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Abstract

This work concerns thermal energy storage in the medium-temperature range
(100 - 250 °C), which is typical of parabolic-trough concentrating solar power
(CSP) systems. Within this context, the use of phase change materials (PCMs)
has been drawing attention in recent years as a promising technology. A class
of PCMs suitable for the specific temperature range are sugar-alcohols and,
among those, meso-erythritol (melting point: 118 °C) has been selected here as
a such representative compound. Both experimental and computational
methods are being used, whereby the experimental part of the work is carried
out in a pilot facility, which is a hydraulic loop integrating a 100 L cylindrical
storage tank. This is loaded with 200 hollow spherical containers (capsules) of
7.5 cm diameter made of steel, containing the PCM and forming a packed-bed
arrangement. This offers a large surface area allowing for good heat transfer
between the storage medium and the circulating heat transfer fluid, which is
here a thermal oil (Therminol). For the computational work, a packed-bed
model is used, considering the tank as a porous medium consisting of two
phases (fluid and PCM) thermally interacting with each other and the
continuous solid phase approach is used for the PCM, with suitable treatment
of the phase-change in the energy equation. The model is validated and used
for comparisons with preliminary experiments for the charging of the tank
showing good agreement. Subsequently, a parametric investigation is carried
out based on the model, by considering additional values of the main thermal-
hydraulic parameters, such as oil flow rate and inlet temperature, and their
effect on the melting rate and the charging efficiency are investigated. For a
period of 8 hours, typical of a daily cycle of operation of a solar energy system,
the evolution of the phase change process is evaluated from the numerical
results for all parameters considered. It is shown for which values of these
parameters the melting process can not be completed within the chosen time
period and, thus, careful selection is needed when designing a storage system
based on the given storage concept for optimum utilization of the harvested
solar energy.

Keywords: thermal energy storage, latent heat, phase change material,
packed-bed, erythritol
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1. Introduction

Thermal Energy Storage (TES) offers several advantages compared to the most
common electrochemical storage methods (batteries) when several factors
such as performance, environmental impact, durability, reliability, lifecycle
costs, etc., are taken into account [1,2]. The medium-temperature range has
been identified as one of great potential interest, especially for industrial
processes many of which have a heat demand in the area of 120 °C-260 °C and
one for which limited attention has been paid so far [3,4]. Besides, this range is
of interest in power generation based on low- and medium-temperature
Organic Rankine Cycle (ORC) systems [5].

For these applications, latent heat thermal storage materials offer advantages,
such as isothermal phase change and a high storage density [3]. The low-
temperature range of applications for these materials has been widely studied,
with emphasis on paraffin as the phase-change material [6,7]. With regard to
the range of low-to-medium temperatures, sugar alcohols have been found to
be good candidates as storage media, exhibiting much higher latent heat of
fusion AHm (up to 350 kJ/kg) as compared to the rest PCMs with close melting
points range, and their melting points cover a wide temperature range [8]. A
fairly large number of studies has been devoted to the study of these organic
materials (also known as polyols) and the characterization of their
thermophysical properties and stability [9-13]. Their advantages include the
relatively low price, non-toxicity, non-flammability, non-corrosivity, and low
environmental impact [13], as well as the fact that they can be sourced from
renewable feedstocks [2]. There are, however, also some disadvantages, such
as low thermal conductivity, from which most types of PCM suffer, as well as
significant supercooling (or subcooling, i.e., delayed start of solidification upon
cooling) [14], thus research efforts have been undertaken in recent years
aiming at overcoming these problems by means of suitable additives (high
conductivity particles, nucleating agents etc.) into the material [15]. The most
widely studied sugar alcohols as storage materials so far are (with their
respective melting points) xylitol (95 °C), D-sorbitol (97 °C), erythritol (118 °C)
and D-mannitol (167 °C). A summary of applications of the aforementioned
materials has been presented by Tomassetti et al. [11], with regard to their
thermal performance when used in latent heat storage systems.

Among these materials, erythritol was selected in the present study, due to its
higher latent heat value and the compatibility of its melting point with
medium-temperature concentrating solar systems. Several studies have been
presented in the literature, characterizing erythritol in terms of its
thermophysical properties, but also evaluating the performance of erythritol
by experimental and numerical methods in various applications. The most
common configuration was the heat exchanger, of the shell-and-tube type in
particular [11]. Agyenim et al. [16] considered a horizontal, concentric-tube
heat exchanger and in a subsequent study [17], a multi-tube system, consisting
of four HTF-carrying tubes. They found an improved heat transfer rate during
charging but observed also large subcooling. Wang et al. [18] investigated a
flexible heat transporting system, called ‘mobilized thermal energy storage
system (MTES)’ for industry heat recovery, employing a direct-contact,
cylindrical storage unit, consisting of 50% erythritol at the bottom and 50% of
heat transfer oil placed at the top. In a later study, Wang et al. [19] studied also
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the discharging of the same unit by numerical simulation and analyzed the
behavior of the system during solidification of erythritol and the effect of oil
flow rate and inlet temperature.

