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Abstract 

 

 

Currently, the introduction of phase change materials (PCM) in building materials is 

recognized as a popular technique for reducing interior temperature fluctuations and 

improving the energy efficiency of buildings. Conventionally, PCM in construction materials 

is different with bulk PCM as it incorporates impurities and acts as a binary mixture. For this 

reason, physical models to describe heat transfers inside such materials are highly requested.  

This paper presents four physical approaches that can be applied to examine heat transfer in 

impure PCM dispersed inside a building material. These models have been successfully 

verified and tested using experimental results from the literature. A significant hysteresis is 

observed during the phase transition as a result of thermal gradients within the composite 

material as well as the non-symmetric enthalpy profile as a function of temperature. 

 

Keywords:  PCM ; Physical models ; Building material ; Latent storage; Hysteresis.  

 

 

 

 

 

 

 

 

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2352152X20314985
Manuscript_81926ad83615bf373cedeb715a42da5e

https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2352152X20314985


1- Introduction 

 

The building sector in Europe is one of the most energy consuming areas in the world due to 

its heating and cooling systems. As reported by the International Energy Agency (IEA), the 

sector produces about 1/3 of total greenhouse gas emissions [1-2].  It is therefore crucial to 

develop new approaches for saving energy and limiting energy use, without restricting the 

development of the building sector [3-4]. In this context, an appropriate design of the building 

enclosure has a decisive role to ensure a reduction in the building's energy use and to preserve 

the thermal comfort of the residents [5-6]. Several passive strategies to improve the building's 

energy performance have recently been implemented [7-8].  As a complement to these 

strategies, the integration of phase change materials (PCM) in construction materials is 

recently recognized as a popular technique for reducing interior temperature fluctuations and 

improving the energy efficiency of buildings [9-10]. In building, the PCM not only was used 

in the surrounding envelopes [11], but also in the ceiling [12], floor [13], and energy 

equipment [14-15]. When the PCM is used in the buildings, the thermal stability should also 

be tested first. Some researchers have carried out nearly 4,000 cooling-heating thermal cycles 

to experimentally investigate it [16-17]. For this reason, physical models to describe heat 

transfers inside such materials are highly requested. However, the implementation and 

verification of such models is a challenging exercise due to the non-linearity of the solid-

liquid phase change [18].  

Realistic simulation of heat transfer in a composite material incorporating PCM is an 

important challenge. However, due to the non-linearity of heat transfer during the solid-liquid 

phase change [19], a restricted number of analytical solutions are available, while numerical 

solutions are largely accessible. They can be consulted in the leading papers on heat transfer, 

such as Crank [20], Hill [21], Voller [22] and Alexiades and Solomon [23]. Additionally, it 

should be noted that the analytical solution for an ideal isothermal phase transition case may 

not be able to produce a complete representation of the composite material containing PCM. 

Generally, PCMs used in the construction materials of the building are impure and act like 

binary mixtures [24-25], which mean that the phase change processes in these materials are 

not isothermal and often carried out within a range of temperature [26-27]. Other technical 

aspects like hysteresis phenomenon can also complicate the modelling of phase transition in 

building materials [28-29]. This phenomenon is typically marked by a total displacement of 



the enthalpy function during the freezing process of the PCM compared to the same one along 

the fusion process [30-31]. In this context, some of the analytical and numerical solutions 

described earlier may give some useful insights, but may be not suitable for composite 

materials including PCMs [32-33].   

A number of numerical methods are available in the literature for modeling PCMs, 

particularly the apparent heat capacity method (AHCM) [34-35], the heat source method 

(HSM) [36-37], the explicit enthalpy method (EEM) [32] and the implicit enthalpy method 

(IEM) [38-39]. However, the number of studies published in the literature that compare the 

results of these models with experimental ones and that outline the advantages and 

disadvantages of each approach is limited [40-41]. It is interesting to mention that there are 

few experimental studies that provide all the necessary information to validate physical 

models describing heat transfers in a composite PCM [32, 42].  This includes both the 

accurate description of all the boundary conditions applied to the physical domain during the 

charging/discharging period, and precise determination of various thermophysical properties 

of the PCM-based materials adopted for the experiments.  

