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AN ENTHALPY BASED DISCRETE THERMAL MODELLING FRAMEWORK

FOR PARTICULATE SYSTEMS WITH PHASE CHANGE MATERIALS

T. Zhao, Y. T. Feng'

Zienkiewicz Centre for Computational Engineering, Swansea University, UK

Abstract

The latent thermal energy storage of phase change materials (PCM) is an
attractive technique to use renewable energy. Systems with PCM capsules can be
found in a wide variety of applications, but PCMs are usually approximated as a
continuous phase in previous studies. The current work investigates this problem
from the discontinuous point of view. The main objective is to develop an enthalpy
based discrete thermal formulation that can take both heat conduction and phase
change transition into consideration. The computational aspect of the formulation
is fully discussed. The resulting algorithm is simple and effective. Its validity is
demonstrated by solving a discrete/particle version of the one-phase Stenfan
problem. In addition, the equivalent thermal properties of bulk particle materials
with phase change are also derived based on a simple multi-scale modelling
scheme. Numerical simulations are conducted to illustrate the effectiveness of the

proposed enthalpy based discrete thermal modelling (DTEM) framework.

KEYWORDS: Phase change material; Discrete thermal eclement method; Effective thermal

conductivity; Stefan problem

Nomenclature

a Contact angle

B Thermal expansion coefficient

K. Effective thermal conductivity, W/(mK)
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Outward oriented unit boundary normal

Relative coordinate of the particle
Temperature difference, °C

Freezing constant

Poisson’s ratio

Solid volume fraction

Density, kg/m’

Heating or cooling rate of the DSC measurement
Thermal resistance per unit length, K/(mW)
Phase transition parameter

Contact radius, m

Pipe length, m

Specific heat capacity, J/(kgK)

Apprent heat capacity, J/(kgK)
Young’s modulus, Pa

Effective Young’s modulus, Pa
Normal force, N

Enthalpy, W

Contact conductance, W/K
Thermal conductivity, W/(mK)

Latent heat, W
Mass of the phase change material, kg
Number of particles

Heat flux, W/s
Heat flow, W

Thermal resistance, K/W
Current radius of particles, m

Effective radius of particles, m
Initial radms of particles, m

Temperature, °C



V Particle volume, m’m 3

v Heat diffusivity, m’/s

1 Introduction

The use of renewable energy, such as solar energy, has received much attention worldwide with
the increase ofenergy shortage and environmental considerations. To reduce the time discrepancy
between the energy production and the consumption, it is necessary to improve thermal energy
storage (TES) techniques. Generally, solar heat energy can be stored in different ways including
sensible heat, latent heat, or thermo-chemical reaction heat. In latent heat storage systems, the
thermal energy is stored when the phase change material (PCM) undergoes a phase change,
usually from solid to liquid. With the advantages of having a high density of energy storage and a
narrow range of the operational temperature, the latent thermal energy storage is a particularly
attractive technique [1, 2, 3, 4].

The PCM needs to be contained properly for the successful utilisation in a latent thermal
energy storage system. The most common type of PCM containment is macro-encapsulation in
which a significant quantity of PCM is packaged in tubes, pouches, spheres, panels or other
receptacles [5]. An undesirable property of PCM is its relatively low thermal conductivity.
Therefore, it is needed to increase the surface/volume ratio to improve the heat transfer rate. The
packed bed TES system is developed by packing a large number of small PCM particles prepared
by micro-encapsulation techniques with the heat transfer fluid [6]. This packed bed TES system
can be found in a variety of applications, such as heating and cooling systems in buildings [1],
solar thermal energy storage [2], solar cooling [3] and compressed air energy storage [4].

Since its wide applications, understanding the nature ofa packed bed TES system has long
been of a keen research interest. The main research methods used in previous investigations
include the experiment [7, 8] and numerical simulation. Considering technological and
economical barriers of the experimental work, numerous contributions have been made in the field
of computational modelling to study the performance ofthe TES system. These numerical models
can mainly be divided into two groups: single-phase model and separate-phase model. In the
single-phase model [9], the packed bed is regarded as a quasi-homo geneous medium; while in the
separate-phase model [10], both solid and fluid phases are considered separately with two energy

conservation equations and are coupled by a heat exchange term



An extensive comprehensive review of different numerical models for PCM packed bed
systems can be found in the review article [11]. The fixed grid method [12] and the adaptive mesh
method [13] are adopted to solve the boundary value problems for partial differential equations
where the phase boundary can evolve with time. The solutions of the differential equations are
realised by finite-difference or finite element approximations [14]. It can be realised that the solid
material (granular phase changing composites obtained by micro or macro-encapsulating PCMs)
of the packed bed TES system is approximated as a continuous phase in the previous studies while
it is actually the discontinuous particulate system. Therefore, it is necessary to investigate this
problem from the discontinuous point of view.

