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Abstract: Microencapsulated phase change slurry (MEPCS), prepared by mixing microencapsulated
phase change materials (MEPCMs) with water or other carrier fluids, is widely used in different
applications such as for thermal regulation or heat storage systems. The transient thermal-hydraulic
behavior accompanying the phase change process of the MEEPCS has a significant impact on the
system performance. However, the heat and mass transfer during the phase change of the MEPCS is
a complex multiscale process, due to the complex phase change of small particles and the complex
coupling between the particles and carrier fluids. The numerical methods have been proved to be
efficient and powerful means to investigate such complex phase change problems. However, the
mathematical model is the critical factor determining the accuracy of the numerical methods, and
is still under development. This review summarized the mathematical models proposed for the
thermal-hydraulic processes of the MEPCS, compared the adaptabilities of different models, and
provided suggestions for the selection of models.

Keywords: microencapsulated phase change slurry; flow and heat transfer; numerical simulation;
mathematical model; thermal regulation; thermal storage

1. Introduction

Phase change materials (PCMs) are widely utilized in different thermal engineering
applications such as thermal regulation and thermal storage, and have become hot topics
in energy research [1]. However, some drawbacks of PCMs such as corrosion, volatile,
supercooling, and phase segregations restrict their wide application. To overcome these
drawbacks, the microcapsule phase change material (MEPCM) is proposed in such a way
that the PCMs at the cores are encapsulated in polymer or inorganic shells [2]. These
microcapsule particles have different morphologies, such as spherical, irregular shape,
single-shell and multi-core, multi-shell and single-core, and matrix rectangle, as shown
in Figure 1. However, the most widely used one is the simple spherical morphology [3,4].
MEPCM particles overcome the drawbacks of the PCMs, and also increase the specific
surface area of the internal core material, but they are not efficient in heat transfer due
to the low conductivity and transport ability. Then, the microencapsulated phase change
slurry [5] (MEPCS) was developed by mixing the MEPCM particles with some carrier
fluids [6], and the most commonly used carrier fluid is water [7].

Copyright: © 2023 by the authors.
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The MEPCS is a suspension liquid system that is able to store and transport heat energy,
as shown in Figure 2. MEPCS not only has a higher specific heat capacity [8,9], but also has
higher thermal conductivity [10] and better flow and heat transfer performance [11] than
traditional fluids. Moreover, the melting temperature of the phase change microcapsules
can be selected to accommodate specific applications [12]. In addition, it also has good
flow performance, which can easily meet the purpose of regulating its flow rate [13,14].
Therefore, MEPCS can be used as a heat transfer fluid and energy storage medium at the
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same time, and is widely used in solar collector systems, photovoltaic/thermal systems, air
conditioning refrigeration, and heat exchangers and in other fields [15,16].
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Figure 1. Different morphologies of MEPCM particles [3].
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Figure 2. Schematic diagram of the MEPCS [17].

Most of the papers published in the past are related to the application [2,6,11,16,18-20],
thermodynamic parameters [6,16,18,21], flow and heat transfer characteristics [6,11,16,18,
19,21-35] of MEPCS. However, it is worth noting that it is basically difficult to observe
the complex phase change process inside the capsules by experiment since the size of
the microcapsule particles is very small. Therefore, numerical methods are widely used
to study the physical processes of the MEPCS, so as to better grasp the phase change
mechanism inside the MEPCS and the thermal-hydraulic characteristics of the MEPCS. All
numerical studies for MEPCS are based on some assumptions, which make the numerical
simulation process easier, but lead to some errors. Therefore, the most challenging problem
in the current numerical simulation research of MEPCS is to find a reliable mathematical
modeling method, so that more accurate calculations will be realized.

This review paper focused on the mathematical models for the MEPCS that can
provide reference for researchers when they are establishing their models. However, to
the authors” knowledge, very few review papers about the mathematical models for the
MEPCS can be found available in the open literature. In this paper, the research about the
mathematical models regarding the thermal and hydraulic processes of the MEPCS will
be reviewed and analyzed to provide references for the modeling of the MEPCS, from the
following aspects: (1) thermophysical properties of MEPCS; (2) mathematical models for
the flow and heat transfer of MEPCS; (3) adaptability analysis and improvement direction
of the mathematical model.

2. Methodology

The mathematical models for the MEPCS will be reviewed and analyzed in this paper.
Using the search topics of “microencapsulated phase change slurry”, “MPCS”, “flow and
heat transfer”, “numerical simulation”, and “mathematical model”, the literature was
retrieved from the “Web of Science” database, focusing on literature published between
2002 and 2022. After the literature collection was completed, 91 high-quality articles were
screened out and used for the literature analysis, refining, comparison, and discussion
based on abstracts, keywords, and conclusions.

According to the literature analysis, the thermophysical parameters of MEPCS are the
basis for the numerical simulation. Therefore, the thermophysical parameters of the MEPCS
are described in Section 3 before discussing the mathematical models. Although various
studies have been conducted on the MEPCS from the perspective of mathematical models,
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they can be basically divided into four categories. More specifically, Section 4.1 reviews
the flow and heat transfer studies of the MEPCS based on the single-phase additional
heat source. Section 4.2. moves to the second category of the research, the equivalent
specific heat capacity modeling for the MEPCS, in terms of the single-phase flow and
two-phase flow. Section 4.3 discusses the third category of the research, enthalpy modeling,
also in terms of the single-phase flow and two-phase flow. Section 4.4 further discusses
the multiscale modeling method. These four categories of studies provide the current
advances and major challenges in the mathematical modeling of flow and heat transfer
in the MEPCS. On this basis, Section 5 further carries out the adaptability analysis of
different mathematical models and puts forward the improvement direction for their future
development.

3. Thermophysical Properties of MEPCS

MEPCS can be used as both a heat transfer fluid and energy storage medium. The
thermal properties of MEPCS are different from the PCM and carrier fluids. Thermophysical
properties of the MEPCS are fundamental for the numerical modeling which then provides
guidance for the design of a slurry system. In this section, some important thermophysical
parameters of the MEPCS were briefly discussed, including the mass percentage, density,
specific heat capacity, thermal conductivity, and viscosity.