A precise determination of the heat capacity and enthalpy functions of impure materials 

during the phase transition process is also essential for a correct mathematical modelling of 

heat transfer within the composite material. Whatever the physical model, if such functions 

are employed, they may be a potential source of imprecision [43]. Usually, specific enthalpy 

and specific heat capacity of a PCM versus temperature are commonly determined using the 

DSC device. However, the precision of this apparatus relies on the accuracy of the protocol 

employed to describe the phase change characteristic of the PCM. When performing DSC 

experiments, particular consideration must be paid to the choice of the scan rates, as various 

heating rates provide various outputs for heat flux and phase transition temperatures. In this 

work, the apparent heat capacity function of an impure PCM is determined from an enthalpy 

function, which is deduced from an inverse method presented in detail in Ref. [44].  

To our best knowledge, a few numerical models are reported in the literature addressing the 

phase change process of impure PCMs dispersed in building material [32].  In this paper, four 

physical models are implemented to characterize heat transfers in a building component with 

an impure PCM. It particularly examines the feasibility of these methods for building 

applications. The experimental works of Joulin et al. [42] and Franquet et al. [32] were 



selected to verify these physical models. The merits and drawbacks of each physical model 

will be outlined and commented in the following sections of this work.   

 

 

2. Fluxmeter Device 

 

It is important to outline that phase transition characterization is a key point concerning both 

the thermal performance and the conception of composite PCMs. Storage density and melting 

temperatures are among the main design criteria of the composite material containing impure 

PCM. In addition, reliable mathematical models that accurately describe the heat transfer 

inside a composite PCM require accurate information on the heat capacity and enthalpy 

functions of these materials during the phase transition process. 

 

Regardless of the physical model, if such functions are used, they could represent a possible 

source of inaccuracy [32, 45]. A number of researchers use the DSC device to measure the 

specific enthalpy and the heat capacity of the PCM as a function of temperature [46]. 

However, the DSC’s accuracy depend on the precision of the protocol adopted to describe the 

phase transition. The selection of the scan rate should be done carefully during the DSC 

experiments, since different heating rates can afford different outputs for heat flux and phase 

transition temperatures [47-48]. This problem can be solved using a simplest and inexpensive 

technique to determine both latent heat and the melting point of PCMs namely T-history 

technique [49-50]. Using this method, the material size is significantly larger and the effect of 

the non-homogeneity of the sample can be considered when carrying out the thermal 

characterization of the building material. However, despite the advantages of the T-history 

technique, it is not suitable to use this method to determine the enthalpy of large-scale of 

composite PCM [51]. The fluxmeter is commonly employed by several researchers to 

thermally characterize composite materials incorporating PCM [45]. The main advantage of 

this device is the ability of testing building material samples in cement blocks or in panel 

form, which helps to avoid the problems caused by the small mass of the sample [52]. 

Furthermore, several studies are already used this apparatus in order to validate the physical 

models that describe the thermal behaviour of composites PCM [32, 42]. 

The fluxmeter device is currently one of the instruments that used extensively to determine 

the thermophysical properties of composite PCM [46, 53]. It is interesting to note that this 



device (see Fig.1) is unable to provide insight regarding the thermal gradients in the 

composite material during the phase transition process. The fluxmeter provides only 

temperature (Tp) and heat flux (∅) measurements at the material extremities. In this paper, the 

numerical models presented in section 3 are used to determine the temperature variations 

inside the composite PCM. In addition, these models are verified and validated using the 

experimental heat fluxes provided by the fluxmeter device [32]. In Ref. [32], the mortar 

including 12.5% of microencapsulated PCM is disposed in a parallelepipedic form with 

dimension of 25×25×4 cm3 [32]. A rectangular composite material containing 

microencapsulated PCM is used as a sample in this study, and each face of it is subjected to a 

linear plate temperature Tp (see Eq.1) which is dependent on time and ranging from 7 to 39°C 

over time by using different heating/cooling rates �.  

