

= PP
150(1-¢,)? 5)

2.2.1. Boundary condition

Inlet: warm water flows through the tank with a flow rate of Vin=2L/min.
2.3. Heat transfer in porous media

Heat transfer in fluid takes place by convection and it is calculated by solving energy Eq. (6) as
follows:
oT,
p:Co i —+pC U VT +Veq, =Qq
ot (6)
The energy Eq. (7) is solved in order to calculate heat transfer in solid, which takes place by
conduction mechanism, as below:
oT,

pst,s —+ v.qs = Qs
o (7)

2.3.1. Local thermal nonequilibrium

The relative large diameter of the capsules as compared to the tank dimensions suggests a
significant temperature difference between the encapsulated paraffin and the surrounding water
flow, thus a local thermal nonequilibrium (LTNE) approach is considered in this study.

The heat transferred from the paraffin-filled capsules to the water is modeled with a heat source.
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= g_f (Ts _Tf )
P (8)
Here, Ts and Tr are the paraffin and water temperatures, and gst (W/m3/K) is the interstitial
convective heat transfer coefficient, which for spherical capsules reads

_ 6(1-¢,)

qsf sf
d; (©)

The interstitial heat transfer coefficient hs follows a Nusselt number correlation. Convection
inside the capsules is neglected, thus paraffin is treated as a solid or immaobile liquid.

-1
1 1

h, =|d +

! {p(kau 10ks)}

Qs

(10)
2.3.2. Phase change heat transfer

Temperature distribution in PCMs is calculated by solving Eq. (7). In this interval, the material
phase is modeled by a smoothed function, 6(61, 02), representing the fraction of phase before
transition. This method considers that the phase change occurs in the interval of (Tm-ATm/2) and
(Tm+tATw/2). Until the temperature is less than (Tm-ATm/2) the value of function of phase change,
02, is zero and when the temperature exceeds (Tm+ATm/2), its value is 1. During the phase
transition process, the density is the average density of the solid and liquid. During the phase
change, heat conductivity, heat capacity are also changed. Egs. (11)-(12) represent these changes,
where the indices 1 (solid) and 2 (fluid) indicate a material in phase 1 or in phase 2, respectively.:

k, =6k, +06,k,

(11)
C,s=0C,,+0.C ,+L , oy
oT (12)
6,+6,=1 (13)
The mass fraction of fluid paraffin, am, is defined from 61 and 62 according to:
10,-6
e 2 ﬁ (14)

2.3.3. Boundary condition

Inflow: the inlet temperature varies and is given by the relation solar collector power and flow
rate.

2.3.4. Stop condition

When the minimum temperature of porous medium exceeds 70 °C, calculation stops.
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Figure 1: Schematics of the packed bed filled with paraffin spherical capsules. And top cut point (0,
0.42), center (0, 0.235) and low point (0, 0.05) are shown in the Figure.

2.4. Nonisothermal flow

The nonisothermal flow multiphysics feature can be added to a model containing a single-phase
flow and a heat transfer interface, to realize the two-way coupling between the two interfaces.

3. Results and discussion

3.1. Temperature evolutions
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Time (min}

Figure 2: Evolution of water (dashed), paraffin (dotted) and average porous medium temperature
(solid) during phase change for top cut point (red), center cut point (green) and low cut point (blue)
position.

Figure 2 shows the evolution of the paraffin temperature, the water temperature, and the
weighted average (porous-medium) temperature. During the phase change, the encapsulated
paraffin is not in thermal equilibrium with the surrounding water. The top cut point temperature is
higher than the center and low cut point. Measuring the water temperature at the inlet or the outlet
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does not give accurate information about neither the temperature inside the capsules nor the phase
in which the paraffin wax is.

3.2. Paraffin solid wax phase fraction vs paraffin wax temperature
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Figure 3: Evolution of paraffin average temperature vs paraffin solid phase fraction.

Figure 3 shows the evolution of the paraffin average temperature vs paraffin average solid
fraction. Melting temperature of paraffin is 333.15K, during phase change process, paraffin average
temperature changes relatively slowly, but paraffin average solid phase fraction changes relatively
rapidly. During non-phase change process, paraffin average temperature changes relatively rapidly,
but paraffin average solid phase fraction almost doesn’t change.

3.3. Influence of inlet velocity

Effect of the HTF inlet velocity on the thermal performance of the packed bed is investigated in
this section. The latent heat storage tank is considered fully charged as soon as a temperature of
70°C is reached everywhere. As shown in Figure 4, the time required for heat storage completion
decreases with increasing flow rate. But the decreasing speed of completion time is getting smaller
and smaller until it reaches a constant value. And the convection heat flux has little effect on the
heat storage process.

[ a = h=0 |7
h=5
A h=50/ |

Completion time (min)
-

A -
L 'y
.

L2 d

o

4

L ! ! L L !
0.001 0.002 0.003 0.004 0.005 0.006

Flow rate (m*/min)

Figure 4: The relationship between heat storage completion time and flow rate under different
convection heat fluxes (h (W/m?/K)).
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3.4. Influence of solar collector power
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Figure 5: The relationship between heat storage completion time and solar collector power under
different convection heat fluxes (h (W/m?/K)).

Figure 5 shows the relationship between heat storage completion time and solar collector power.
The time required for heat storage completion decreases with increasing solar collector power. But
the decreasing speed of completion time is getting smaller and smaller. And the convection heat
flux has little effect on the heat storage process. When solar collector power is high enough, the
convection heat flux has no effect on the heat storage process.

3.5. Influence of melting temperature interval
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Figure 6: The relationship between heat storage completion time and melting temperature interval
under different convection heat fluxes (h (W/m?/K)).

As shown in Figure6, the melting temperature interval has no effect on the heat storage process
due to zero increase in heat exchange and heat transfer speed.
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3.6. Influence of latent heat of fusion
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Figure 7: The relationship between heat storage completion time and latent heat of fusion under
different convection heat fluxes (h (W/m?/K)).

Figure 7 shows that the time required for heat storage completion increases linearly with
increasing latent heat of fusion due to increase in heat storage capacity. And latent heat of fusion
has effects on the heat storage process especially on the high latent heat of fusion condition.

3.7. Influence of thermal conductivity amplification factor
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Figure 8: The relationship between heat storage completion time and thermal conductivity
amplification factor under different convection heat fluxes (h (W/m?/K)).

It can be seen from figure 8, the time required for heat storage completion increases almost
linearly with decreasing thermal conductivity amplification factor’s logarithm due to increase in
heat transfer speed.
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4. Conclusions

A CFD model was developed to investigate the discharge process of a packed bed of latent
storage system integrated with solar flat plate collector. The apparent heat capacity is used to
describe the heat capacity and latent heat. Local thermal nonequilibrium approach is considered in
packed LHS units. The nonisothermal flow multiphysics feature is added to model containing a free
and porous media flow and heat transfer in porous media. During the phase change, the
encapsulated paraffin is not in thermal equilibrium with the surrounding water. The time required
for heat storage completion is negatively correlated with inlet velocity, solar collector power and
thermal conductivity amplification factor. The time required for heat storage completion is
positively correlated with latent heat of fusion. The time required for heat storage completion is
independent of melting temperature interval.
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