Since it was originated, the discrete element method (DEM) [15] has emerged as a reliable
and effective numerical technique to model scientific and engineering problems involving
particulate materials. Despite its extensive utilisations in the field of mechanical properties of
dynamic particulate systems, DEM has also been used to simulate heat transfer in granular
assemblies. Hunt [16] first introduced DEM to solve heat transfer problems of granular material
flows and determined the effective thermal conductivity and selt-diffusivity. Vargas et al.[17]
developed the thermal particle dynamics (TPD) method based on DEM to study heat conduction in
granular materials and stress effects onthe conductivity of particulate beds [18]. Chaudhuri et al
[19] simulated heat transfer in granular flows in rotating vessels, in which granular flows and heat
transport properties are taken simultaneously into account to understand their effects on dryer and
calcination performance.

A simple particle-particle heat transfer model is used in the above researches to account for
the thermal effects and may inevitably suffer from a poor solution accuracy. Feng et al.[20]
proposed the discrete thermal element method (DTEM) for accurate and effective modelling of
heat conduction between individual particles in particulate systems in 2D cases. This method was
extended to a simplified version, termed the pipe-network model [21], which significantly
simplifies the solution procedure of the original DTEM. These studies and others have
demonstrated the capability ofthe DEM as a powertful tool for investigating heat transfer problems
in particulate systems [22, 23] and for determining the corresponding effective thermal
conductivity [24, 25, 26]. However, little effort has been made to investigate particulate systems
with phase change materials.

The main objective of this paper is thus to develop an enthalpy based discrete thermal



formulationthat can take both thermalconductivity and phase change into consideration inparticle
systems. The equivalent thermal properties of bulk particle materials with phase change will also
be derived based on a simple multi-scale modelling scheme.

This paper is organised as follows. In Section 2, a brief description of the PCM together
with its thermal material characterisation and mathematical modelling is provided. The enthalpy
based DTEM framework is developed in Section 3. The computational aspect ofthe formulations
for both heat conduction modelling and phase change modelling are fully discussed and described.
In Section 4, the way to determine the effective thermal properties are addressed in detail. The
validity of the DTEM method is demonstrated in Section 5 by solving a particle version of the
classic one-phase Stenfan melting problem [27]. Section 6 is devoted to conduct numerical
simulations which illustrate the effectiveness of the proposed method to model the particulate

system of PCM capsules. The conclusion is drawn in Section 7.

2 Phase change material

Thermal energy storage is an important technology to balance the supply and demand ofenergy. It
has been widely used in applications such as building, concentrated solar plants and thermal
management of batteries [28], to name a few. A TES system can be a sensible, latent or chemical
heat storage as shown in Figure 1(a). The sensible heat storage applies a temperature gradient to
the material to store or release heat. The disadvantage of the sensible heat storage is the low
storage capacity which leads to a huge volume ofthe system. The latent heat storage can provide a
high storage density with a small temperature difference between storing and releasing heat. The
materials used for the latent heat storage are called phase change materials and are characterised by
storing large amount of thermal energy while changing from one phase to other (usually
solid-liquid states) at a narrow temperature range which has been regarded as a constant
temperature in some research, and presenting high heat of phase change (latent heat) [29].

The enthalpy variation with temperature of both sensible and latent materials are shown in
Figure 1(b). The enthalpy-temperature relation of real materials in nature for all solid, liquid or
phase change mixtures is non-linear as shown in the black line, but it is often simplified as a
(piecewise) linear relation (blue line) for convenience in engineering applications. PCMs can be
classified as organic and inorganic, of which the organic material paraffin is the most popular

commercial PCM due to its long-term stability, suitable phase change temperature and acceptable



price.
Figure 1: Energy storage materials

2.1 Encapsulation of PCM

Main drawbacks of PCMs include low thermal conductivity, leakage, subcooling and
flammability. Appropriate methods need to be developed to ensure the successful utilisation of
PCMs. Containment methods can be classified as the bulk storage in tank heat exchangers, the
macro or micro encapsulation. In the encapsulation process, individual particles or droplets of
solids or liquid PCMs (the core) are surrounded or coated with a film of polymeric materials (the
shell). This method has the advantages of providing a large heat transfer area and reducing the
reactivity of the materials with the outside environment. The characteristic diameter of such
granular phase change composites ranges from a few millimeters to a few centimeters. Granular
phase change materials (GPCM) offer the advantage of maintaining their macroscopic solid form
during phase change which is the solid componentofthe latent heat thermal energy storage system
(LHTES) [30].