 

.
p o

T t Tβ= +                                                                                                                             (1) 

where β  is the heating/cooling rate and o
T  the temperature of the composite material at 0t = . 

Table 1 showed the thermophysical properties of the composite material [32].   

 

 

Fig.1: Fluxmeter device [32] 

 



 

 

 

 

Table 1: Thermophysical properties of composite phase change material 

 

 

 

 

 

 

 

 

 

 

 

3. Mathematical models 

 

The physical models that we will present in the succeeding paragraphs are based on the 

following hypotheses: 

- The composite material consists of two elements: mortar and PCM.  

- The PCM is impure and acts as a binary mixture. 

- The thermal conduction is unidirectional in the x-axis. 

 

3.1 Apparent heat capacity method (AHCM)  

 

When the physical model is derived from the apparent calorific capacity approach, the heat 

transfer inside the composite PCM can be described by a single energy equation [54], i. e. 

( ) ( )2

2

, ,
( )c app c

T x t T x t
c T k

t x
ρ

∂ ∂
=

∂ ∂
                                                                                              (2) 

where c
ρ  and c

k  are the density [kg/m3] and the thermal conductivity [W/(m.K] of the 

composite material including PCM respectively. T and t represent temperature (°C) and time 

(s) and ( )
app

c T denotes the apparent heat capacity [kJ/(kg.K)].  

 

� 1412 kg.m-3 

� 0.55 W.m-1.°C-1 

�� 1100 J.kg-1°C-1 

��  1070 J.kg-1°C-1 

	
 12 J.g-1 

�� 25.5 °C 

� 26.8 °C 



The ( )
app

c T  function in Eq. 2 can be defined as [55] : 

( )
( )

app

dh T
c T

dT
=                                                                                                                         (3) 

where h is the enthalpy of the construction material and may be obtained by considering the 

formula below: 

( ) ( ). 1 .
pcm mortar

h T h hε ε= + −                                                                                                      (4) 

where ε is the mass fraction of the PCM in the composite material. 

 

Eq. (3) can be expressed as : 

 

( ) ( )( ) . 1 . . ( ) 1 .
pcm mortar

app pcm mortar

dh dh
c T c T c

dT dT
ε ε ε ε= + − = + −                                                  (5) 

 

In Eq.(5), the mortar enthalpy is an usual sensible enthalpy, while the enthalpy of the PCM 

should be defined during both sensible and latent storage. 

 

It can be noted that according to equations (2) and (5), the physical model can provide a clear 

description of the phase transition inside the composite material as long as the specific 

thermal capacity of the PCM is adequately defined. 

 

In this work, the correlation developed by Franquet et al. [32] is selected to determine the 

value of the apparent heat capacity of PCM behaving as a binary mixture: 

 

( )
( ), , , 2

,

( )

A m A m
s pcm L pcm S pcm f m

A
Apcm

L pcm m

T T T T
c c c L if T T

T T T Tc T

c if T T

  − −+ − × + ×   −  −= 


≥

p

                          (6) 

 

where Tm represents the end of the non-isothermal melting of the PCM,TA is the melting 

temperature of the pure PCM and 	
 is the latent heat of fusion. The first two terms in Eq.6 

reflect the sensible part and the last one describes the variation of the latent fusion throughout 

the phase transition of the PCM. 

