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Abstract: We present an innovative enthalpy method for determining the thermal properties 

of phase change materials (PCM). The enthalpy-temperature relation in the “mushy” zone is 

modelled by means of a fifth order Obreshkov polynomial with continuous first and second 

order derivatives at the zone boundaries. The partial differential equation (PDE) for the 

conduction of heat is rewritten so that the enthalpy variable is not explicitly present, rendering 

the equation nonlinear. The thermal conductivity of the PCM is assumed to be temperature 

dependent and is modelled by a fifth order Obreshkov polynomial as well. The method has 

been applied to lauric acid, a standard prototype. The latent heat and the conductivity 

coefficient, being the model parameters, were retrieved by fitting the measurements obtained 

through a simple experimental procedure. Therefore, our proposal may be profitably used for 

the study of materials intended for heat-storage applications. 

Keywords: enthalpy; moving boundaries; phase-change materials; nonlinear optimization; 

thermal conductivity; latent heat 

1. Introduction 

Phase Change Materials (PCMs), have been widely used in several applications 

[1–5] that exploit the released (or absorbed) energy during a phase transition. PCMs 

allow for latent heat utilization and have attracted the keen interest of the heat-storage 

engineering community. Naturally, the determination of the PCM thermal properties 

is of major importance for designing effective thermal depositories. Although the heat 

transfer equation could in principle describe accurately the charging (or discharging) 

process of a PCM, the temperature activated phase change, renders the problem highly 

nonlinear and its solution non trivial. This in turn, incommodes the determination of 

the specific and latent heat as well as of the thermal conductivity, i.e., the crucial 

parameters for the design of an effective heat-storage system. Indeed, significant effort 

has been devoted in developing techniques for the reliable determination of PCMs’ 

thermal properties, the most common ones being the Differential Scanning 

Calorimetry (DSC) [6], the T-History method [7] and its variants [8–12]. Nevertheless, 

these methods suffer from several problems regarding reproducibility, accuracy and 

robustness [13], qualities that become even more important in the case of mixed PCMs 

that are widespread in practical applications. In particular, the determination of PCM’s 

thermal conductivity, in the full operational temperature range, still remains a 

challenge. 
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The aim of the present work is to provide a framework facilitating the reliable 

determination of PCM’s thermal properties, by means of simple experiments coupled 

to an analysis based on a theoretical model. 

In the following, we describe the simple experimental setup, the associated heat 

conduction equation along with the proper boundary and initial conditions, and we 

detail the employed numerical technique. 

2. Description of the approach 

The procedure we follow consists of the following steps: i) The PCM is initially 

prepared to be in liquid state at a predefined temperature. Next, it is cooled by 

immersion in a heat-bath that is maintained at a lower temperature, and standard T-

History measurements are performed to obtain the enthalpy—temperature curve 

within a temperature range where the liquid solidifies and is further cooled down to 

the heat-bath’s temperature. From this curve we determine the liquid and solid regions, 

and using simple energy considerations (described by Yinping et al. and Hong et al. 

[7,8]), we obtain the corresponding specific heats for each region, cp
l and cp

s, by fitting 

the theoretical predictions to the experimental curves, provided that the corresponding 

densities are known. ii) From the obtained temperature versus time curves in the liquid 

and solid regions, and using the determined specific heats, we deduce the 

corresponding thermal conductivities, kl and ks. iii) The latent heat is calculated using 

the proposed models that are described below. 

2.1. Thermal conductivity model, and latent heat enthalpy-based model 

We consider a system of a long glass-tube containing a Phase Change Material 

(PCM). The tube’s inner and outer radii are respectively denoted by 𝑅1  and 𝑅2  in 

Figure 1. Let 𝑇𝑙  and 𝑇𝑠 be the PCM’s liquidation and solidification temperatures. The 

system is brought initially at a temperature 𝑇0 > 𝑇𝑙 , so that the PCM is in liquid state, 

and subsequently is immersed in a heat bath maintained at a constant temperature 𝑇1 <

𝑇𝑠. 

 

Figure 1. Geometrical representation of the model system. 

The temperature “zone” 𝑇 ∈ [𝑇𝑠, 𝑇𝑙], is referred to as the “mushy” zone, where 

the material is in a “mixed” state, and it is in fact the temperature region where the 

latent heat is released upon cooling, and therefore, it will be used for its determination. 

The temperature depends on both time and position. The position is measured from 
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the tube’s axis, and is denoted by r. Due to cylindrical symmetry there is no angular 

dependence, and since the tube is long compared to its radial extent, z-dependence 

may be neglected. 