2.2 Material characterisation
The phase change of most PCMs occurs in a temperature range rather than at a constant
temperature. From heat flow results of differential scanning calorimeter (DSC) measurements, the

apparent heat capacity of granular PCMs is acquired as [12]

_q)

C (IN=——+C 1

o (1) m 9+ # )
PCM

where m . is the mass of'the PCM used inthe DSC, 6 is the heating or cooling rate ofthe DSC

measurement and C, is the specific heat of the solid or liquid PCM. Packed-bed column

experiments during charging and discharging modes are usually carried out to analyse the granular

phase change material [5].

2.3 Mathematical models

The complex transient nature of granular PCM systems and the high cost of the set-up for an



experimental testing makes it necessary to use numerical models to investigate PCM systems.
Existing numerical models developed can mainly be divided into two groups: single or two phase
model [31].

In the single phase model, the solid phase (PCM spheres) and the fluid phase are
considered as one phase. Ismail and Stuginsky [32] demonstrated that this model is useful in
analysing fixed beds ofboth high thermal conductivity and thermal capacity in comparison to the
working fluid. In the two phase model, solid and fluid phases are considered separately, and the
model can be classified into three (sub-)categories: the concentric dispersion model [3], the
continuous solid phase model [33], and the Schumann model [10].

All the four models mentioned above assume the solid phase as a porous material, not as a
medium comprised of individual particles. Thus, the accuracy of these models depends on the
effective thermalconductivity of the porous material and the total heat transfer coefficient between

the fluid and the solid, both of the parameters are usually determined from empirical correlations.

3 The enthalpy based DTEM framework

Considering the limitations of the continuous based models and the discontinuous nature of
granular PCMs, it will be a new direction to simulate the particulate system with PCMs from the
discontinuous point of view. Therefore, an enthalpy based discrete thermal modelling framework
is developed in the current work. It should be noted that only the solid component (PCM spheres)
is considered as the main object of this work is to propose a novel method to treat the heat
conduction and phase change transition in the particulate system with PCMs rather than model a

specific packed-bed column experiment.

3.1 Heat conduction modelling

Different mechanisms exist in heat transfer of particulate systems, including thermal conduction
through the solid; thermal conduction through the contact area between two particles; thermal
conduction to the interstitial fluid; heat transfer by fluid convection; and radiant heat transfer
between the surfaces of particles [34]. According to Batchelor and O’Brien [35], when the
interstitial medium is stagnant with a smaller thermal conductivity compared to that of the
particles, thermal conduction through the contact area plays the dominate role in heat transfer

process. Thus, the current work of heat transfer in particulate systems with phase change material



is focused on contact conductance between particles.

3.1.1 Thermal DEM

To simulate the heat transfer process in a particle system, temperature is introduced into the DEM
as anadditional degree of freedom. For the particulate system witha large number of particles, it is
extremely time consuming to determine the temperature distribution of each particle. Thus, each
particle has been assumed as iso-thermal in DEM simulations. Heat flow occurs via conduction in

the active contactarea that connects two particles (7 and ;)whose (average) temperaturesare 71,
and T, respectively. The Fourier’s law ofheat conduction denotes the amount of heat transported
across their mutual (contact) boundary per unit time as

0, =K, (I,~T)) @)

where K.

; » termed the contact conductance, is the amount of heat transported per unit temperature

difference perunit time. The evolution of the temperature of particle / is given as

[ )
AN,

h

3)

where (), is the total amount of heat transported to particle i from its neighbor particles

calculated from Equation(2) as
N
0=29, @)
=1

in which N is the number ofparticles in contact with particle i; C,

1

is the total heat capacity of
particle i which is defmed as
C =pel (5)
where p.., ¢, and V, are the density, specific heat capacity and volume of particle i
respectively.
Equation (3) can be discretised by expressing the time derivative using, for instance, the

forward finite difference to update the particle temperature as

E

I(t+Arf)

=1

i) +

%Ar (6)

g

There are two criteria that need to be satistied in this thermal DEM method: (1) The temperature of



particle i keeps the same value at different contact points with all the neighbor particles. This
requires that the resistance to heat transfer inside the particle is significantly smaller than the
resistance between the contacting particles, which is generally true because the contact area is
often far smaller thanthe size of particles; (2) The stability criterion of the explicit time integration
scheme requires that the temperature change of each particle sufficiently slow so that thermal
disturbances do not propagate further than its immediate neighbors during one time-step. This can
be satisfied by choosing a sufficiently small time-step.

Another aspect considered in modelling of thermal conduction is the thermal expansion
and contraction of the particle size. Similar to the previous treatment [36, 37, 38], the radius
expansion/contraction is considered as

r=r,(1+ BAT) (7
where 7, is the initial radius of particles at the reference temperature 7,  is the current radius,

AT =T-T, 1s the temperature change, and £ is the thermal expansion coefficient (assuming

constant in the current work).