 



By using Eq.(6), one can analyze and explain the non-isothermal phase change in PCMs 

behaving as a binary solutions. By fixing the reference point ( ) 0Ah T = , an analogous 

expression can be deduced for the specific enthalpy of the composite material containing 

microencapsulated PCM [32]: 

 

( ) ( ) ( )( )

( )

1 ln
( )

A m A
S m L m A f S L A m m

A A m

L A m

T T T T
c T T c T T L c c T T if T T

T T T Th T

c T T if T T

ε
   − −− + − − − + − −    − −=    
 − ≥

p
                (7) 

where  ( ),. ( ) 1 .
i i pcm mortar

c c T cε ε= + −  (i being either Solid or Liquid). 

 

Fig.2 illustrates the variation of the specific enthalpy versus temperature for two cases:                 

Tm < TA and Tm = TA. During the heating process, the state of the composite material 

displaces from left to right across the curve, with increasing enthalpy and temperature. In a 

first step, the temperature of the PCM increases with the additional energy that is stored as 

sensible heat in the solid PCM. The latent heat of fusion is absorbed as the PCM passes from 

solid phase to liquid phase. When the melting process is concluded, additional energy input 

again results in a temperature increase (sensible heat in liquid phase). We note that in the case 

of Tm < TA, the PCM behaves like a binary mixture and the melting process is carried out over 

a range of temperatures. However, in the case of Tm = TA the PCM acts as a pure substance 

and the phase transition process is done at constant temperature. 



 

Fig.2: Specific enthalpy versus temperature 

 

The energy equations (2) were discretized over each control volume by using the finite 

volume approach [55].  A fully implicit scheme was implemented in time. The uniform size of 

the control volumes and constant time steps have been applied. The resultant finite volume 

equations are represented by the following formulas: 

 

1 1 1

1 1 1 1

n n n

i i i i i i i
a T a T a T b+ + +

+ + − −= + +                                                                                                  (8) 

 

where: 

1 1
c

i i

k
a a

x
+ −= =

∆
                                                                                                                         (9) 

1 1

( )
n

c app i

i i i

c T
a a a

t

ρ
− += + +

∆
                                                                                                   (10) 

( )
n

c app i n

i i

c T
b T

t

ρ
= ×

∆
                                                                                                               (11) 

 

As shown in Eqs (10) and (11), the apparent heat capacity of the composite material is 

calculated at the previous time (n) by using Eq.6.  



 

In this paper, Eqs.(8) were solved iteratively by using a Tridiagonal Matrix Algorithm 

(TDMA) method [55]. The computation procedure was carried out using Fortan. The 

specified iteration in each time interval was considered convergent when the maximum 

relative residual of T was less than 10-4. 

 

 

3.2 Enthalpy method 

 

 

The so-called enthalpy approach has been established to address phase change problems for 

such applications [22].  Therefore, the enthalpy method can be adopted for the solution of 

phase change problems inducing both isothermal phase transition (i.e. the phase change taking 

place at a constant temperature) as well as non-isothermal phase transition (i.e. the phase 

change taking place over a range of temperatures) (see Fig.2).   We will now describe the 

application of the enthalpy method for the solution of one-dimensional fusion or solidification 

inside the composite phase change material using both explicit and implicit finite volume 

schemes.   

For conduction-driven heat transfer, the energy equation can be rewritten into one equation 

where latent heat is integrated into the enthalpy term as shown below : 

 

( ) ( )2

2

, ,
c c

h x t T x t
k

t x
ρ

∂ ∂
=

∂ ∂
                                                                                                     (12) 

 

which is assumed to be applicable to the overall solution domain, comprising the solid phase 

and the liquid phase as well as the solid-liquid interface. Eq. 12 can be resolved by two 

different techniques: the explicit enthalpic method or the implicit enthalpic method. 

 

 

 

 

3.2.1 Explicit enthalpy method (EEM) 

 

The finite volume approximation of Eq.(12) with simple explicit enthalpy method is obtained 

as [32]: 



1

1 1 1 1

n n n n n

i i i i i i i i
h h a T a T a T+

− − + += + + +                                                                                                                 

(13) 

where : 

1 1 2( )

c
i i

c

k t
a a

xρ+ −
∆= =
∆

                                                                                                                         

(14) 

2
2

( )

c
i

c

k t
a

xρ
∆= −
∆

                                                                                                                          

(15) 
As the Eq.13 is explicit, the following condition should be satisfied for stability: 

2

1

( ) 2

c

c c

k t

c xρ
∆
∆

p                                                                                                                           

(16) 

 

The following algorithm can be used to solve explicit finite volume element equations for the 

enthalpy method. 