At 𝑟 = 𝑅2, the temperature is known to be 𝐽(𝑡), ∀𝑡 > 0. Let the subscripts p and 

g refer to PCM and glass quantities correspondingly. Then, the governing equations 

for heat conduction may be written as: 

( )
( )

( ) ( ) ( ) ( )
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( ) ( ) ( )
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where 𝐻𝑝(𝑟, 𝑡) is the enthalpy function of the PCM. Let the quantities 𝑐𝑝
𝑠, 𝑐𝑝

𝑙 , 𝐿 denote 

its specific heats in the solid and liquid phases and the latent heat per unit mass. 

As the apparatus is immersed in the heat-bath, consisting of a tank filled with 

water, the temperature on the outer glass surface of the tube is not constant for a 

considerable amount of time. Hence this temperature T(R2,t) is measured and recorded. 

Also the temperature at the tube’s axis, T(0,t) is measured and recorded as well. Since 

analytical solutions for such a system do not exist, we will resort to numerical 

approximate solutions. 

Heat conduction through PCMs is a highly nonlinear “moving boundary” 

problem. The boundary that is moving is the interface between the solid and liquid 

phase and on which special conditions must be satisfied. 

“Front-tracking” methods, monitor the motion of the solid-liquid interface and 

require the satisfaction of the associated conditions on this moving boundary. A 

discretization grid is employed, and since the interface position will not always fall on 

a grid point, either interpolation, or a variable time step, or even a time-dependent grid 

is employed to accommodate this requirement. These approaches are complicated, 

have accuracy issues, and their implementation is quite cumbersome if feasible at all. 

“Front-fixing” methods apply a variable transformation to immobilize the 

interface in the new coordinate system. However, the arising equations are even more 

complicated.  

The enthalpy method is a “fixed-domain” method based on a reformulation of the 

heat conduction equation adopting a model for the enthalpy-temperature relationship. 

In this approach the solid-liquid interface does not explicitly appear and hence the 

difficulties due to the moving boundary are avoided. Based on this idea a variety of 

similar methods have been developed. We have chosen the enthalpy approach because 

it simplifies the numerical work and provides a direct modelling interpretation. The 

purpose of this study is to explore the possibility to reliably deduce PCM’s properties 

(i.e., latent heat, thermal conductivity, specific heat, critical temperature, etc.) from 

the available measurements alone. 

The enthalpy may be modelled as: 
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H  (3) 

where 𝐻𝑝(𝑇) is a fifth order polynomial in T [14], so as to match the enthalpy and its 

first and second derivatives at the endpoints of the mushy zone: 𝑇 ∈ [𝑇𝑠, 𝑇𝑙]. 

𝐻𝑝(𝑇) = 𝑐𝑝
𝑠𝑇 + 𝐴3 (

𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

)
3

+ 𝐴4 (
𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

)
4

+ 𝐴5 (
𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

)
5

 (4) 

Letting 𝛥 = 𝑇𝑙 − 𝑇𝑠, one obtains: 

𝐴3 = 10𝐿 − 𝛥(6𝑐𝑝
𝑠 + 4𝑐𝑝

𝑙 ) (5) 

𝐴4 = −15𝐿 + 𝛥(8𝑐𝑝
𝑠 + 7𝑐𝑝

𝑙 ) (6) 

𝐴5 = 6𝐿 − 3𝛥(𝑐𝑝
𝑠 + 𝑐𝑝

𝑙 ) (7) 

The derivative of the model function is given by: 

𝑄𝑝(𝑇) ≡
𝑑𝐻𝑝(𝑇)

𝑑𝑇
=

{
 
 

 
 𝑐𝑝

𝑠,                                         𝑖𝑓 𝑇 < 𝑇𝑠
𝑑ℋ𝑝(𝑇)

𝑑𝑇
,                             𝑖𝑓 𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙

𝑐𝑝
𝑙 ,                                        𝑖𝑓 𝑇 > 𝑇𝑙

 (8) 

Note that in Equation (1) we can substitute: 
𝜕𝐻𝑝(𝑟,𝑡)

𝜕𝑡
=

𝑑𝐻𝑝(𝑇)

𝑑𝑇

𝜕𝑇(𝑟,𝑡())

𝜕𝑡
 

Therefore Equation (1) may be rewritten as: 

( ) ( ) ( ) ( )

( )

( ) ( )
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Now for the conductivity as a function of the temperature we use a fifth order 

polynomial for 𝑇 ∈ (𝑇𝑠, 𝑇𝑙) that is continuous at the mushy zone endpoints along with 

its first and second derivatives. Namely: 