3.1. Mass and Volume Percentage

The mass and volume percentages are critical parameters for determining the general
properties of the slurry. It is better to introduce the definitions of the mass fraction and
volume fraction before introducing the mass percentage and volume percentage. The mass
fraction of the MEPCS is defined as the ratio of the mass of the MEPCM particles to the
mass of the slurry, expressed by w. Similarly, the volume fraction is defined as the ratio of
the volume of the particles to that of the slurry, indicated by ¢. The correlation between the
volume fraction and mass fraction of MEPCS is given by Equation (1). If the mass fraction
and volume fraction are denoted by the symbol %, they are referred to as mass percentage
and volume percentage. Some researchers habitually say mass concentration instead of
mass percentage. This is not accurate, because the mass concentration is the ratio of the
mass of the solute to the total volume of the solution.

—— 1
¢ wpp (1)

where ps and p,, represent the density of the slurry and MEPCM particles, respectively. Due
to the phase transition effect in the slurry, the mass percentage also has a great influence on
other thermophysical properties of the MEPCS, such as the viscosity, specific heat capacity,
and thermal conductivity.

Studies have shown that the specific heat and thermal conductivity of the MEPCS
decrease with the increase in the mass percentage in the region before and after the phase
transition [36]. In the region where phase transition occurs, with the absorption and release
of more latent heat during the phase change, the specific heat of the slurry increases with
the increase in mass percentage, and the influence of the mass percentage on the thermal
conductivity still needs further study [37]. In addition, the viscosity of the slurry also
increases with the mass percentage, because more MEPCM particles makes the MEPCS
change from a Newtonian fluid to a non-Newtonian fluid [38].

3.2. Density

Since the MEPCS is a mixed liquid composed of the MEPCM particles and carrier fluid,
and the MEPCM particles are composed of a core and shell, its density is related to the
density of the two components. That is, the density of the slurry (ps) is related to the density
of the MEPCM particles (pp), the density of the core material (o.), the density of the shell
(ow), the density of the carrier fluid (o), and the mass fraction (w). Therefore, the densities
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of the slurry and the particles can be defined by Equations (2) and (3) in accordance with
the mass conservation [6]:

PpLs
s = — 2
o wps + (1 —w)pp )
(1+y)pcpw
= — 3
P Pc + YPw ®

In Equation (3), y represents the weight ratio of the core-shell. In general, the density
of the microcapsule particles is similar to that of the carrier fluid, which ensures the static
stability of the MEPCS. Although the density of the core material usually changes by
10~15% during the phase change process, the change in the density of the slurry is less than
1~2% at a low mass percentage, which can be treated as a constant in calculations [39].

3.3. Specific Heat Capacity

Due to the phase change effect, the MEPCS can be used as either a heat transfer fluid
or an energy storage medium, and is widely used in various fields. In order to analyze
the effect of the phase transition, the specific heat capacity of the slurry (Cs) should be
discussed.

The definition of the specific heat of the microcapsule particles is similar to that of
the particle density, which is also related to the specific heat of the core material and shell.
That is, the specific heat of the slurry (Cs) is related to the specific heat of the microcapsule
particles (Cp), the specific heat of the core material (C.), the specific heat of the shell (Cy),
the specific heat of the carrier fluid (C), and the mass fraction (w). Therefore, the specific
heats of the slurry and the particles are given by Equations (4) and (5) [40]:

Cs=wCp + (1 —w)C¢ 4)
(yCe + Cw)pcpw

C, = e T w)Pefw 5

P oploc +ypw) ©

In some numerical modeling, an effective specific heat capacity is defined to simplify
the treatment of the phase change, in which the effect of the phase change is incorporated
in this effective specific heat capacity. Then, the specific heat capacity of the slurry presents
three stages during the whole phase change process, as shown in Figure 3. The specific heat
of the slurry is considered to be constant in the stages before and after the phase transition,
which is equivalent to the weight-average specific heat of the particle and the carrier fluid.
In these two stages, the specific heat of the slurry decreases with the increase in the mass
percentage [36] of the particle, as shown in Equation (4). However, during the phase change
process from temperature T; to T, the specific heat of the slurry not only includes the effect
of the latent heat H of the capsule, but also the effect of the specific heat of the particle and
the carrier liquid, so the specific heat of the slurry is much larger than that of the other two
stages. Based on this simplification, the effective specific heat of the slurry can be given by
Equation (6) [41].
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Figure 3. Variation curve of specific heat capacity of slurry versus phase transition temperature [6].



Energies 2023, 16, 2914

50f21

Therefore, the final expression of the specific heat capacity of the slurry in the phase
transition temperature range is as follows [41]:

Cs T < T
CS(T) =G+ ﬁ I <T<T, (6)
Cs IT>1

3.4. Thermal Conductivity

The thermal conductivity of the MEPCM particles can be calculated based on the
composite sphere method [42]:

1 1 dp —de
= + 7
kpdp  kede ' wdpdc @)
d 3
p Pw
0 g I I A 8
( de > pw + Ypc ®)

The thermal conductivity of MEPCS can be calculated by the classical Maxwell rela-
tions [43]:

= kfz + kp/kf + 24)<kp/kf — 1)

24+ kp/kf — 4)(kp/kf — 1)

where, the subscripts ¢, w, p, f, and s represent the core material, shell, capsule particles,
carrier fluid, and slurry respectively.

It is noteworthy that Equation (9) is only applicable to the static conditions. How-
evet, in the case of flow, the thermal conductivity of the MEPCS will increase due to the
interaction between the particles and carrier fluid. Therefore, the thermal conductivity
(ks) calculated by the classical Maxwell relationship is lower than the effective thermal
conductivity (ke) under flow conditions, and the correlation between them is as follows [24]:

)

ke = ks (1+ B¢Pep)™ (10)
edy?
Pep, = ” (11)
B=30m=15 Pe, <067
B=18m=0.18 0.67 < Pe, < 250 (12)
B=3.0m=1/11 Pe, > 250

where the Peclet number (Pep) indicates the relative magnitude between the convection and
diffusion of the microcapsule particles, which is related to the MEPCM particle diameter

(dp), thermal diffusion coefficient (d¢), and shear rate (?). In Equation (10), the range of Pey,
determines the values of B and m.