When the thermal expansion of particles is taken into account, granular materials would
exhibit the settling behavior under thermal excitations which needs to be simulated by considering
kinematic of particles in conjunction with the thermal modelling. This has two consequences. One
is the increase of the packing density and the other is the particle rearrangement. The packing
density has a major influence onthermal properties of granular phase change materials as can be
seen in Section 6.2, while the effect ofparticle rearrangement on thermal properties is less clear for
randomly packed particle configurations.

Nevertheless, the effect of particle size change may not be significant in the thermal
modelling of phase change materials as the narrow range of the operational temperature during the
charging and discharging processes and the randomness of particle arrangement under thermal
excitations. Thus most of the thermal simulations conducted in the current work, unless those
mentioned specifically, do not consider the size expansion to reduce the computation time because
the required time-step in the thermal DEM simulation is often orders of magnitude larger than the
corresponding time-step in the mechanical DEM [24]. The thermal induced size change effect will

be discussed in detail in Subsection 6.4.

3.1.2 Thermal contact model



To accomplish the above thermal DEM simulation, the contact conductance K in Equation (2)

needs to be determined properly. Contact conductance refers to the heat transmit ability of two
touching materials. Most work related to this topic can be found in fields of microelectronics,
aircraft industry, nuclear industry and nano-technologies [39]. The thermal contact model in
thermal DEM modelling borrows some mature results from the early work of contact conductance
[40, 41]. The approximate analytical solution of the contact conductance between two smooth,

elastic spheres is ofien adopted to consider the heat transfer process in thermal DEM as
3F x 1/3
K,=2k| 22| =2ka (8)
! 4E

where & is the thermal conductivity, F| is the normal force acting between the particles, a is

s

the contact radius, » =7 r./(r+r,) is the effective particle radius, and E" is the effective

Young’s modulus for the two particles

11—y l-v)

E E. E.

! J

©)

s

in which v, and v, are the Poisson’s ratios of the two particles.

Despite the above relation (8) that is often used in most of thermal DEM simulations [17,
18, 24, 42], a thermal pipe contact model is developed in Particle Flow Code [43] in which heat
flows between particles through a one-dimensional pipe where the contact conductance is defined

as

K.=— 10
y Sb ( )

n which ¢ is the thermal resistance per unit length, and 5 is the pipe length.

The determination ofthe contact conductance in the above models is mainly done inan ad
hoc manner rather than based on a rigorous theoretical foundation. Fengetal [20, 21] proposed a
2D pipe-network model for the modelling of heat conduction in particulate systems which
provides a more rational and accurate model to represent heat conduction.

In this 2D pipe-network model, one particle can be conceptually represented by a simple
star-shaped pipe network model in which the centre is connected to each contact zone as shown in

Figure 2.



Figure 2: Discrete thermal element and pipe-network model for disc [20, 21]

For each individualpipe ; of'the ithparticle, the corresponding thermal resistance R,

is given by
4 6

B B W
RT_I_:L _lnai _+§+#+#+# (11)
7wk, Y2 36 2700 79380

where ¢, ; is the contact angle of the contact region defined as the ratio of the contact length and

the particle radius. Then, the thermal contact conductance K, betweenthe ithand j thparticles

is formulated as

1

K =————— 12
! Rz‘.j +Rj.i ( )

A similar approach can also be developed to define the thermal contact conductance for contacting

spheres.

3.2 Phase change modelling

Phase change materials are viewed as latent heat storage units as a large amount of energy is

absorbed or released when materials changes from solid to liquid and vice versa. In the DTEM
method, the phase change transition is taken into account by using the enthalpy concept. The
change in enthalpy equals to the heat absorbed or released for the enclosed system at a constant
pressure. The quantity of thermal energy possibly stored depends on the enthalpy variation in the
working temperature range.

In the current DTEM framework, a PCM sphere is regarded as a phase change material as

shown in Figure 1, and the phase change process occurs at the temperature 7, and ends at the
temperature 7, as shown in Figure 1(b), and the enthalpy variation is equal to the latent heat L.
The enthalpy of each sphere is £, and can be obtamed by

H,\ oy = H,\ + QAL (13)
For the phase change transition from solid to liquid, the onset enthalpy is / = C.T. and the end
enthalpy is H,=H_+L asshown in Figure 1(b).

The specific capacity ¢, and thermal conductivity &, ofeach particle need to be modified



according to the enthalpy H, of that particle as follows

C., H <H,
¢ = (1+Hf_HS(C,—CS), H <H <H, (14)
Hf_Hs
C, H >H,
and
k., H <H,
k. = A3+H'_HS (k—k), H <H <H, (15)
Hf_HS
k H. > H,

T
To track the phase change evolution of a particulate system, the phase change time 7, ofeach
particle is recorded. A phase transition is assumed to occur at the time whena particle has stored or
released a certain amount of the latent heat, or the phase transition latent heat /(&) determined
by a given parameter &e<[0,1] as

H,(5)=0-5H+ZH, (16)
With the phase change time ofeach particle is known, the position evolution of the phase change

front in a particulate system can be obtained in DTEM modelling.