We assume that the numerical solution has progressed as far as the time level and the 

numerical values of 
n

i
T and 

n

i
h are known. The relationship between enthalpy function and 

temperature can be derived from experimental data or standard physical tables. Generally, 

enthalpy is a non-linear function of temperature. The enthalpies and temperatures at the next 

time level can be determined as follows : 

(i) Compute 
1n

i
h +

from Eq. 13. 

(ii) Compute the corresponding 
1n

i
T +

from Eq.7 by using  the value of 
1n

i
h +

 : 

1 1 1

1 1
1

( )
n n

i i m

n n
i ni

A i m

L

F h if h h

T h
T if h h

c

− + +

+ +
+


= + ≥


p

                                                                                                                    

(17) 

where 
1 1( )n

i
F h− +

is the inverse function of 
1n

i
h +

.  

To avoid the calculation of the inverse function of 
1n

i
h +

, it is possible to approximate the 

enthalpy curve ( )h T  during the melting process by a smooth curve between two neighbouring 

points. 

 

 



3.2.2 Implicit enthalpy method (IEM) 

 

The finite volume approximation of Eq.(12) with simple implicit enthalpy method is obtained 

as [41]: 

1 1 1 1

1 1 1 1

n n n n n

i i i i i i i i
h h a T a T a T+ + + +

− − + += + + +                                                                                                                   

(18) 

According to Eq.(18), it is clear that the new value of the enthalpy function 
1n

i
h +

 at node i is 

dependent on the new value of temperatures 
1

1

n

i
T +

− , 
1n

i
T +

and 
1

1

n

i
T +

+ and therefore the enthalpy 

function is nonlinear. Eq.(18) cannot be solved without using proper numerical techniques to 

handle this nonlinearity. A practical way to overcome this nonlinearity is to approximate the 

enthalpy curve (see Eq.(7)) during the phase change transition process by a piecewise linear 

function. For example, we could use a linear approximation to describe the enthalpy curve 

during the melting process: 

    
1 1

,1 ,2

n n

i i i i
h b T b

+ += +                                                                                                                                        

(19) 

Where ,1i
b and ,2i

b are the constant coefficients.  

Using Eq.(19), Eq.(18) can be written as follows: 

'
1 ' 1 1

1 1 1 1

nn n n

i i i i i i ia T aT a T h
+ + +

− − + ++ + =                                                                                                                          

(20) 

where: 

'

,1i i i
a a b= −  and 

'

,2

n n

i i i
h b h= −  

Eq.(18) becomes linear equation (see Eq.(20)) with one primary dependent variable 

« Temperature » that can be iteratively solved using a Tridiagonal Matrix Algorithm (TDMA) 

method [55]. The TDMA algorithm is faster because there are no restriction on the time step. 

 

 

3.3 Heat source method (HSM) 

 

 

The energy equation using the heat source approach can be expressed as follow [39-40]: 

 



( ) ( )2

2

, ,
c c c pcm f

T x t T x t f
c k L

t x t
ρ ρ

∂ ∂ ∂= −
∂ ∂ ∂

                                                                               (21) 

 

Where f is the liquid fraction of the PCM. 