Generally, the enhanced heat transfer of the MEPCS is caused by the absorption
or release of the latent heat during the phase change in the microcapsules and by the
increase in the effective thermal conductivity of the slurry. The higher the effective thermal
conductivity of slurry is, the greater the heat transfer rate is. Yuan et al. [44] prepared the
MEPCS by uniformly dispersing 10 wt% microcapsule particles into water, and found that
the thermal conductivity of the MEPCS was increased by 6.5% compared to the water. Liu
et al. [45] found that the thermal conductivity of the MEPCS increases with the Reynolds
number, and the thermal conductivity of the MEPCS can reach 2~3 times that of the
traditional single-phase fluid under the same Reynolds number.

3.5. Viscosity

The viscosity of the MEPCS plays an important role in determining the pressure drop
and the pumping power of the conveyor during the flow process. The greater the viscosity,
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the greater the pressure drop and the higher the pumping power will be, which is not
conducive to the practical application of the MEPCS. Some studies have shown that the
MEPCS behaves as a Newtonian fluid when its mass percentage is below 25% [7,46,47], or
when the viscosity varies linearly with the shear rate [36]. Most of the viscosity and shear
rate curves of the MEPCS were measured experimentally using the rheometers [12,48,49].
The “Optimal Viscosity-Shear rate” tool of the rheometer software can be used to provide
the behavior equation between the viscosity and shear rate. The equation that best predicts
the shape of the flow curve of the MEPCS has been found to be the Caro model [50], which
is defined according to Equation (13):

VS - .uoo o 1 (13)

Ho — Hoo (1+(k_,.y)2)m/2

where, 7 is the shear rate, yg and i represent the asymptotic value of the viscosity at very
low and very high shear rates respectively, k is a constant parameter in the dimension of
time, and m is a dimensionless constant. The values of these constants can be obtained
from Ref. [50].

In addition, at low mass percentages, the MEPCS can be regarded as a homogeneous
fluid, and thus its viscosity can also be calculated according Equation (14), which includes
the influence of the interaction between the MEPCM particles, carrier fluid, and tube
wall [51]. 25

Hs 2\ 7

= (1-0-ag) (14)
where, ”—i is the relative viscosity and is defined by the ratio of the apparent viscosity of the
MEPCS to that of the water at a given temperature. A is a parameter that depends on the
size, shape, and stiffness of the MEPCM particles. Mulligan et al. [52] showed that the value
of A for the MEPCS is 3.4 when the capsule particle diameter is 10~30 pum. In the study
of Wang et al. [53], the value of A is found to be 4.45 for an average capsule diameter of
10.112 um at different mass percentages. However, Charunyakorn et al. [24] found that the
value of A is 1.16 when the mass percentage of the slurry is less than 20%. They measured
the relative viscosity of the MEPCS at different mass percentages and found that the curve
fit the function well, proving the validity of Equation (14).

4. Mathematical Models for Flow and Heat Transfer of the MEPCS

In terms of flow, the existing common models for the MEPCS are mainly divided into
the single-phase flow model [54] and two-phase flow model [55]. With regard to the heat
transfer, the existing phase-change heat transfer models for the MEPCS are mainly divided
into three categories, namely, the additional heat source model [24], equivalent specific heat
capacity model [27], and the enthalpy model [26]. Different mathematical models for the
MEPCS can be established by combining different flow models with different heat transfer
models. To the authors” knowledge, the mathematical models for the thermal and hydraulic
behavior of the MEPCS can be divided into five categories: the single-phase additional heat
source model, single-phase equivalent specific heat capacity model, two-phase equivalent
specific heat capacity model, single-phase enthalpy model, and two-phase enthalpy model.
In addition, some researchers have proposed multiscale models for the flow and heat
transfer process of MEPCS [34,56,57]. In this section, these mathematical models for the
MEPCS will be reviewed and compared, to provide guidance for the numerical modeling.

4.1. Single-Phase Additional Heat Source Model

The single-phase additional heat source model is one that considers the flow of the
MEPCS as a single-phase flow and introduces the phase change by an additional heat
source. The so-called single-phase flow, as the name implies, means that the differences
in the phase state (solid phase, liquid phase, and gas phase) during the flow of the fluid
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are not considered [58]. Because the size of the suspended MEPCM particles in MEPCS is
very small [59], and these microcapsules are easily fluidized, some researchers describe the
MEPCS as a homogeneous single-phase fluid, with the average thermal physical properties
used. In this single-phase model, it can be assumed that both the solid phase (MEPCM
particles) and liquid phase (carrier fluid) are in thermal equilibrium, and the slip motion
between the carrier fluid and MEPCM particles can be ignored [60]. Therefore, in this single-
phase model, the governing equations of the MEPCS are similar to those of traditional
uniform fluids. The additional heat source refers to the heat generated or absorbed during
the phase change of the MEPCM particles as an additional internal heat source related
to the fluid temperature in the carrier fluid. This additional model is usually obtained
by an ideal modeling phase change rate. The governing equations in the framework of
this modeling usually include the continuity equation, momentum equations, and energy
equation. In some situations, the continuity and momentum equations can be simplified
due to the feature of the flow. A heat source is added to the energy equation to incorporate
the effect of the phase change, which is usually derived by assumption. Equations (15)-(17)
show the governing equations proposed by Charunyakorn et al. [24] for the flow and heat
transfer of MEPCS in a circular tube, where Equation (17) is the ideal additional heat source
added to the energy equation.

Uy = 2y [1 ~ (r/R)Z] (15)

oT o [, 9T koT 9 (. oT ou\?
pCprg = g (kai’) + (?ai’) + g (k8x> + V(ai’) + S (16)
5 =3k, "D m (17)

B rp—(1=B)m

The single-phase additional heat source model has the advantages of having a simple
conception, easy implementation, and good computational efficiency, but its limitations
are also very prominent: when the capsule particle size is large or the density difference
between the capsule and the carrier fluid is large, MEPCS is not a homogeneous fluid,
and the homogeneous assumption will cause significant error; in addition, the accuracy
of the model is decided by the heat source, which is not easily obtained. Although the
single-phase additional heat source modeling is simplified, it is useful and convenient. With
this model, the influences of some parameters of the system, such as the Stefan number,
mass percentage, particle size, Reynolds number, inlet subcooling, and other parameters
on the flow and heat transfer can be investigated.