4 Effective thermal properties

Indesign ofa LHTES, it is necessary to properly determine thermo-physical properties including
the effective thermal conductivity and other thermal properties of the system. For the particulate
system of phase change material, it is not easy to characterise granular phase change composites
due to the nature of the material and the heterogeneity of the sample. Small and non-uniform
diameters of spherical capsules also complicate the evolution of latent heat in a heat storage
system. The current DTEM method makes it possible to numerically obtain the effective thermal

properties of a granular PCM system by applying a homogenisation based technique.

4.1 Effective thermal conductivity
To predict the effective thermal conductivity (ETC), K, of granular materials is an important

subject for many scientific and industrial applications involving particulate systems. Various



experimental tests and analytical models have been proposed to measure or analyse the ETC of
granular materials [44, 45, 46]. Compared to these methods, numerical simulations can be
employed to obtain heat transfer of granular materials, which makes the numerical simulation
using DTEM a powerful means to predict the ETC.

In theory, the ETC of granular assemblies can be determined by solving the equation of

"

Fourier’s law of heat conduction. Therefore, the heat flux " and temperature gradient V7' need

to be obtained from DTEM simulations. A simple way is to obtain them from a boundary value
problem where the granular sample is considered as a continuum phase. A more accurate method
is to obtain the average heat flux (q") and temperature gradient (V7) ofa granular assembly
[24], which is analogous to compute the average stress and strain of a particulate system by using
the multi-scale method [47, 48, 49]. In granular materials, the micro scale is taken to be a scale
where individual particle responses are measurable, while the macro scale is where the whole
assembly is considered as a continuum phase. The following description of using the average heat

flux and temperature gradient to predict the ETC ofa particle assembly is mainly adopted from

[24].

4.1.1 Average temperature gradient
Consider the steady state heat transfer of a granular system, € , where the approximate
temperature 7’ of each particle is expressed as

T =vT-¥ (17)
in which x' is the relative coordinate of the particle, and V7 is the temperature gradient at the
macroscale level where the granular assembly is considered as a contmuum phase.

Because ofthe fluctuationof the particle temperature distribution in the particulate system,
the real temperature 7" is not exactly match the approximate temperature 1, so
T'=VT -x' #0 (18)
To find the specific (VT), the square sum ofthe deviations in Equation (18) should be minimised.
Thus by employing the least-squares approach, (V7) can be obtained as a solution of the
following linear equations

SX(T'—(VT)-x')=0 (19)

ieQ)



4.1.2 Average heat flux

In the state of heat equilibrium without heat sources, the temperature of each particle remains

constant so the total heat exchange through the boundary of the granular assembly, &Q, is zero:

jmq" ‘ndA = Zq”’ =0 (20)

ie0Q)

where q" is the heat flux flowing through the boundaries, n is the outward oriented unit
boundary normal and I_Q is the integration on the boundary of the particulate system, g” is the
total heat flowing through the boundary contacting with particle i.

The average heat fux (q") ofthe particulate system is given by

" 1 " 1 ib_ ib
= dV =— X 2]
9= [a V gmq 2

where 7 =| Q| is the volume of the particulate system and x” denotes the coordinates of the

contact point between particle ; and the boundary. Hence, the average heat flux of the particulate

system can be computed from the sinwulation.

4.1.3 Effective thermal conductivity

By applying Fourier’s law of heat conduction, the effective thermal conductivity K _; should
satisty

K (VI)=—q") 22)
K., as a tensor, is required to be symmetric and positive definite which are automatically
satisfied by enforcing the symmetry of K [50]. Then K is obtained from solving the

following overdetermined linear system of equations
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ST ST ST 23 3< rr>
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1 -1 ). 0

1 -1 N 0

i 1 -1 | 0

where all blank coefficients of the matrix are 0 and the superscripts 1, 2 and 3 represent the
boundary problems in the three directions of the Cartesian coordinate system. This equation is

solved as a linear least-squares problem.

4.2 Effective latent heat
The effective latent heat L ofthe particulate system of PCMs is an important property which
indicates its heat storage capacity. For a granular system, the effective latent heat L can be

simply obtained as
L= LV

5

(24)
where L is the latent heat of the granular particles, and v, is the solid volume fraction, or

packing density, of the particulate system.