In a different configuration, a double spiral coil energy storage unit, Anish et
al. [20] experimentally analyzed the performance of erythritol, by focusing on
performance parameters such as energy storage and discharge rate, liquid
fraction, HTF (thermal oil) outlet temperature variation, charging and
discharging time and the effect of the HTF flow rate and inlet temperature. In
a subsequent study [21], Anish et al. studied a horizontal shell and multi-finned
tube system by numerical methods. They varied the number and geometric
parameters of tubes and fins and studied their effect on the natural convection
effects and the melting process. A shell- and helical-tube heat exchanger
configuration was experimentally investigated by Mayilvelnathan and Valan
Arasu [15]. Their particular focus was on the enhancement of thermal
conductivity of erythritol by dispersing graphene nanoparticles. Improvements
up to 20% were observed in the charging and discharging times of the storage
unit with the addition of 1 wt% nanoparticles. Several applications of erythritol
related to solar energy have also been reported, particularly its use in
improving the thermal performance of evacuated-tube collectors [22,23], and
as storage medium in solar cookers [24] among others.

The configurations for placing the PCM in the storage unit can generally be
classified into two types: tank PCM and encapsulated PCM (EPCM) [25]. In the
former case, the PCM fills the entire volume of the tank, and the heat transfer
fluid (HTF) flowing through carries the heat in (charging phase) or out
(discharging phase) of the storage medium, by means of a heat exchanger. This
approach suffers from poor heat transfer rates, particularly in the case of
discharging when the PCM starts solidifying next to the heat exchanger tubes,
thus offering increased thermal resistance at that location. The encapsulation,
on the other hand, aims, among others, at providing a large surface area for
heat transfer between the HTF and PCM.

Packed beds belong to the class of passive TES systems, as the storage medium
is a stationary solid (or a PCM), and the HTF passes through the storage
material only for charging and discharging [26,27]. They normally consist of a
single tank where the storage medium is placed as a filler material (solid or
PCM) and the HTF flows through the tank making direct contact with the
storage medium. In these single-tank configurations, hot and cold fluid are
maintained within the same tank, with a thermal gradient zone in-between, the
thermocline, thus these are also called thermocline storage [28].

Several studies may be encountered in the literature related to packed bed
latent heat storage systems [25,26,29], at different temperature levels. In
medium-temperature applications, however, where oil is used as the HTF as in
the present study, a limited amount of work is available. With regard to
experimental works, in particular the first such studies were those presented
by Beemkumar et al. [30-32], who used Therminol-66, or Therminol-55 as HTF
and two sugar alcohols, namely D-Sorbitol and D-Mannitol. In the first of the
series, their experimental setup included a Parabolic-Trough Collector (PTC)
coupled with a cylindrical storage tank and a circulating pump [30]. In a later
study, they also investigated the effect of fins on the spheres and different
encapsulation materials.
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With regard to encapsulated erythritol, which is the PCM of interest in the
present study, experimental studies were conducted by Shobo & Mawire [33]
and Mawire et al. [34] considering individual capsules and comparatively
assessed the behavior of four different PCMs, among them erythritol, with
melting points in the range 110 °C-185 °C, encapsulated in spherical aluminum
capsules, suspended in a pot filled with sunflower oil and heated by an electrical
hot plate. Erythritol exhibited the best performance at charging, but its
discharging performance was hampered by subcooling. As far as packed-bed
configurations, the only study that included erythritol among the materials
tested was the one carried out by Mawire et al. [35] the other two being adipic
acid and eutectic solder (Sn63Pb67). Finally, there are also studies that have
carried out numerical simulations of the melting and solidification of erythritol
in single spheres [36,37], as well as cascade systems, combining erythritol with
paraffin for waste-heat recovery applications [38].

From the literature survey, it may be concluded that very few studies have been
so far carried out with latent heat storage in the form of encapsulated PCM at
the medium temperature range, involving experimental measurements. The
present study, in particular, considers a larger tank scale and a greater number
of capsules than those reported in previous works, namely a 0.1 m? cylindrical
tank, with 200 spheres of diameter of 75 mm, with erythritol encapsulated in
stainless steel. The behavior of the storage unit is characterized by
measurements of temperatures at selected locations in the tank, and is
combined with a numerical model for the packed bed configuration providing
considerable details of the phase-change evolution during charging of the
tank. The results can be valuable in the search of the optimal design of a latent-
heat storage system for concentrating solar systems.

2. Materials and Methods

The PCM used in our experimental work is meso-erythritol (C4H1004) 99 %,
provided by Alfa Aesar. Thermal oil Therminol-SP is used as the HTF. Relevant
properties of these materials are shown in

Table 1 and 2.

Table 1. Properties of the PCM (meso-erythritol).

Solid phase Liquid phase
Density (kg/m3) 1440 1285
Specific heat 1.34 2.87
Thermal conductivity (kJ/kg-K) 0.321 0.589
Melting temperature (°C) 118
Latent heat of melting (kJ/kg) 352.9

Table 2. Properties of the heat transfer fluid (Therminol-SP) in the range 20-150 °C (T in °C).