𝑘𝑝(𝑇) = {

𝑘𝑝
𝑠 , 𝑖𝑓𝑇 < 𝑇𝑠
𝐾𝑝(𝑇), 𝑖𝑓𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙

𝑘𝑝
𝑙 , 𝑖𝑓𝑇 > 𝑇𝑙

 (10) 

With 

𝐾𝑝(𝑇) = 𝑘𝑝
𝑠 + (𝑘𝑝

𝑙 − 𝑘𝑝
𝑠) [10 (

𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

)
3

− 15 (
𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

)
4

+ 6 (
𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

)
5

] (11) 

Adopting the following definitions: 

𝑓(𝑇) ≡
𝑘𝑝(𝑇)

𝜌𝑝𝑄𝑝(𝑇)
𝑎𝑛𝑑𝑔(𝑇) ≡

𝑑𝑘𝑝(𝑇)

𝑑𝑇

1

𝜌𝑝𝑄𝑝(𝑇)
 (12) 

Equation (9) may be rewritten as: 
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( ) ( )
( )
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2.2. Initial, boundary, and interface conditions 

At the origin, due to azimuthal symmetry, the following Neumann condition 

holds: 

𝜕𝑇(𝑟, 𝑡())

𝜕𝑟
|𝑟=0| (14) 

At the PCM-glass interface, continuity of temperature and heat-flux requires that: 

𝑇(𝑅1 − 𝜀, 𝑡) = 𝑇(𝑅1 + 𝜀, 𝑡) (15) 

𝑘𝑝(𝑇)
𝜕𝑇(𝑟, 𝑡())

𝜕𝑟
|𝑟=𝑅1−𝜀 𝑘𝑔(𝑇)

𝜕𝑇(𝑟, 𝑡())

𝜕𝑟
|𝑟=𝑅1+𝜀|| (16) 

At the outer tube boundary, we have: 

𝑇(𝑅2, 𝑡) = 𝐽(𝑡) (17) 

And initially, i.e., at t = 0: 

( )  0 2,0 , 0,RT r =   (18) 

2.3. Discretization 

Let 𝑛 + 1 points 𝑟𝑖, 𝑖 = 0,1,… , 𝑛 be the grid for 𝑟 ∈ [0, 𝑅1] which is the space 

filled by the PCM, and let 𝑚 + 1 points 𝑟𝑛+𝑗, 𝑗 = 0,1,… ,𝑚 be the grid over the glass 

part, i.e., for  1 2,Rr R . 

𝑟𝑖 = 𝑖ℎ ≡
𝑖

𝑛
𝑅1, ∀𝑖 = 0,1, … , 𝑛 (19) 

𝑟𝑛+𝑗 = 𝑅1 + 𝑗𝛿 ≡ 𝑅1 +
𝑗

𝑚
(𝑅2 − 𝑅1), ∀𝑗 = 0,1, … ,𝑚 (20) 

Space derivatives are estimated by central differences as: 

𝜕𝑇(𝑟, 𝑡)

𝜕𝑟
≈
𝑇(𝑟 + 𝑠, 𝑡) − 𝑇(𝑟 − 𝑠, 𝑡)

2𝑠
 (21) 

𝜕2𝑇(𝑟, 𝑡)

𝜕𝑟2
≈
𝑇(𝑟 + 𝑠, 𝑡) + 𝑇(𝑟 − 𝑠, 𝑡) − 2𝑇(𝑟, 𝑡)

𝑠2
 (22) 

And the time derivative by forward differences as: 

𝜕𝑇(𝑟, 𝑡)

𝜕𝑡
≈
𝑇(𝑟, 𝑡 + 𝜏) − 𝑇(𝑟, 𝑡)

𝜏
 (23) 

In order to solve Equations (2) and (9), we have chosen the implicit and 

unconditionally stable Crank-Nicolson scheme. We use the following notation:  
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𝑇𝑖
𝑗
= 𝑇(𝑟𝑖, 𝑗𝜏), 𝑓𝑖

𝑗
= 𝑓(𝑇𝑖

𝑗
), 𝑔𝑖

𝑗
= 𝑔(𝑇𝑖

𝑗
), and 𝑎𝑔 =

𝑘𝑔

𝜌𝑔𝑐𝑔
 

At 𝑟 → 0,
𝜕2𝑇(𝑟,𝑡)

𝜕𝑟2
+
1

𝑟

𝜕𝑇(𝑟,𝑡)