5 Vahdation

As our current work is to treat granular PCMs from the discontinuous point of view, its validity
will be demonstrated by applying it to solve a discrete/particle version of the classical phase
change problem— the Stefan problem, where a particulate system with PCMs will be treated as a
one-dimension continuous medium. The interface evolution of the particulate system should be
analogous to its continuum counterpart. For the continuum phase, the phase transition is described

as a boundary value problem of partial differential equations (PDE), where the phase boundary



moves with time.

In the following subsections, the moving boundary Stefan problem is introduced first. The
latent heat is an important parameter which affects the movement of the phase boundary
(solid-liquid interface) of the system. The validity of the DTEM method will be demonstrated by

comparing the actual effective latent heat L of the particulate system with the fitted one Z_;

derived from the numerical results.
Note that no thermal expansion/contraction is considered in this section. The thermal

induced particle size change effect will be discussed in Section 6.4.

5.1 The Stefan problem

This classical moving boundary problem dates back to the study of the melting of glaciers by the
Slovenian physicist Jozef Stefan in 1889 [27]. It aims to describe the temperature distribution in a
homogeneous medium undergoing a phase change. The physical constraints of this problem are
the conservation of energy and the local velocity of the interface depends on the heat flux
discontinuity at the interface. From a mathematical point of view, the phases are regions in which
the solutions of'the underlying PDE are continuous. The moving boundary are infinitesimally thin
and the PDE are not valid at phase change interfaces. Therefore, an additional Stefan Condition is
needed to obtain closure. The analytical solutions for this problem is available for one-dimensional

cases of an infinite region with simple mitial and boundary conditions.

5.1.1 Formulations

For a semi-infinite region, the initial temperature is 7,. At time />0, the temperature of the
boundary at x=0 is suddenly kept at 7, . The governing equations for the temperature

distribution  7'(x,f) in the region are formulated as follows

-

C,al:i[k,g] 0<x<s(t),t>0
ot ox o Ox (25)
5,00,0)=T, t>0

L0k Ly sey<x<tmt>0
o ox Cax (26)

I (+,0) =1, >0

subject to the mitial condition



T, 0) =1, (27)
where s(¢7) is the interface position, and the subscripts s and / indicate the solid and liquid
phases.

The moving rate of the interfaces is controlled by the latent heat lost or absorbed at the

boundary. The following equation, known as the Stefan Condition, describes this process.

o7, cT,
kf—’w—k m_z,__A,jTS
t

= 28
= S at x=s(1) (28)

where A= pL is the heat of phase change per unit volume (note that L is the latent heat
coeflicient) and ds/dr is the velocity of this mterface.
Moreover, the temperature verifies:
T,=T,-T, at x=5) (29)
where 7 is the melting temperature.

This problemcan be formulated in non-dimensional variables fora finite sheet 0<x </ (
[ 1s a standard length) by assuming constant thermal values and using a simple scaling [51]. The
non-dimensional form makes it convenient to obtain the analytical solution and save

computational costs of the numerical solutions.

5.1.2 Analytical solution

The exact solution of the one-dimensional Stefan problem, available in the literature [52], canbe
derived by using the similarity variable to transform the governing equation from partial
derivatives to an ordinary differential equation. The solution of the temperature distribution is

X

T n=1 — Ly erf (

) (30)
erf (D) 2t
where A is the freezing constant given by the root of the following transcendental equation
ae' erf (1) =Ste/Nx 31)
in which erf is the error finction and Ste is the Stefan number defined as
Ste = % (32)

where C is the specific heat ofsolid phase in the freezing process, but is the specific heat of the

liquid phase in the melting process; AT is the temperature difference between the two phases.



The moving front position is expressed as

s(t)=2Avt (33)
where v=Fk /C p is the heat diflusivity.

5.2 Effective latent heat of a particle system based on DTEM

As mentioned in Section 3.2, the phase change time of each particle can be recorded during the
simulation. The time history of the phase change times and positions of all the particles in the
system will depict how the melting interface of the system evolves with time. If the particulate
system is regarded as an equivalent continuum, it should have a similar relation as described by
Equation (33). The phase change time - position points of the particles can be curve fitted by this

relation, and then the resulting freezing constant A can be used to derive the effective latent heat
based on both Equation (31) and Equation (32). Thus, the fitted effective latent heat L . s
derived based on the simulation results as

CAT
je*erf (AN
[fthe proposed enthalpybased DTEM method for simulations ofproblems with PCMs is valid, the

£ (34)

offfit

L. obtamed by Equation (34) should be close to L calculated by Equation (24).

Numerical simulations using the enthalpy based DTEM method are conducted to derive
the fitted effective latent heat L .. of a particulate system with granular PCMs. Three cuboid
shaped boxes with 1m in both length and width and 5m in height filled with PCM capsules have
been randomly generated with some initial contacts between neighbouring particles. These
samples have different packing densities v, =0.6,0.65 and 0.7 respectively. The diameters ofthe
capsules have a uniform distribution between 0.05m to 0.06m.