Property

Equation

Density (kg/m3)
Specific heat (kJ/kg-K)
Thermal conductivity (W/m-K)

Viscosity (mPa-s)

p(T) = 884.9 — 0.6423 T — 2.214-10~% - T2
Cp(T) = 1.835—3.541-1073-T
k(T) = 0.1308 — 1.162- 1074 T

(T) = —70.80 116810 1 a6 (T + 27315
(M) = =70.80 = 7——-37= — 0. ( 15)

—1.203-107* - (T + 273.15)?
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2.1. Experimental setup

The main part of the experimental setup consists of a cylindrical tank (0.804 m
height and 0.410 m diameter) with a net volume of 106 L. This size is larger
compared to the previous works in the literature. Two conical diffusers on the
sides of the cylinder ensure uniform inlet/outlet of the HTF. All parts are made
of stainless steel SS304. The HTF is circulated by a 2.8 kW pump that provides
flow rates up to 8000 L/h. All temperatures are measured with Pt100 resistance
thermometers, with an accuracy level of 1/10 Class B (acc. EN 60751) and a 4-
wire connection with an accuracy of + 0.2 K. Mass flow rate is measured with a
Coriolis flow meter with a maximum error of +0.1%. The HTF is heated by a 36
kW electrical heater and cooled by an 8 kW air-cooler. The flow chart of the
entire hydraulic loop is shown in Figure 1.
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Figure 1. Schematic depiction of the overall hydraulic loop for the experimental evaluation of the latent-heat
storage tank.

Erythritol is encapsulated in stainless-steel spheres of outer diameter 75 mm
and wall thickness 5 mm. The tank is loaded with 200 such spheres that are
randomly placed in the tank so as to form a packed-bed configuration
(Figure 2). Each sphere is filled, through a hole, with 170 g liquid erythritol at
140 °C and the sphere is allowed to cool down to room temperature. Prior to
loading in the tank, all spheres are tested for leakages by being heated in an
oven at 140 °C for 4 h.
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Figure 2. The experimental tank (left), the capsules containing the PCM (middle)
and the thermocouple locations (T6-T9) for the temperature measurements.

2.2. Numerical modeling

2.2.1. Packed-bed modeling

The models available for packed beds have been presented by several authors,
starting with Ismail & Stuginsky [39] and more recently by Esence et al. [40],
Sebbar et al. [41] and Guo et al. [42], both for sensible and latent heat energy
storage. The main distinction is between single-phase and two-phase models.
They mostly use the energy equations of the phases involved, assuming uniform
flow through the bed and the assumptions and simplifications made are a trade-
off between the desired accuracy and the available computing power [40].

Here the continuous solid phase model is selected, belonging to the class of two-
phase models. The general idea of formulating the computational domain from
the real physical model of the tank is shown in Figure 3. A key parameter here is
the void fraction (or bed porosity) € which is obtained after subtracting the
volume of the spherical capsules from the total volume of the cylindrical bed.

The governing equations for this axisymmetric model, with axial coordinates x
and radial coordinate r’respectively, are as follows:

Heat Transfer Fluid

aT, aT, 02T, 0°T, 1 0T,
S.Cpf.pf.<_f+u._f>=kf_x.#+kf_ﬂ.( f+_,._f>

or'z ' or
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+ay, - hep - (Tpew — Tp) €y
PCM
(1-g)-C ) 'aTPCM —k ) 0°Tpcy ) 0°Tpcy l 0Tpcu
p.PCM " PPcMm ot PCMx " "5 2 PCM,r1 9772 7 o
dy
+ap - hr - (Tp = Tpew) = (L =€) - ppew - L - ar (2)

In the above equations, G, is the specific heat, and k is the thermal conductivity,
both referring to either the fluid or the PCM with the respective subscripts ‘f’
or 'PCM’, similar to the temperatures. The thermal conductivity is defined
differently in each of the radial and the axial directions, as will be explained
below. The main assumption in the above equations is that there is no thermal
equilibrium between the two phases at each location (thus, such models are
also called non-thermal equilibrium models) and the heat exchange is expressed
by a heat transfer coefficient hs; to be obtained from correlations.

Conical r
diffuser

PCM Y Porous

Spherical H medium
capsules

HTF
Grade

Outlet—~ Outlet

a) Packed-bed b) Model

Figure 3. The formulation of the computational domain for the numerical model
using the continuous solid phase approach.

The melt (or liquid) fraction y appearing in the last term of Equation 2 is
defined as a function of temperature within each temperature range:
0, T < T

T—Tso1

y(T) = Tiiq=Tsol’ Top =T < Tliq 3)
1, T> Tiiq

The two temperatures Tso, Tiiq (solidus and liquidus) define a narrow range about
the melting point T,, within which phase change actually takes place and here
we consider a value of + 2 °C.