Charunyakorn et al. [24] numerically studied the influence of the Stefan number, mass
percentage, and particle size on the flow and heat transfer characteristics of MEPCS in
a circular tube. The calculation results were validated by the experimental results [61],
indicating that the deviation between the calculated average Nusselt number of the slurry
and the experimental data was between 6% and 12%. In addition, Qiu et al. [25] also
used the single-phase additional heat source model to study the flow and heat transfer
characteristics of MEPCS in a circular tube under constant heat flux. The results showed that
the average deviation between the calculated dimensionless wall temperature of MEPCS
and the experimental data was less than 5%.

4.2. Equivalent Specific Heat Capacity Model

The second thermal-hydraulic model for the MEPCS is the equivalent specific heat
capacity model [62], in which the effect of the phase change of the MEPCM particles is
described by the change in the specific heat capacity of the MEPCS. The effective specific
heat capacity of the slurry is determined from the correlation between the temperature and
enthalpy, as shown in Equation (6). The correlation between the enthalpy and temperature
can be determined by a differential scanning calorimeter (DSC) measurement.
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This modeling method is easy to implement and avoids the application of complex
source terms in the mathematical model to deal with the phase change process, and
can achieve acceptable accuracy for some calculations, but this modeling method has its
inherent shortcomings: the equivalent specific heat capacity model does not behave well
when the phase change temperature range is small, and is not suitable for the step phase
change problems. In addition, the equivalent specific heat capacity model is based on the
assumption of a “homogenization temperature” inside the capsule, which oversimplifies
the specific phase change process inside the capsule and sometimes results in a significant
error. Depending on the description of the flow, the equivalent specific heat capacity model
includes the single-phase equivalent specific heat capacity model and two-phase equivalent
specific heat capacity model.

4.2.1. Single-Phase Equivalent Specific Heat Capacity Model

The single-phase equivalent specific heat capacity model treats the MEPCS as a ho-
mogeneous single-phase fluid, and the phase change process in the capsule is modeled by
the equivalent specific heat capacity method. Sometimes the MEPCM particles are well
dispersed in the carrier fluid, and treating the MEPCS as a homogeneous fluid does not
cause too much error. Therefore, this modeling method is widely used. The governing
equations in the framework of this modeling approach usually include the continuity
equation, momentum equations, and energy equation. Equations (18)—(20) show the gov-
erning equations proposed by Seyf et al. [63], where ¢, of is the effective specific heat
capacity incorporating the phase change effect of the MEPCS and can be obtained from
some correlations such as Equation (6).

V.u=0 (18)
0otV - (1) = —Vp + eV - (Vu+Vul) (19)
PestCpettV - (uT) = V - (kegtVT) + D (20)

Hu et al. [27] conducted a numerical simulation study on the laminar forced convection
heat transfer of the MEPCS in a circular tube with constant heat flow, based on the single-
phase equivalent specific heat capacity model. The numerical results were compared with
the experimental results [39], showing that the maximum relative error was 6%. It is
found that the Stefan number and mass percentage are the most important parameters
for improving the flow and heat transfer of the MEPCS, which is consistent with the
research results of Charunyakorn and Qiu using the single-phase additional heat source
model [24,25]. The difference is that the heat transfer enhancement effect increases with
the decrease in the dimensionless initial subcooling and dimensionless phase change
temperature range, and increases with the increase in the particle size. Languri et al. [28]
studied the turbulent flow and heat transfer of the MEPCS in the spiral heat exchanger,
using the equivalent specific heat capacity modeling. The maximum deviation between the
calculated average Nusselt number and the experimental data [64] was 5%. In addition, Ran
et al. [65] established a single-phase equivalent specific heat capacity model to study the
turbulent flow and heat transfer of the MEPCS in a two-wheel spiral tube under constant
wall heat flux conditions. The numerical results were compared with the experimental
data [46], indicating a good agreement with the experimental data. Shaukat et al. [66]
numerically studied the laminar flow and heat transfer of the MEPCS in the microchannel
radiator using the single-phase equivalent specific heat capacity model. The maximum
deviation between the calculated local Nusselt number and the experimental data [10] was
found to be 14.6%.

The advantage of this modeling lies in the fact that it is a pure macroscopic model,
which describes the flow and heat transfer for the whole solution, and does not need to
track the solid-liquid interface. It is widely used due to its easy implementation, small
computation cost, and fast calculation speed. However, the limitation is that the modeling
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ignores the interaction between the microcapsule and the carrier fluid, oversimplifying
the phase change process of the microcapsule and the temperature distribution in the
microcapsule, which inevitably causes certain deviations in most cases.

4.2.2. Two-Phase Equivalent Specific Heat Capacity Model

Although the single-phase flow model is simple in the modeling and efficient in the
numerical calculation, it is not accurate enough for some calculations, since it does not
accurately consider the interaction between the carrier fluid and microcapsule particles,
as well as the particle sedimentation and dispersion under the influence of gravity. The
MEPCS is essentially a two-phase fluid, therefore, the classical two-phase flow models have
been used to describe the flow and heat transfer of the slurry. In the two-phase models, the
microcapsule particles and the carrier fluid are considered to be two different phases with
different velocities and temperatures, and the assumption of zero slip velocity between
the two phases is no longer valid. Among these two-phase models, the Euler model is
widely used. The two-phase flow models describe the role of solid-liquid two-phase in the
flow and heat transfer process [67,68]. In the framework of this modeling, the governing
equations, continuity, momentum, and energy are established for the solid and liquid phase
separately. Similarly, the phase change effect is incorporated by an effective specific heat
capacity. Equations (21)—(23) are those constructed by Ma et al. [69] for the thermo-fluidic
performance of the MEPCS and energy transport characteristics.