 

The finite volume discretization of Eq.(21), based on a fully implicit time integration has the 

following expression: 

 

 
1 1 1

1 1 1 1

n n n

i i i i i i i
a T a T a T b+ + +

+ + − −= + +                                                                                                 

(22) 

 

where: 

1 1
c

i i

k
a a

x
+ −= =

∆
                                                                                                                         

(23) 

1 1
c c

i i i

c
a a a x

t

ρ
− += + + ∆

∆
                                                                                                        

(24) 
1n n

nc c i i

i i pcm f

c f f
b x T L x

t t

ρ ρ
+ −= ∆ × − ∆

∆ ∆
                                                                                            

(25) 

 

For the isothermal phase change (i.e. m A
T T=  (see Fig.2)), the liquid fraction can estimated at 

each time step, using the method reported in [22]: 

 

1
n

n n i i
i i

pcm f

a T
f f

x
L

t
ρ

+ = + ∆
∆

                                                                                                             

(26) 

 

 

The liquid fraction is updated at each node using the following corrections: 

 

0 0

1 1

if f
f

if f

≤
=  ≥

                                                                                                                      

(27) 

 

For the phase change over a range of temperature from Tsol to Tliq, the liquid fraction can be 

estimated using the following expression: 

 
1

1
n

n i sol
i

liq sol

T T
f

T T

+
+ −=

−
                                                                                                                    (28) 

 



In Eq.28, the enthalpy function can be approximated by a piecewise linear function (see 

Eq.19). Using Eq.(19) and Eq.(28),  Eq.(22) can be written as follows: 

 

' 1 1 1 '

1 1 1 1

n n n

i i i i i i i
aT a T a T b+ + +

+ + − −= + +                                                                                                  (29) 

 

Where :     ( )
,1' pcm f i

i i

liq sol

L b x
a a

h h t

ρ ∆
= +

− ∆
  and ( )

,1'
( )

pcm f i n

i c c i

liq sol

L b x
b c T

th h

ρ
ρ ∆= +

∆−
                                                                                            

 

The liquid fraction is updated at each node using the following corrections: 

 

0

1

sol

liq

if T T
f

if T T

= 
>

p

                                                                                                                      

(30) 

 

For both isothermal and non-isothermal phase change, Eqs. 22 and 29 can be solved 

iteratively using the TDMA algorithm.  

 

It is important to mention that for the three physical models (AHCM, IEM and HSM), the 

space grid size of the composite PCM is 0.2 mm and the time step is 1 min. Further 

refinement of either space grids or time steps has no impact on the numerical results.  The 

specified iteration in each time interval was considered convergent when the maximum 

relative residual of T was less than 10-4.  

The main advantage of the EEM is its simplicity of programming. The drawback of the EEM 

is that the temperature of a grid point can only be calculated at specific times. In addition, as 

Eq.13 is explicit, the following condition should be satisfied for stability: 

2

1

( ) 2

c

c c

k t

c xρ
∆
∆

p                                                                                                                           

(31) 

 

In all physical models, the computation procedure was carried out using Fortran.  

The system of equations (8, 13, 18 and 29) needs to be closed by considering the following 

initial and boundary conditions: 

( ,0)
o

T x T=                                                                                                                                

(32) 



Each face of the parallelepipedic material  is exposed to a linear plate temperature Tp (see 

Fig.3), this temperature changes with the time ranging between 7 and 39°C by using different 

heating/cooling rates �. 

 

( )(0,t) ,
p o

T T L t T t Tβ= = = +                                                                                                                                

(33) 

 

where To is the initial temperature of the composite material. 

 

The heat flux through the composite material can be calculated using the following formula: 

0

c

x

T
k

x
ϕ

=

∂= −
∂                                                                                                                  (34) 

 

 

Fig.3: Boundary conditions 

 

4. Experimental validation and parametric study 

 

In this paragraph, we will apply physical models described in section 3, to investigate and 

analyze two kinds of phase transition: non-isothermal phase transition (PCM with impurities 

i.e. (Tm<TA)) and isothermal phase transition (PCM without impurities (Tm = TA)). 