The top and bottom of each box have a constant temperature of 100 ° C and 60° C
respectively. Heat is conducted between the top and bottom of the box with the contacting particles
in the sample. The side surfaces of the boxes are adiabatic or insulated. The initial temperature of
all the PCM capsules is 60° C. It is assumed that the particles are ideal phase change materials and

the melting process occurs at a temperature point 7, = 60° C rather than a temperature range. The

m

phase transition latent heat H, is set by choosing the parameter £=0.5. A particle is assumed



melted when the enthalpy of the particle 7 = H . The thermal properties of the PCM capsules are
set as C,=430J-kg"-K", k,=4W-m"-K"', k,=8W-m'-K', and L=10kJ/kg . The

thermal simulation is performed until a steady-state heat transfer is achieved for the particulate
system. The particle system is then treated as a one-dimensional continuous medium along the
vertical (z) direction. The corresponding equivalent thermal properties of the system are obtained.

Figure 4 shows the temperature distribution of Sample 1 (v, =0.6). During the initial

heating period, the capsules near the top are heated up while the remaining part keep the initial

temperature. As time elapses, the temperature rises gradually in the system.

Figure 3: Temperature distributions and time evolutions of the particulate system with PCM

capsules
Figure 4: Determination of the effective latent heat (Sample 1)

Table 1: Effective latent heat of the particulate system

Sample 1 2 3
Packing Density v, 0.6 0.65 0.7
Freezing Parameter A 0.0812 0.0789 0.0761
L. (kJ/Kg) - Eq.(24) 6.0 6.5 7.0
L. (kI/Kg) - Eq.(34) 6.027 6.404 6.880

The phase change times and positions of all the particles in Sample 1 are depicted inFigure
5, and their relation is curve fitted using Equation (33), from which the freezing constant 4 is

obtained as 0.0812. Then, by applying Equations (24) and (34), the effective latent heat L and
the fitted one L., canbe computed. Both values of L and L forall the three samples are

listed in Table 1. It canbe seen that the fitted values ofthe effective latent heat L. match with the

eff
actual values of the effective latent heat very well, thus demonstrating the validity of the DTEM

method.



6 Further Hlustrations

Further simulations are performed to show the effectiveness of the DTEM method in modeling

heat transfer in particulate systems involving phase change materials.

6.1 Temperature evolution

Another thermal simulation is conducted using Sample 1 where the granular capsules are
considered as sensible material by setting the latent heat L to be 0. Figure 5(a) shows the
temperature profile ofSample 1 at different heights for various time instances. A similar profile for
the phase change material used in the previous simulations is also displayed in Figure 5(b) for
comparison. The top (z=0m) and bottom (z=5m) boundaries of Sample 1 have a constant
temperature of 100 °C and 60 ° C respectively. The initial temperature of all the capsules in the
sample is 60 ° C. The heat flux flows from the top to the bottom through the granular capsules. The
temperature of the capsules increases during the heat-absorbing process. Heat conduction between
two capsules occurs because of their temperature diflerence.

The phase change material has the ability to absorb large amount of heat without changing
its temperature. Thus it takes longer for heat to transfer from the top to the bottom of the phase
change materials in the sample. Fig. 5 (a) shows that at the time 600s, the heat transfer process is
almost completed in the whole sample for the sensible materials; while Fig. 5(b) indicates that only
just over 1/10 of the sample o phase change materials is affected by the heat transfer at the same
time. Also, the sample with sensible material reaches the steady-state temperature distribution in
about 800s, while for the system with phase change materials, due to the notable heat storage
capacity, the same process takes more than 18000s, which is more than 20 times that of the
sensible one.

This obvious significance can also be observed from the temperature evolution of the
particles at different heights as shown in Figure 6. Capsules at five different heights are selected
and their temperatures are depicted against time. For the capsules of sensible material the

temperature increases lmearly and reaches to the final temperature very quickly.

Figure 5: Temperature profiles and evolutions of the particulate system with two different

materials at different time mstances



Figure 6: Temperature evolutions of the particulate system with two different materials at different

heights

6.2 Effectof capsule size and packing density

Additional two samples with PCM capsules with different radius ranges but a constant packing
density v, =0.6 are generated. The resulting three samples are termed as small (0.04-0.05m),
middle (0.05-0.06m) and large (0.06-0.07m). Figure 7(a) show the total melt fraction of the

particulate system with different capsule sizes. It can be seen that the samples with smaller
capsules taking less time for charging which indicates the same phenomenon as pointed in the
previous research [53], but the effect is weak here. This difference is caused by the dissimilarity of
the packing configuration of the samples with different particle sizes. The detailed explanationcan
be found in the work of [54, 55]. Figure 7(b) shows the evolutions of the total melt fraction of the
three samples with different packing densities. The difference between these cases is obvious. The
sample with the largest packing density attains the complete melting position quickest. The time
needed for the loosest sample to reach the final state is more than three times than that of the
densest sample. This is because that a denser sample has a larger effective thermal conductivity

which can be seen in Table 2 below.