Here we use the non-dimensionalization introduced by Ismail & Stuginsky [39]
and define the following dimensionless parameters:

_ epfCpr _ hgrapH Pey = G CprH Pe, = G CprH (4)
(1-&)ppcmCpcm ’ Gepr ' kpx kgr

A is a thermal capacity ratio (fluid/PCM), the parameter " is analogous to the
Number of Transfer Units (NTU), known from the analysis of heat exchangers
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and is actually referred to as such by some researchers. G is the superficial
mass velocity, G = p - usy (kg s7 m?), with us,, the superficial velocity, a, is the
superficial particle area per unit bed volume (=6(1-¢)/d, for a spherical particle
of diameter d,), while Pex, Pe, are directional Peclet numbers.

Furthermore, the dimensionless space coordinates are X =x/H, r=r '/H, whereas
for the time and velocity non-dimensionalization, the following characteristic
scales are used:

H ¢
= ,sothatt =— and U = — (5)
G Cpr AUine ts Uint

fo= (1-&)ppcmCp,pcm H
. =

where uj is the interstitial velocity, defined as i = usyp/e. The dimensionless
temperatures are defined in terms of the melting temperature T, and the
temperature difference (HTF inlet - initial in the tank): AT = Ti,-To as follows:

_ Tf—Tm

9f = T Opcm =

TpcmM—Tm
- (6)

With the introduction of these parameters, the non-dimensional temperature
equations for the two phases can be written as:

Heat Transfer Fluid

L 1 9%0 1 a%6 1 08
2r s 2or . r,1.%r —
at X ~ Pex 9x2 = Per <ar2 *s ar)+F(9PCM o) (7)

PCM

O0rca _ Krons/ige Olrcu y Kronslhae (COncn (1000w | (g, — Gye,) — =2 (8)

ot Pex ax? Per ar? r ar Ste ot

The last term in the equation for the PCM involves the Stephan number,
which is defined as: Ste = (C, pcy AT)/AH. In the latter expression, 4H is the
latent enthalpy of melting (J/kg) and AT is the same as the denominator in
Equation 6 above.

With regard to packed beds with latent heat storage, there are three main
approaches for the treatment of phase change, namely: the apparent heat
capacity method, the heat source (or enthalpy-porosity) method and the radial
diffusion method [41]. Here, the second approach is used, as implied by the
presence of the last term in the equation for the PCM, involving the melt
fraction y.

The equations and dimensional parameters above involve the directional
thermal conductivities of both materials k¢ ks ., kpcy x» kpcm »- These are defined
by special equations as outlined below [39,40]. First a stagnation effective
conductivity is obtained as:

0 m
ke — (E) where m = 0.280 — 0.757 loge — 0.057 log (ﬁ) 9)
kg kr kg

Then, based on this quantity an axial effective and a radial effective thermal
conductivity may be respectively computed from:

"Z": :—E+0.5PrRep, "zfz ’;—5+0.1PrRep (10)
The first term in the above definitions expresses the thermal conductivity for a
stagnant fluid, whereas the second term the effect of motion in each direction.
Rep is called the particle Reynolds number and is here based on the capsule
diameter: Re, = Gdp/u. The fluid effective thermal conductivity may be obtained
for both directions from:
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0.7 ¢ kf for Re, < 0.8
P } (11)

ke = kyr = {0.5 Pr Re,k; for Re, > 0.8

Then, the solid effective thermal conductivity is computed by subtraction from
the respective effective values:

ko = kefx - kfx kg = kefr - kf‘r (12)

To calculate the heat transfer coefficient hs;, the following correlation of Wakao
et al. for the Nusselt number, based on the capsule diameter (Nup = hyrd, /kf),
is used [40] :

1
Nu, = 2+ 1.1-Red®- Pr3 (13)
Boundary Conditions

Atinlet (X=1) specified values of the temperature are imposed, constant or time
varying, as will be discussed below. The non-dimensional velocity U is equal to
1, throughout the domain, as the momentum equation is not solved in this type
of packed-bed models. At outflow (X=0), the axial derivative of the
temperatures of both materials (HTF and PCM) is taken as zero. At the sidewall
(r=0,25, since the aspect ratio of the tank H/D=2), a boundary condition may be
specified by means of an overall heat transfer coefficient U, which includes
three components: internal (fluid-to-wall) heat transfer coefficient, conduction
through the tank wall and convection from the external wall to the
surroundings [39]. These can all be incorporated into a combined equation
involving an equivalent Biot number Bi;:

% 1 Bi, =0, where Bi, = 2% (14)
or kfr

and with ro the internal tank radius. This condition applies only to the HTF
equation, whereas for the equation for the PCM an adiabatic boundary
condition is used in the radial direction. Due to the good insulation of the tank,
however, the Bi, values turned out to be very small, thus an adiabatic condition
for the HTF was found adequate as well in the cases considered here.