a N:0;

Beipr) alth) + V- (apiv;) =0 (21)
% + V- (ajpjviv;) = —a;VP = VP +V -T; +ajpig+Fp; + i+ Fa;  (22)
d(a;0;c T; _
(sza]:,pez) + V- (ucl-pl-vicp,p,eTi) =V. (Ae,iVTi) + Ti: VZ)i — hsl(Ti — Tq) (23)

where the subscripts i= 1 or i= s represent the liquid phase or solid phase, and the last
term of Equation (23) represents the heat transfer between the two phases. The latent heat
of the MEPCS is regarded as the effective specific heat capacity (cpp.), which is given by
Equation (24).
T,
/T " e pedT = AH, + C”psfw (Tp1 = Tps) (24)
JTys

Compared with the single-phase equivalent specific heat capacity models, the two-
phase equivalent specific heat capacity models can describe the heterogeneous flow of
the slurry; therefore, they are more accurate in most cases. However, they require a
significant computational cost compared to the single-phase model. In addition, the phase
change process inside the capsule is still oversimplified in this two-phase equivalent
specific heat capacity model, since the “homogenization temperature” hypothesis inside
the microcapsule is used. However, the two-phase equivalent specific heat capacity model
is found to be accurate enough for some engineering calculations.

Bai et al. [29] numerically studied the laminar heat transfer process of MEPCS in a
circular tube with constant wall heat flux using the two-phase equivalent specific heat
capacity model. Their numerical results showed agreement with the experimental data
in [40], and the two-phase model was found to be more accurate than the single-phase
model. Xin et al. [70] conducted a numerical study on the turbulent heat transfer process of
MEPCS in a circular tube with a constant wall heat flux, based on the two-phase equivalent
specific heat capacity model. The numerical results were found to agree well with the
experimental data reported in Ref. [39], with the maximum relative error being less than
14%. Wu et al. [71] studied the flow and heat transfer behavior of the slurry in a horizontal
circular tube under a constant wall heat flux. The results were found to agree well with
the experimental data from Ref. [72]. In the research from Wu et al., the authors also
compared the two-phase model and single-phase model for the computation performance.
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The results showed that the assumption of the uniform distribution of the particles for the
single-phase flow model was not reasonable, since the particle distribution was found to
affect the temperature distribution. The single-phase model ignores the interaction between
the particles and the carrier fluid, which reduced the accuracy of the calculation. It was
also found that the deviation in the calculated results between the single-phase model
and two-phase model increased with the increase in mass concentration. In addition, Liu
et al. [35] established the two-phase equivalent specific heat capacity model for the laminar
forced convection of the MEPCS. The calculated results for the circular tube flow was found
to be in good agreement with the experimental data [24], and the maximum relative error
of 10% was obtained for the rectangular tube flow case compared with the experimental
data in Ref. [73].

Dai et al. [30] established a two-phase equivalent specific heat capacity model for the
heat and mass transfer in a two-layer microchannel with MEPCS as the working fluid. The
computation results were compared with the experimental data from [10,74,75], indicating
that the computation results agreed well with the experimental data, with the deviation
being less than 1 %. Moreover, Dai et al. [76,77] also established the two-phase equivalent
specific heat capacity models for the MEPCS in the porous media microchannels, also with
good accuracy.

4.3. Enthalpy Model

The enthalpy model [62] is one in which a unified energy equation is constructed for
the whole PCM (including the liquid phase, solid phase, and two-phase interface of the
PCM) by introducing the concept enthalpy. By introducing the enthalpy model, the phase
change problem becomes much easier because the energy equations for the different phases
of the PCM are unified to the same form, and explicit boundary conditions on the phase
change interface are not required, which means that the numerical computation can be
performed on a fixed grid.

The total enthalpy of the slurry H is defined by the sum of the sensible heat and latent
heat of the slurry, as shown in Equation (25).

H = he+Ah (25)

The sensible heat & of slurry is given by Equation (26), where h, is the reference
enthalpy at Ty

T
ho = Hyog + /T C,dT 26)
ref

The latent heat of slurry Ah is represented by Equation (27), where L is the latent heat
of the phase change material, ¢ is the mass percentage of particles in the MEPCS, and § is
the volume fraction of the liquid phase in the capsule. The PCM starts melting at Ty}iqus
and becomes completely melted at Tjiquiqus, and the liquid fraction varies from zero at
Tsolidus to one at Tjquidus, Which can be expressed by Equation (28).

Ah = BoL (27)
0 T < Tsolidus
T—Tsolidus
:B = Tliquidu:jlﬁz;dm If Tsolidus < T < Tliquidus (28)
1 T > Tliquidus

The enthalpy model is the most widely used one to investigate the phase change
process of the MEPCS, since it is very simple to be implemented. Moreover, the enthalpy
modeling can be performed with a lower computational cost since the specific heat capacity—
temperature test is not necessary. However, as is similar to the equivalent specific heat
capacity model, the enthalpy model adopts the assumption of “homogenization temper-
ature” for the phase change process inside the capsule, which oversimplifies the phase



Energies 2023, 16, 2914

11 of 21

change process inside the capsule. In addition, it is difficult to deal with the phase change
problems using supercooling and temperature oscillations. In the framework of the en-
thalpy method, the single-phase enthalpy model and two-phase enthalpy model are widely
used.

4.3.1. Single-Phase Enthalpy Model

The single-phase enthalpy model regards the MEPCS as a homogeneous single-phase
fluid, and the phase change in the capsule is described by the change in enthalpy. Since this
modeling is very simple, it has been widely employed in various research. The construction
of the single-phase enthalpy model is very similar to that of the single-phase equivalent
specific heat capacity model. The main difference lies in the treatment of the latent heat of
the phase transition in the energy equation. The continuity and momentum equations are
similar with those shown in Equations (18) and (19), while the energy equation is given
in terms of the enthalpy, as shown in Equation (29) with the example of the steady-state
case [32]:

V- [u(pLH)] =V - (kett VTL) (29)

where, the value of H can be referred to in Equation (24).