 

 

 



 

4.1 Non-isothermal phase transition (Tm < TA) 

 

The comparison between the experimental [32] and the numerical heat fluxes are reported in 

Figs. 4-a and 4-b. These plots illustrate the variation of the heat flux at the extremities of the 

composite material versus time for two heating/cooling rates ( 5.2 /C hβ = °  and 7.8 /C hβ = °  

). The plate temperature Tp is also presented on these curves (see Figs.4) to indicate the 

variation of the recorded heat flux during the heating and cooling processes.  We can remark 

that numerical results from different physical models are well aligned with experimental 

measurements. A slight difference has been noted between numerical results from the AHCM 

and experimental results [32]. As the calculation of the apparent heat capacity is based on the 

specific enthalpy function (see Eqs. 3, 6 and 7), the numerical results of the enthalpy method 

and the AHCM should be the same. However, since the enthalpy method and the AHCM 

method use different methods of resolution, the numerical results of these two approaches 

may be slightly different. Particularly during the phase transition, the computational error may 

be present. We can also notice that the three methods (EEM, IEM and HSM) produce 

practically the same numerical results. We can also mention that for the HSM, the two 

temperatures Tliquidus and Tsolidus have to be judiciously chosen in order to reproduce accurately 

the experimental results.  It is interesting to note that EEM, IEM and HSM require more 

calculation time than AHCM. 

Whatever the heating/cooling rate, the physical models reproduce with confidence the thermal 

behaviour of the composite material during the phase transition process. It has been noticed 

that the solidification and melting processes are not symmetrical (see Figs. 4-a and 4-b). In 

fact, during melting related to the heating rate of 7.8 °C/h (after 2 hours), the heat flux 

exhibits a gradual increase versus time, while during the freezing process (around 9 hours) 

there is a sharp variation in the heat flux.  We can conclude that physical models presented in 

section 3 can describe correctly the phase transition within the composite material considering 

the asymmetric form of both enthalpy function and the apparent heat capacity for non-pure 

PCMs. 



  

(a)                                                                   (b) 

Fig.4: Comparisons between numerical and experimental heat flux (a) 5.2 /C hβ = °  (b) 

7.8 /C hβ = °  

Fig.5 shows the effect of the scan rate on the numerical heat flux produced by the IEM. We 

note that the numerical heat flux is highly dependent on the heating/cooling rate. The phase 

transition time reduces as the heating/cooling rate increases. We also observe a displacement 

of the heat flux to the left during the cooling process and to the right during the heating 

process. These results can be explained by the heating/cooling rate effect on the thermal 

gradients inside the composite material [18]. For slower heating/cooling rates, the thermal 

gradient inside the composite material decreases but the time duration of the phase transition 

increases. 

 

It is interesting to notice that the HSM permits to estimate easily the evolution of the liquid 

fraction (see Eq.27) during the phase change process (see Fig.6). The analysis of this figure 

confirms the asymmetrical nature of the melting and crystallization process due to the 

asymmetric form of the enthalpy function for non-pure PCMs. 

 



 

Fig.5: Numerical heat fluxes for various heating/cooling rates. 

 

 

Fig.6: Numerical liquid fraction for various heating/cooling rates. 

 



A significant hysteresis [56-57] in the liquid fraction is observed in Fig.6. To verify if the 

hysteresis phenomenon is present or not within the impure PCM, the temperature and the 

specific enthalpy at the center of the composite material during heating and cooling modes for 

different scan rates β  are presented on Fig.7.  The temperature is calculated using the 

apparent heat capacity method while the specific enthalpy is computed using the implicit 

enthalpy method. We remark that the temperature and the specific enthalpy function of the 

composite material integrating impure PCM are shifted towards the right (heating mode) and 

the left (cooling mode) respectively. We can note that the hysteresis phenomenon is amplified 

by increasing the rate of heating and cooling modes. This phenomenon is most probably due 

to the thermal gradients inside the composite material and to the non-symmetric enthalpy 

profile versus temperature.  