2.3. Computational procedure

A finite-volume discretization is employed for the axisymmetric model of the
computational domain shown in Figure 3, by first converting Equations 7 and
8 into the generic transport equation of the convection-diffusion form:

%*’ v-(Ve)=v-(I;V4)+S, (15)

where ¢ stands for either 6 or 6 and 7 are suitable diffusion coefficients
arising from the respective terms in Equations 7 and 8 (not to be confused with
the coefficient 7~ in the source terms). The respective source terms are:

I (6pcy — 6), for the HTF (16)
= 16
1 oy
T (67 = 6pen) — 55 5.+ for the PCM
Equation 15 is then integrated over non-overlapping control volumes AV

covering the entire computational domain and yields algebraic equations of
the form:

Sy

g_fAV+Ziai(¢P_¢i) = fAVS¢dV (17)
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where g; are discretization coefficients and the subscript p refers to the central
computational node, whereas i = E,W,5,N stands for the neighboring nodes
(east, west, south, north). A time-marching procedure is employed using the
alternating-direction implicit (ADI) method [43]. The two temperature
equations are solved sequentially, with a special treatment of the source term
due to latent heat in Equation 16. More specifically, the heat source approach
employed for the phase-change, involves an iterative procedure, as discussed
by Sebbar et al. [41]. A guessed value of the melt fraction y at each new time
step is first computed, the PCM equation is then solved for the new
temperature, then y is computed again from the equation of its definition
(Equation 3), the temperature equation is solved again and so on, until both
PCM temperature and y converged within a specified accuracy, e.g., 107

Regarding the grid dimensions, 21 nodes along the radius and 61 nodes in the
axial direction were used, a number which was found adequate for the
conduction-dominated heat transfer problem treated here (momentum
equations not solved). Other grid dimensions were also considered, more
specifically a grid which is one level coarser grid (11 x 31) and two more levels
finer than the one used in the paper (31 x 91 and 41 x 121) and selected
quantities, global and local ones were compared. The difference between the
present grid and the two finer levels were less than 0.5% for all quantities
compared, therefore the 21 x 61 was found adequate. A time step of 1 sec was
used in all computations.

2.4. Model validation

For the validation of the model, suitable test cases with experimental results
have been sought in the literature, the closest one being the packed-bed of
Mawire et al. [35], which used the same PCM. The comparisons of the computed
results with the present model and the experimental results of Reference [35]
are shown in Figure 4, showing a very good agreement.

— -
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Figure 4. Model validation with the results of Mawire et al. [35], for charging of a packed bed using erythritol as
PCM and sunflower oil as the working fluid. Flow rate: (A) 4 mL/s, (B) 6 mL/s. The lines are the computed results and
the markers are the experimental data at various heights in the bed.
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3. Results and Discussion

3.1. Default case: 1 = 100 kg/h, Tin = 137 °C

The first set of results obtained after the model validation is for the conditions
of experimental measurements. The value of ¢ was estimated to be 0.55,
whereas the particle Reynolds number for this flow rate was Re, = 5.56, and the
interstitial velocity was 2.89 x 10 m/s. This was a test starting from the tank
(both oil and PCM) at a completely uncharged state, i.e., at an ambient
temperature of 32 °C, which is far below the phase transition temperature of
erythritol. The inlet temperature of the HTF stabilizes at a temperature of 137
°C within a short time after starting the experiment. Comparisons between
computed and measured values of temperature at various locations in the tank
are shown in Figure 5. The agreement is quite satisfactory overall. The outlet
temperature at the end of charging appears somewhat lower, which could be
attributed to heat losses between the exit from the packed bed and the location
within the cone where the respective thermocouple is located (T9a). In
Figure 5B the agreement is quite good at a distance H/4 from the bottom
(thermocouple T8a), whereas at 3/4 of the height (thermocouple T7a) the
discrepancy between measured and computed values is an indication that the
phase change is completed faster than the model predicts and sensible heating
starts earlier.

16 160
P 140 —
12 o 120 /"Tﬁfﬂf
10 £ 100/
o féb o | ;’
e 8 e, 804
l)O Twl o Tmm H/4
E ! T = T, 3Hi4
I_ B /c I_ ﬁu ./‘Jl
4 ﬁ_}éoo 40 .Lj
3 20
Og 33 4§ % & 7 % i 3 T & T 8 ¢
t [Hrs] t [Hrs]
(A) (B)

Figure 5. Comparison between experimental (solid line) and computational data (points). (A) Inlet and outlet HTF
temperature; (B) oil temperatures at 1/4 and 3/4 of packed bed height.

In Figure 6, axial temperature distributions along the tank at different times
are presented in dimensional form, with the vertical line at T, indicating the
melting point. Both HTF and PCM temperatures are shown, at time intervals of
12 min in Figure 6A and B and 24 min in Figure 6C. In the interval 0-2 Hrs
(Figure 6A, bottom), it may be observed that the top layer of the PCM attains
the melting temperature at about 24 min, time after which a melting front is
shown to move downwards, with the temperatures remaining within the phase
transition range, around the melting point (here +2 °C), for most of the tank
height as time proceeds. At around 2 hours, we can see that the melting has
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completed at the top layer and sensible heating of the PCM starts. In the
subsequent parts, (B) and (C), it can be observed that gradually melting is
completed at the lower layers of the PCM until all of them attain a uniform
temperature which corresponds to the inlet temperature of 137 °C.
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Figure 6. Axial temperature distributions [°C] at different dimensionless times ts-t70: HTF temperatures (top), PCM
temperatures (bottom). (A) 0-2 Hrs (12 min intervals); (B) 2-4 Hrs (12 min intervals); (C) 4-8 Hrs (24 min intervals).