Inaba et al. [78] established a single-phase enthalpy model to study the thermal storage
and heat transfer behavior of the MEPCS in a horizontal rectangular shell; the deviation
between the numerical results and experimental data was found to be 10%. Zeng et al. [31]
also constructed the single-phase enthalpy model to study the convective heat transfer
behavior of the MEPCS flowing in a circular tube; the calculated Nusselt number was
validated by the experimental data, with a deviation of 9.4%. In addition, Sabbah et al. [32]
established a three-dimensional, single-phase enthalpy model to study the laminar flow
and heat transfer performance of a microchannel heat sink with MEPCS as the coolant;
the numerical results were found to be in good agreement with the experimental data
from Ref. [40]. Hasan [79] established the single-phase enthalpy model for the MEPCS in
a counterflow microchannel heat exchanger and validated the numerical results by the
experimental data from Ref. [80], with the deviation being 2.1%.

The single-phase enthalpy models are of the macroscopic models, so they have the
advantages of easy implementation and fast operation. However, they do not get rid of
the limitation of the macroscopic model, i.e., it is difficult to consider the phase change
process of the capsule in detail. When dealing with the phase change process in the capsule,
they still ignore the temperature gradient inside the capsules, that is, they still follow the
“homogenization temperature” hypothesis. In addition, the single-phase enthalpy model
does not take into account the interaction between the capsule and the carrier fluid, which
may cause large deviations in some situations.

4.3.2. Two-Phase Enthalpy Model

The main idea of the two-phase enthalpy model is to regard the carrier fluid and
capsule particles in the MEPCS as two interacting continuous fluids. The two-phase
enthalpy model is also a macroscopic one, which establishes the mass, momentum, and
energy conservation equations for the solid and liquid phases respectively, making the
phase interaction and thermal-hydraulic process more intuitive and clear. However, since
the conservation equations are established for the solid and liquid phases separately, the
calculation amount for solving this model is approximately twice that of the single-phase
enthalpy model, resulting in larger computation cost as well as poor numerical stability.
Although the two-phase enthalpy models have the same limitations as the single-phase
enthalpy models in simplifying the phase change process in the capsule, they are generally
much more attractive than the other models mentioned above, and are widely used in
various research. In the framework of this modeling, the continuity, momentum, and
energy equations are established for different phases, i.e., the carrier fluid (liquid phase)
and microcapsule particles (solid phase). Equations (30)-(35) show the governing equations
established for the flow and heat transfer of MEPCS in a wide rectangular microchannel,
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by Abhijith et al. [81]. In these equations, the subscript s indicates that this equation is
provided for the PCM in the microcapsule particles, and I indicates that this equation is
provided for the carrier fluid.

@ +V - (epr0) =0 (30)

a(eastps) 4V (e5p505) = 0 (31)

Neprt) 17 - (eippopo) = —Vp+ V- [eggu (Vo + Vol )] (32)

+e1018 — Fy + Eom

% + V- (espsvsvs) = —esVp+ V- [F—slls (Vvs + VZJ?)] (33)
+es0sg+F;s — Fom — Fpar

Aepit) 4 7 (e1ppmpir) = —p [% +V- (Szvz)] + V- (erkets VTh) (34)

—hy(T) — Ty)
Aetele) 1V - (espsvsis) = —p| %2+ V- (e505)] + V- (eskess sV TS) (35)
+hv(Tl - TS)

Hao et al. [26] established a two-phase enthalpy model for the MEPCS laminar flow in
microchannels. This model was found to be able to describe the separation of the solid—
liquid flow and the coupling between thermal diffusion, convection, and inter-particle
interactions. The numerical results were found to be consistent with the experimental
observations and measurement results. Afterwards, Xing et al. [33] used the same model
to investigate the laminar flow and heat transfer of the MEPCS in the microchannels; the
numerical results were compared with experimental data in Ref. [61], showing a deviation
of 3.8%. In addition, Lian et al. [82] also used the two-phase enthalpy model to study the
cooling performance of the MEPCS applied to the liquid-cooled plate; the numerical results
were found to agree well with experimental data in Ref. [10].

4.4. Multiscale Model

The MEPCS shows multiscale behavior during various applications in either latent
heat storage or thermal regulation. The multiscale of the MEPCS is shown in Figure 4 [34].
On the slurry scale, a large number of microcapsule particles are suspended in the carrier
fluid, showing the macroscopic heat transfer characteristics of a single-phase fluid or two-
phase fluid [83]; on the agglomeration scale, the temperature distribution is uneven in a
local small area, and the microcirculation convection is found in a local region [7]; on the
particle scale, the complex phase change process of the core material inside the capsule and
the interaction between the capsules and the carrier fluid show local-based behavior [84].
At the nanoscale, the movement of the molecules defines the phase change of the core
material.

Mesoscales
oundary scales ———--- |> ——————————— 1
1 1
]

Multiscale:  molecule assembly (PCM)  microcapsule aggregate unit aperation

Mesoscale | Mesoscale 11
"
Multilevel: Material Reactor

Figure 4. Multiscale in the field of microencapsulated phase change material slurry [34].
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In the single-phase and two-phase models discussed above, all thermo-physical prop-
erties of the MPCM and the temperature distribution inside the microcapsules area are
assumed to be identical. Therefore, the energy exchange between the capsule and carrying
fluid is linear during the phase change of the MPCM, which goes against the findings in
some research [84-86]. Obviously, it is difficult to acquire a comprehensive understanding
of the heat and mass transfer behavior of the MPCM slurry using the models mentioned
above; and it is necessary to construct the multiscale models for the heat and mass transfer
of MEPCS in different applications.

At present, there is very little literature on the numerical simulation of the MEPCS flow
and heat transfer using the multiscale model. Lin et al. [34] developed a multiscale model
for the MPCM slurry by combining the heterogeneous multiscale method framework [87]
and the correlative multiscale methodology [88]. The idea of the development for this
correlation multiscale coupling model is shown by the Figure 5, in which U and u indicate
the macroscopic and microscopic variables, and F and f are symbols of the macroscale and
microscale models. The missing data in the macroscale model are represented by X, which
will be provided by the microscale model. Meanwhile, the constraint x for the microscale
model will be provided by the macroscopic model. For the MEPCS, X can be defined
as the heat source term caused by the phase change of the microcapsule particles in the
macroscopic slurry model. Moreover, x is defined as the phase transition state of the core
material inside the capsule and thermal boundary condition outside the capsule, that is, the
condition constraint from the macroscopic slurry scale on the microscopic capsule scale. In
their microscale model, which was based on a lattice Boltzmann model, is used to calculate
the microscopic phase change of the MPCM.