Figure 7: Melt fraction evolutions of the particulate system with different particle sizes and

packing densities

6.3 Determination of effective thermal conductivity
As described in Section 4, the effective thermal properties can be calculated from the numerical
results. Simulations are conducted on five different samples with different particle size
distributions or packing densities as shown in Table 2. In the current simulations, the temperatures
are specified at the top and bottom boundaries of the samples, and all the other boundaries are
isolated. So only the thermal conductivity along the z direction is determined.

Take Sample 1 as an example. The heat flux at the state of heat equilibrium is obtained

when the heat flux at the top and bottom of the sample are equal. Thus, the average heat flux

(¢"y=374.44Wm™ is shown in Figure 8(b). The average temperature gradient is determined by



fitting the temperature distribution using a linear relation which leads to (V7)) =6.92K/m as
shown in Figure 8(a). Then, by using Equation (22), the effective thermal conductivity is
computed as shown in Table 2. The effective thermal conductivity of the other samples are
calculated by the same method and listed in Table 2. It can be observed that the effective thermal

conductivity is atfected significantly by the packing density of a sample while the particle size

distribution has a minor eflect on the conductivity.

Figure 8: Steady-state particle temperature distribution (a) and heat flux evolutions at the

boundaries (b) for Sample 1

Table 2: Effective thermal conductivity of the particulate system
Sample 1 2 3 4 5
Packing density v, 0.6 0.65 0.7 0.6 0.6

Radius » /m 0.05-0.06 | 0.05-0.06 0.05-0.06 0.04-0.05 0.06-0.07
K. (WmK) 54.08 137.95 236.66 55.85 48.61

6.4 Effects of thermal induced particle size and packing configuration

changes
The size change of particles due to thermal expansion will cause the increase of packing density
and the particle rearrangement of the granular system. The consequence of particle rearrangement
induced by the thermal excitation may be similar to that caused by difference packing
configurations.

Three particle packings are generated using the same parameters as in Sample 2. The only
difference between these packings is that they are generated using different random seeds. The
same thermal simulations are conducted on these three packings with or without considering the
thermal induced size expansion. The particle size expansion is considered following Equation (7).

The thermal expansion coefficient is set to be S =10"K™" based on [56]. The curve fitted finial

steady-state temperature distributions and phase change times of these six cases are shown in

Figure 10(a) and (b) respectively.



Figure 9: Final temperature distribution (a) and phase change time (b) for different packings with

or without size change effect

Comparing the phase change times of the same packing with or without size change in
Figure 9(b), it canbe seen that the heat transfer is slightly quicker when the size expansion is taken
into account in the simulation, as expected. However, the difference is not significant and
comparable with the difference caused by different random packing configurations with the same
packing density. Therefore, to reduce the computation time and improve the simulationefficiency,
it is a reasonable choice to conduct the thermal modelling without considering the size expansion

of particles.

7 Conclusion

This work has developed an enthalpy based discrete thermal modelling framework for particulate
systems with phase change materials which can consider both the heat conduction process and the
phase change transition. The proposed algorithm is numerically very simple and effective. In
addition, the equivalent thermal properties of bulk particle materials with phase change have also
been derived based on a simple multi-scale modelling scheme. The proposed methodology is
assessed by solving a particle version of the classic one-phase Stenfan melting problem.
Additional numerical simulations have also been conducted to illustrate the effectiveness of this
modelling framework.

The eftect of capsule size and packing density can be evaluated directly in the current
DTEM method. A particle system of phase change materials with smaller capsules or larger
packing densities takes lesser time for charging or discharging. The effective thermal conductivity
is affected significantly by the packing density while the particle size distribution has a minor
effect. The effectofthermal induced particle size change is not predominant when the temperature
mvolved is low and within a narrow range.

It is noted, however, that the current method can only consider the solid component of the
heat storage system without considering heat transfer through fluid phases or by convection. In
addition, PCM capsules are treated as spheres with a homogeneous property, thus a possible

detailed structure of real PCM capsules is not the focus of the current work.
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Graphical abstract

Highlights
¢ Investigated the particulate system of PCM from the discontinuous point of view
e Developed an enthalpy based discrete thermal modelling (DTEM) framework
o Validated the algorithm by solving the classic Stefan melting problem

e Derived the equivalent thermal properties based on a multi-scale modelling scheme
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