In Figure 7, the development of the melting process may also be realized in
terms of the melting fraction, whose value is seen to increase from 0 as the
melting front moves downwards, until all layers attain the value of 1 after a
period of 8 hours.
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Figure 7. Axial Distribution of the melt fraction at different time instants (the exact same ones as in Figure 6).
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In Figures 8-10, the evolution of the melting process is depicted also in terms
of contour plots of temperature of both HTF and PCM (Figure 8 and Figure 9
respectively), as well as of the melt fraction (Figure 10) at selected time
instants during the melting process. As can be seen, the temperature field is
one-dimensional for the adiabatic boundary condition that has been imposed
on the side wall. The temperature field in the HTF shows an almost linear
stratification after one hour of charging, when the melting front is still located
at about 2/3 of the height, but gradually more uniform temperature zones
develop, as melting proceeds further downwards and the PCM remains around
the melting temperature. Finally, the HTF temperature attains the uniform
value of 137 °C after 8 hours of charging. The development of melting can be
also realized in terms of melt fraction contours, in Figure 10.
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Figure 8. Development of the HTF temperature field in the packed bed during the melting process. Temperature
contours at various time instants during charging (default case) at: (A) 1 hr, (B) 3 hrs., (C) 5.2 hrs and (D) 7.2 hrs.
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Figure 9. Development of the PCM temperature field in the packed bed during the melting process. Temperature
contours at selected time instants during charging (default case) at: (A) 1 hr, (B) 3 hrs., (C) 5.2 hrs and (D) 7.2 hrs.
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Figure 10. Melt fraction contours at selected time instants during charging (same as in Figure 9).

The evolution of the average melt fraction with time is also presented in
Figure 11A, whereas the downward movement of the melting front is shown in
Figure 11B, in terms of a dimensionless coordinate X« = x/H with respect to
time.

Figure 12 shows the total amount of heat stored during the period of 8 hours,
in terms of total and latent heat. As may be seen, given that the charging starts
at a relatively low temperature in this case (32 °C), way beyond the melting
point of 117.7 °C, a large percentage of the energy stored is in terms of sensible
heat (almost 76%), until the entire volume of PCM attains the melting
temperature and latent heat starts being stored (almost 24% of total heat).
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Figure 11. Evolution of the melting process for the default case. (A) Average Melt Fraction vs. Time and (B) Melting
Front Location (Dimensionless) vs. time.
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Figure 12. Total Energy and Latent Heat stored vs. time.

3.2. Effect of flow rate

In order to study the effect of various thermal-hydraulic parameters on charging,
the HTF flow rate was varied from the default value of 100 kg/h to two additional
values, namely 80 kg/h and 120 kg/h. The particle Reynolds number are
respectively calculated as: Re, = 4.46 and 6.69 and the respective interstitial
velocity values are uine = 2.31 x 10 m/s and 3.46 x 10* m/s. The remaining
parameters are kept fixed and the entire charging interval is still 8 hours.

Two more quantities that are defined here to be used as performance
indicators are the charging efficiency n.,» and the stratification number Str. The
former is defined at each time instant as [29]:

_ Jamep (Tin(®= Toue(D)dt (15)
- t .
-’.0 mep {Tin(6)-To}dt

Nch

where m and ¢, are, respectively, the mass flow rate and the specific heat of the
HTF and Ty is the initial, uniform temperature of both HTF and PCM in the tank.
It expresses the ratio of the net stored energy in the tank, over the integral of
the entire incoming energy over the same time period.

The stratification number is defined as [29]:

_ (0T/0x )¢
St = Fomman (16)

where the numerator is the mean temperature gradient of the HTF at all radial
positions at a given time instant, while the denominator is the maximum mean
value of the same quantity over the entire time period.

In order to distinguish between the different cases to be compared under
parametric variation, the labeling of the cases shown in Table 3 is used. The
default case (C7) is the case used in the experimental measurements and for
the remaining cases, either the flow rate is varied, keeping inlet and initial
temperatures fixed (cases C2 and C3), or the inlet temperature is varied by
keeping the flow rate and the initial temperature fixed (cases C4 and C5). For
the variable inlet temperature cases (V7-V3), a range of values is selected for
the inlet temperature, as will be further explained below.
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Table 3. The different cases considered to study the effect of parameter variation.