U F({U,X)=0
slurry scale
4 A
o O
X i)
IS S -
) = o =
] 17 = g
= o -1 =
o 3 g =
5 g Z g
172]
= oy o o
3 5 s Z
g 9 S
& £ e S
< =
°~ <
a,
v v

Microcapsule scale

u flu,x)=0

Figure 5. Overall construction framework of correlation multiscale coupling model [34].

In the framework of the multiscale model, the governing equations are constructed
for both the macroscale and the microscale, and the information between the two scales is
then exchanged by a certain method. The governing equations in the macroscale can be
established by the methods mentioned above, and the microscale can be established by the
lattice Boltzmann method or the molecular dynamics method. Equations (36)—(42) show
the governing equations for the macroscale and microscale for the flow and heat transfer of
MEPCS in a circular tube, by Lin et al [34].

The governing equations for the macroscale are:

d

5;(oLeL) + V- (grorur) =0 (36)

0

57 (#s0s) + V- (gspsus) =0 (37)
si(ororur) + V- (prprucur) = —¢LVp+ V- [prpn (Vur + Vul)] (38)

+oroLg + Fsp
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$i(¢spsus) +V - (pspsusus) =  —¢sVp — Vps + V- [gsps(Vus + Vud )] (39)
+¢spsg — Fsi
d )
g(‘PLPLTL) + V- (grpurTL) = V- [(AL/¢p) VTL] + Qsr (40)

The governing equations for the microscale are:
Fi(x+0x,t+6t) = fi(x, 1) — [ﬁ-(x, ) —ff‘?(x,t)}/rﬁ (1 —o.5wf)5tsf,i(x,t) (41)

Qi(x + 0, t+6t) = gi(x, ) — [gi(x,t) - gfq(x,t)} /Tg (42)

where, Qg represents the heat transfer capacity between the two phases involved in the
phase transition in the microcapsule, whose value can be calculated by obtaining the shell
temperature of the microcapsule or the phase transition rate in the microcapsule from the
simulation results at the microcapsule scale.

However, significant computational costs and storage are required if the microscale
model performs a real-time simulation on every location at each time step of the macroscale
simulation, which dramatically reduces the advantage of the multiscale model. To solve this
problem, three strategies have been used, as discussed and compared in another paper [57],
to refine and reduce the massive information of microscale simulations: the analytical,
multi-regression, and RBF network methods. With this multiscale model, the heat transfer
coefficient between the capsules and carrying fluid can be calculated instead of being
estimated by an empirical equation, and thus the accuracy of the numerical simulation
has been found to be significantly increased. As shown by their results, the maximum
deviation between the simulation results and the experimental data in [89] was 7.43%.

Although the multiscale mode is more accurate, it is not widely used so far due to
its complexity. With the development of the technology, more and more highly accu-
rate calculations will be required, and the multiscale mode will become more and more
necessary.

5. Adaptability Analysis and Improvement Direction of Mathematical Model

As discussed above, six types of mathematical models, the single-phase additional
source model, single-phase and two-phase equivalent specific heat capacity models, single-
phase and two-phase enthalpy models, and the multiscale model, have been established
for the heat and mass transfer of the MPCMS. In this section, the research that explicitly
provided the deviation in the numerical calculation will be summarized and discussed, to
provide reference for the selection of the model. Table 1 summarizes different models for
the flow and heat transfer of MEPCS with different application scenarios.

It is found from Table 1, that all these models obtained acceptable accuracy in each
research study, and that the two-phase modes are, in general, more accurate than the
single-phase model, since they are able to consider the effect of the distribution of the
particles on the phase change. However, the deviations of some mathematical models can
be improved by some empirical modifications, which may not be reasonable, to ensure
that the simulation results were consistent with the experimental data. For example, the
accuracy of the additional heat source method is highly dependent on the heat source, which
can be empirically modified in the calculation, and the same is for the effective specific heat
capacity correlations. Therefore, the conclusions on the accuracy from Table 1 may not be
true for the calculations for different physical problems. The choice of mathematical model
should be based on the features of the physical problems.
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Table 1. Different models for the flow and heat transfer of MEPCS and their performance.

Mass

Authors Physical Problem Composition of Percentage of MEPCM Size Flow Regime Flow Velocity Reynolds Mathematical Model Performance
Slurry MPCM Range Number Range Model
flow and heat polystyrene/ single-phase The dev1af10n between the
Charunyakorn . . o 50 um, . 2. numerical results and
) transfer of slurry sodium chloride 5-25% laminar flow - - additional heat .
etal. [24] . . 100 pm experimental data was
in circular tube solution source
between 6% and 12%
. The deviation between the
flow and heat n-propanol/ 5%, 10%, 20% single-phase numerical results and
Qiu et al. [25] transfer of slurry prop 0r 2 or £570s 5 pum, 20 pm laminar flow 10-50 kg/h 335-1295 additional heat i
A pure water 30% experimental data was less
in circular tube source
than 5%
flow and heat single-phase The maximum deviation
Shaukat et al. tr.ansfer of slurry octadecane/pure 5.20% ) laminar flow 1.0-5.0m/s 168-988 equivalent specific between the nun.lerlcal
[66] in rectangular water heat results and experimental
microchannel ca data was 14.6%
flow and heat sinele-phase The maximum deviation
Languri et al. microcapsule o o o ngiep ip between the numerical
transfer of slurry K 0%, 5.9%, 10.9% - turbulent flow 25m/s 7311-24,160 equivalent specific .
[28] in spiral tube particles/pure water heat results and experimental
P data was 5%
. The maximum deviation
flow and heat microcapsule 10%, 15%, 20%, 50 pum, . SL ngle-phase. X between the numerical
Hu et al. [27] transfer of slurry . o 100 pum, laminar flow - 200-1000 equivalent specific .
R particles/pure water 25% results and experimental
in circular tube 250 pm heat o
data was 6%
T — ‘i eptase i doien
Zeng et al. [31] transfer of slurry amino plastics/pure 10%, 15%, 20% 40 um, laminar flow - 320-1280 gep .
s enthalpy method results and experimental
in circular tube water 80 pm o
data was 9.4%
flow and heat ..
transfer of slurry . 10%, 20%, 30%, : single-phase The deviation between the
Inaba et al. [78] . paraffin/pure water o - laminar flow - - numerical results and
in rectangular 40% enthalpy method . 1d 10°
tube experimental data was 10%
flow and heat octadecane,/polymethyl The average deviation
transfer of slurry powy Y o . single-phase between the numerical
Hasan [79] ) methacrylate/pure 0-20% - laminar flow 0.2-3.0m/s - .
in square enthalpy method results and experimental
. water
microchannel data was 2.1%
The numerical results of the
flow and heat n-eicosane/pure 0%, 5%, 10% 50 um, two-phase two-phase model were more
Feng et al. [29] transfer of slurry P oDy . laminar flow - 200, 1000 equivalent specific P
.. water 15% 125 um, accurate than those of the
in circular tube heat