 

 

 

(a)                                                               (b) 

Fig.7: Temperature (a) and specific enthalpy (b) at the center of the sample versus TP 

 

Fig.8 indicates the variation of numerical heat flux versus the plat temperature Tp for different 

values of ε. We observe that the latent energy stored or released during the phase change 

process in the composite material increases with increasingε. We can also note that during the 

heating or cooling process, the composite material without PCM will only store/release 

sensible heat. This curve shows clearly the benefits of incorporating PCMs into building 

materials to improve their thermal inertia. 



 

Fig.8: Numerical heat fluxes for various volume fraction of the PCM (AHCM) 

 

4.2 Isothermal phase transition (Tm = TA) 

 

It is interesting to outline that both EM and AHCM encounter problems for isothermal 

melting (see Eqs. (8) and (9)). To avoid dividing by zero in Eqs. (6) and (7), a value of 10-6 

is added to the denominator. Note that nodes that change phase have the impact of forcing the 

solution to the phase change temperature as requested. We can also note that HSM can easily 

address isothermal phase transition problems by using the liquid fraction function in the 

source term of the energy equation (see Eq.20). 

 

Fig.9: Comparisons between IEM and HSM (isothermal melting) 



In Fig. 9, we have displayed the heat flux calculated by the two methods IEM and HSM when 

an isothermal phase transition occurs in the composite material. We notice that both methods 

give practically the same heat flux. There is only slight difference between the two methods in 

relation to the peak of the heat fluxes. The heat flux determined by HSM shows rounded 

peaks, while the heat flux calculated by the IEM reflects a discontinuity in enthalpy function. 

This discontinuity results from the numerical treatment that we used in the IEM method to 

avoid division by zero in equations s 6 and 7. 

 

Figs.10-a and 10-b display the influence of the scan rate on the numerical heat flux produced 

by IEM and HSM. We show that for both methods the numerical heat flux is highly 

dependent on the heating/cooling rate. The isothermal phase transition time decreases as the 

heating/cooling rate increases.  

 

 

(a)                                                                   (b) 

Fig.10: Numerical heat flux for various scan rates (a) IEM (b) HSM 

 

From the results obtained above, one can conclude that: 

- Correlations between specific enthalpy and temperature as well as apparent heat 

capacity and temperature are highly important for EM and AHCM. 

- EM, AHCM and HSM based on the assumption of the binary mixture give very 

satisfying results.  

- The appropriate choice of liquidus and solidus temperatures allows HSM to produce 

similar results to those obtained with EM. 



- All four models describe perfectly the asymmetrical character of melting and 

crystallization of impure PCM in the composite material. 

- Algorithms used in EEM, IEM and HSM require more computing time than the 

AHCM. 

- AHCM is suitable for non-isothermal melting/freezing problems if the apparent heat 

capacity function is available during the phase transition process.  

- HSM is relevant to describe heat transfer during isothermal melting/freezing of PCM 

inside composite material.  

- EEM, IEM and AHCM have numerical difficulties to investigate isothermal 

melting/freezing inside the composite material. These difficulties can be explained by 

the numerical discontinuity of specific enthalpy and the apparent heat capacity during 

solid-liquid phase change. 

 

 

 

5. Conclusion 
 

In this work, we presented different models such as apparent heat capacity method, enthalpy 

method (explicit and implicit) and heat source method for the solution of 1D heat transfer 

problem applied to a composite building material (mortar) dispersed with encapsulated PCM. 

The ability of the 1D models for analysing the thermal response of the composite binary 

material considered has been demonstrated by using the specific heat capacity and enthalpy 

functions already available in the open literature. The models have been investigated 

considering the phase change at a constant temperature as well occurring over a short 

temperature range. The effect of the heating/cooling  rate  and  the  volume fraction  of  the  

PCM  on  the  thermal behavior of the composite material is also analyzed. A significant 

hysteresis phenomenon is observed during the phase transition due to the thermal gradients 

within the composite material as well as the non-symmetric enthalpy profile as a function of 

temperature. 
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