Case 1 (kg/h) Tin (°C) To(°C)
Constant T
c1
(default case) 100 137 32
c2 80 137 32
c3 120 137 32
c4 100 130 32
c5 100 150 32
Variable T, (Solar PTC)
V1 100 80-140 80
174 100 100-140 100
V3 100 100-150 100

The variation of the mean melt fraction with time is shown in Figure 13. As
observed, for the value of 80 kg/h, the melting was not completed within the
period of 8 hours. On the other hand, the results for 100 kg/h and 120 kg/h
almost overlap, indicating that increasing the flow rate beyond the value of 100
kg/h has little effect on the melting process. However, in Figure 13B, it may be
observed that the charging efficiency increases as the flow rate decreases. This
is because, during charging over a wide temperature range (32° to 137 °C), a
large portion of the transferred energy is stored in the form of sensible heat,
and the delayed melting process does not affect the overall efficiency.

1 11-
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Figure 13. Effect of flow rate on melting process evolution. (A) melt fraction, (B) charging efficiency.

3.3. Effect of inlet temperature
3.3.1. Constant inlet temperature

The effect of the HTF inlet temperature is investigated in two parts. First a
constant value for the entire duration of charging is considered, i.e., heating
from a constant temperature heat source. Temperature values of 130 °C and
150 °C are considered, one below and one above the default case of 137 °C. The
initial temperature and the flow rate are kept the same as in the default case
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(Section 3.1). In this context, it is useful to introduce a parameter which has
been used by several researchers in the past for melting problems [44], namely
the degree of subcooling (or subcooling parameter) Sy, which is defined as:

Tm=To
Tin=To

Sp = (17)

where Ty is the initial, uniform temperature of both HTF and PCM in the tank.
This parameter allows for a more systematic assessment of the effect of initial
subcooling of the solid PCM, as this is clearly expected to affect the melting
process, owing to the fact that part of the heat transferred to the solid-liquid
interface diffuses into the solid core and only part of it is used to actually melt
the PCM at any given time [44]. The respective values of this parameter are
Sp = 0.816 for the default case (C7) and S, = 0.874 and 0.726, for cases C; and Cs
of Table 3, respectively.

The computed results for the new values of the inlet temperature are shown in
Figure 14, where it may be observed that for the lowest of the three
temperatures, Ti, =130 °C, the melting has not been completed after a period
of 8 hours, whereas the process is completed sooner the higher the inlet
temperature, as expected. Regarding the charging efficiency, while the melting
process is still in progress, the efficiency is higher the higher the inlet
temperature, but after 7 hours the efficiency for Ti; =150 °C comes close to the
values for the other two temperatures, as melting has completed and the
transfer of heat is in the sensible mode. The study of Roy and Sengupta in
spherical enclosures [44] found that the melting times are not significantly
affected as long as Sy is less than 0.5, but start increasing sharply beyond this
value, especially for S, > 0.75.

08
0.6
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0.4
0.2
T3 3 3 £ & 7 &
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Figure 14. Effect of constant HTF inlet temperature on melting process. (A) melt fraction and (B) charging efficiency
for flow rate: m = 100 kg/h.

3.3.2. Variable inlet temperature - Solar collector

Here a profile typical of a PTC collector is being used at inlet obtained, for
instance, from curves typical of different types of thermal oils [45] and can be
very well approximated by a second degree polynomial. The main assumption
is that the tank would be part of solar system operating in a cyclic mode,
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between a lower and a higher temperature limit. Three ranges are considered
in that regard, namely: V1, in the range T;, = 80°-140 °C, V2 in the range
100°-140 °C and V3, in the range 100°-150 °C (see Figure 15 and Table 3). The
upper temperature limit is restricted by the decomposition temperature of
erythritol, which is 160 °C [46], thus, a safe upper limit is taken as 150 °C,
whereas the lower limit should be below the melting point of the PCM, i.e.,
below 118 °C. It should be noted that very few studies have considered the
study of a packed bed in conjunction with a variable-temperature heat source,
such as a solar collector [47]. The respective values of the subcooling parameter
Sy of the previous paragraph and defined based on Timax, are 0.628, 0.442 and
0.354 for cases V1, V2 and V3 respectively.

601 2 34 5 &6 1 8
t[Hrs]

Figure 15. The three different forms considered for the variable HTF inlet
temperature, approximating input from a solar parabolic-trough collector (see
Table 3).

The results from the three cases for the present computations are shown in
Figure 16, again in terms of the quantities used in the previous comparisons,
i.e., melt fraction and charging efficiency and for a charging period of 8 hours.
It may be observed that only for the last case (temperature range 100°-150 °C)
does the melting process come closer to completion, with the mean melt
fraction attaining a final value of 0,96. For the other two cases, the end values
are below 0,8. With regard to charging efficiency, the comparison is shown in
Figure 16B. What may be observed is that the three curves overlap while
heating is still in the sensible mode, until about 3 hours, when the melting for
all cases has commenced. After that time, the efficiency increases at a higher
rate, the higher the inlet temperature, whereas for the lower temperature
(80 °C), first a slight decrease may be observed.

Regarding axial distributions of significant quantities in the tank, these are
comparatively presented in Figure 17, for the three cases V1-V3 against the
default case C1. It becomes obvious that for the constant-inlet-temperature
case C1 the melting proceeds faster and has completed at 7.2 hours (right
column), whereas from the variable-temperature cases, it has completed for
nearly the top 2/3 of the tank height for case V3, for the top 1/3 for case V2 and
for the top 1/4 for case V1.
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Figure 16. Effect of variable inlet temperature (solar PTC) on the melting process. (A) Melt fraction and (B) charging
efficiency vs. time for three different temperature-range scenarios.