single-phase model
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Table 1. Cont.

Mass

Authors Physical Problem Composition of Percentage of MEPCM Size Flow Regime Flow Velocity Reynolds Mathematical Model Performance
Slurry MPCM Range Number Range Model
flow and heat two-phase The maximum deviation
Xin et al. [70] transfer of slurry ~ paraffin/pure water 0-25% - turbulent flow - 5000, 8000, 10,000  equivalent specific betxlzveen (;he numerlcall
in circular tube heat results anc experimenta
data was less than 14%
flow and heat paraffin/polymethyl o Eo 10 um, two-phase the numerlca.l results of
2%, 5%, . . i two-phase mixed model
Wuet al. [71] transfer of slurry methacrylate/pure 50 um, laminar flow 0.0904 m/s 900 equivalent specific
A 8% were more accurate than
in circular tube water 100 pum heat .
those of single-phase model
flow and heat . The maximum deviation
transfer of slurr octadecane/melamine- 100, 200 two-phase between the numerical
Liu et al. [35] . y formaldehyde 5-20% 50 um laminar flow - o equivalent specific .
in rectangular resin/pure water 1000 heat results and experimental
tube P data was 10%
flow and heat octadecane/ two-phase The deviation between the
(o) 0, 0, 1
Dai et al. [30] tran§fer of slurry polymethyl 5%, 10 {?, 15%, ) laminar flow 3.0-5.0m/s B equivalent specific nurperlcal results and
in square methacrylate/pure 20% heat experimental data was less
microchannel water than 1%
flow and heat octadec§ne/ The deviation between the
. transfer of slurry melamine— o . 90,167, two-phase .
Xing et al. [33] . 0-25% - laminar flow - numerical results and
in rectangular formaldehyde 300,600 enthalpy method experimental data was 3.8%
microchannel resin/pure water P o
flow and heat The maximum error between
Lin et al. [34] transfer of slurry microcapsule 5-25% 5-1000 pm laminar flow 1.25m/s - multiscale numerical results and

in circular tube

particles/pure water

experimental data was
7.43%.
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If the particles are small and uniformly mixed with the carrier fluids, the single-phase
model may obtain acceptable accuracy; however, when the capsule particle size is large
or the density difference between the capsule and the carrier fluid is large, MEPCS is
not a homogeneous fluid, and the homogeneous assumption will cause significant error.
Moreover, the distribution of the particles will be affected by the shape of the flow tunnel,
and a two-phase model should be used in this case. However, the solid and liquid phases
are mathematically regarded as interpenetrated continuums, which may bring unacceptable
errors in some cases. When it comes to the choice among the additional heat sources, the
specific heat, and enthalpy method, one should clearly understand the shortcomings of
different models. For the additional heat source model, a heat source should be introduced,
which is sometimes very difficult to obtain, and therefore, they are sometimes not reliable
in addition to the complexity they bring to the calculation. For the effective specific
heat capacity model, additional experimental tests should be carried out to obtain the
expressions of the effective specific heat capacity that highly affect the accuracy of the
calculation. For the enthalpy methods, the linear correlations are assumed, which may
introduce some error, but they are much more flexible than the other models.

However, all the models, except the multiscale model, are based on the assumption of
“homogenization temperature” inside the capsule, which oversimplifies the specific phase
change process inside the capsule and sometimes results in significant errors. In addition,
it is difficult to describe the subcooling of the phase change material in the capsule with
these quasi-continuum models. If the nonlinear behavior is required and the subcooling
effect exist, the multiscale model should be preferred. For the highly accurate computation,
the multiscale model will become more and more welcomed.

6. Conclusions

The MEPCS is widely used in a variety of energy storage and thermal regulation
systems. The design and optimization of these systems using the MEPCS require a full
understanding of the heat and mass transfer behavior within the MEPCS. However, the
thermal-hydraulic characteristics of the MEPCS are complicated due to the heterogeneous
flow and phase transition. The numerical methods are widely used to solve such com-
plicated problems, which however, require accurate mathematical models. This review
summarized the mathematical models for the MEPCS, and discussed the advantages and
shortcomings of these models, to provide a reference for researchers when they are estab-
lishing the mathematical models for the MEPCS. It is concluded that the two-phase models
are, in general, more accurate than the single-phase models, however they fail to describe
the nonlinear behavior and subcooling effect of the phase change, which can be described
in detail by the multiscale models. It is also concluded that the enthalpy models are more
flexible than the additional heat source and effective specific heat capacity models, since
they do not require any input correlations that are difficult to achieve. In addition, all
the macroscopic models discussed in this research are based on the assumption of “ho-
mogenization temperature” inside the capsule, which is not able to capture the nonlinear
behavior of the phase change. It can be anticipated that the multiscale models will be used
more and more widely due to the increasing demand for highly accurate computation in
future research.
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