Another quantity of interest is the stratification number defined earlier [29],
used also in [48], which shows how the evolution of the melting process relates
to the temperature stratification of the HTF in the tank at all times. Its value
varies in therange 0 to 1, with one corresponding to the maximum value during
the charging period. The computed variation of Str with time is presented in
Figure 18 for all cases considered here. It may at first be observed that for the
constant inlet temperature cases the variation with time over the 8-hour
interval shows a very similar pattern. Namely, it starts at its maximum value at
t = 0, followed by a rapid drop at first, and before the phase-change process
(melting) takes place. Then a plateau sets in during melting, followed by a
gradual decrease to zero values, this representing a state where the
temperature of the HTF in the tank is almost uniform (as seen, for instance, in
Figure 8D).

For the cases with time-varying inlet temperature (V7-V3), the stratification
factor shown in Figure 18C exhibits some interesting trends. First of all, its
value starts at Str = 0, since the inlet temperature is equal to the initial
temperature in the tank at t = 0. During the first three hours, there is a local
maximum of Str, more pronounced for case V1 with the lowest inlet
temperature, as the HTF enters the tank at a steadily increasing temperature.
This maximum corresponds to a period of sensible heating of the solid PCM,
whereby, since melting is delayed in this case compared to cases V2 and V3, and
an almost linear temperature gradient is allowed enough time to develop in
the tank. On the other hand, for cases V2 and V3, melting of the PCM starts
earlier and this maintains its temperature within a narrow range about the
melting point, which affects the development of the HTF temperature
distribution by making it more uniform across the bed height.

Subsequently, and after a local minimum, the values of Str start rising again, at
an almost constant rate for all cases during the phase-change period as,
starting from the top, for each layer of the PCM melting is sequentially
completed and sensible heating of the liquid material now takes place, leading
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to a new stratification. The maximum value Str = 1 is attained near the end of
melting, which has not been completed for cases V1 and V2, as discussed
before. For case V3, melting has almost completed and with nearly all PCM
layers now being sensibly heated, the tank tends to a more uniform
temperature distribution again.
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Figure 17. Comparison of results (axial distributions) obtained for the variable inlet-temperature cases, V1-V3,
against the default case C1 at selected time instants: left column at 3 Hrs, middle column at 5.2 Hrs and right
column at 7.2 hrs. (A) HTF Temperature; (B) PCM Temperature; (C) Melt fraction.

More details on the development of the melting process are obtained with the
data shown in Table 4. The symbol t»s denotes the starting time for melting
and tm. the respective end time. The former is shown both at the top (HTF inlet)
and the bottom (outlet) of the tank (2" and 3™ column respectively), whereas
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the latter at the bottom (outlet) (4" column). The duration of melting (5%
column) is the difference between 2" and 4t column and whenever a time of
480 min (8 hours) appears in the 4" column it means that melting has not yet
completed. This information may also directly be inferred from the last column
(yend), which shows the value of the average melt fraction of the PCM in the tank
at the end of the 8-hour period.
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Figure 18. Stratification number for all cases considered. (A) Effect of flow rate (cases C1-C3), (B) effect of inlet
(constant) temperature (cases C1 vs. C4-C5) and (C) effect of variable inlet temperature (cases V1-V3).

Table 4. Characteristic times of the melting process for all cases considered.

Case tms, top (Min) tms, bot (Min)  tme, bor (Min) Duration Ccf::;lenti > Y end
Constant Tin
Cc1 24,0 140,4 429,6 405,6 Y 1,00
c2 27,6 168,0 480,0 452,4 N 0,95
c3 30,0 116,4 422,4 392,4 Y 1,00
c4 30,0 146,4 480,0 450,0 N 0,86
C5 19,2 122,4 312,0 292,8 Y 1,00
Variable Tin (Solar PTC)
v1 216,0 297,6 480,0 264,0 N 0,63
V2 136,8 217,2 480,0 343,2 N 0,76
V3 1104 190,8 480,0 369,6 N 0,96

4. Conclusions

A latent-heat storage tank based on encapsulated erythritol as the phase-change
material has been investigated in the process of charging, where melting of the
PCM takes place. Preliminary measurements are carried out in an experimental
setup heated by an electric source, at operating parameters representative of a
medium-temperature concentrating solar system. A numerical model for the
packed bed configuration representing the storage tank containing 200 spherical
capsules of a shell made of steel and filled with erythritol has been developed.
The model was shown to predict the behavior of the tank with considerable
accuracy, allowing for further evaluating the tank behavior over a range of
thermal-hydraulic parameters, beyond those used in the charging experiments.
It also provides insight regarding the evolution of the phase-change process
itself and the effect of operating parameters, which would have been difficult to
obtain experimentally in the present packed-bed system.
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