𝜕𝑟
=

4

ℎ
2 (𝑇((ℎ, 𝑡) − 𝑇(0, 𝑡))) =

4

ℎ
2 (𝑇1

𝑗
− 𝑇0

𝑗
)  for 𝑡 =

𝑗𝜏 

The Crank-Nicolson scheme yields [15,16]: 

𝑇𝑖
𝑗+1

= 𝑇𝑖
𝑗
+
𝜏

2
[𝑓(𝑇𝑖

𝑗+1
)𝛻2𝑇𝑖

𝑗+1
+ 𝑓(𝑇𝑖

𝑗
)𝛻𝑇𝑖

𝑗
]

+
𝜏

2
[𝑔(𝑇𝑖

𝑗+1
) (
𝜕𝑇𝑖

𝑗+1

𝜕𝑟
)

2

+ 𝑔(𝑇𝑖
𝑗+1
)(
𝜕𝑇𝑖

𝑗+1

𝜕𝑟
)

2

] , ∀𝑖 ∈ [0, 𝑛] 
(24) 

𝑇𝑖
𝑗+1

= 𝑇𝑖
𝑗
+
𝜏𝑎𝑔

2
[𝛻2𝑇𝑖

𝑗+1
+ 𝛻2𝑇𝑖

𝑗
], ∀𝑖 ∈ [𝑛, 𝑛 +𝑚] (25) 

For 𝑖 = 0 Equation (24) may be rewritten as: 

𝑇0
𝑗+1

−
2𝜏

ℎ
2
𝑓0
𝑗+1
(𝑇1

𝑗+1
− 𝑇0

𝑗+1
) = 𝑇0

𝑗
+
2𝜏

ℎ
2
𝑓0
𝑗
(𝑇1

𝑗
− 𝑇0

𝑗
) (26) 

For 1,2, , 1i n= −  Equation (24) takes the form: 

(1+
𝜏

ℎ
2
𝑓𝑖
𝑗+1
)𝑇𝑖

𝑗+1
−

𝜏

2ℎ
2
𝑓𝑖
𝑗+1

((1+
1

2𝑖
) 𝑇𝑖+1

𝑗+1
+ (1−

1

2𝑖
) 𝑇𝑖−1

𝑗+1
)

−
𝜏

8ℎ
2
𝑔𝑖
𝑗+1
(𝑇𝑖+1

𝑗+1
− 𝑇𝑖−1

𝑗+1
)
2

= (1−
𝜏

ℎ
2
𝑓𝑖
𝑗
)𝑇𝑖

𝑗
+

𝜏

2ℎ
2
𝑓𝑖
𝑗
((1+

1

2𝑖
) 𝑇𝑖+1

𝑗
+ (1−

1

2𝑖
) 𝑇𝑖−1

𝑗
)

+
𝜏

8ℎ
2
𝑔𝑖
𝑗
(𝑇𝑖+1

𝑗
− 𝑇𝑖−1

𝑗
)
2
 

(27) 

For i n=  using the interface conditions (15,16) we obtain the relation: 

𝑘𝑝(𝑇𝑛
𝑗+1
)
𝑇𝑛
𝑗+1

− 𝑇𝑛−1
𝑗+1

ℎ
− 𝑘𝑔

𝑇𝑛+1
𝑗+1

− 𝑇𝑛
𝑗+1

𝛿
= 0 (28) 

For 𝑖 = 𝑛 + 1, 𝑛 + 2,… , 𝑛 + 𝑚 − 1 and with 𝑥𝑖 = 𝑖 − 𝑛 +
𝑅1

𝛿
  

(1+
𝜏𝑎𝑔

𝛿2
)𝑇𝑖

𝑗+1
−
𝜏𝑎𝑔

2𝛿2
((1+

1

2𝑥𝑖
)𝑇𝑖+1

𝑗+1
+ (1−

1

2𝑥𝑖
) 𝑇𝑖−1

𝑗+1
)

= (1−
𝜏𝑎𝑔

𝛿2
)𝑇𝑖

𝑗
+
𝜏𝑎𝑔

2𝛿2
((1+

1

2𝑥𝑖
) 𝑇𝑖+1

𝑗
+ (1−

1

2𝑥𝑖
)𝑇𝑖−1

𝑗
) 

(29) 

And finally for i n m= +  we have from the boundary condition Equation (17) 

𝑇𝑛+𝑚
𝑗+1

= 𝐽((𝑗 + 1)𝜏) (30) 

So at each time step, we face a system of 𝑛 +𝑚 + 1 nonlinear Equations (26)–

(30), for the 𝑛 +𝑚 + 1  unknowns, 𝑇𝑖=0,𝑛+𝑚
𝑗+1

. The solution procedure is based on 

nonlinear optimization and minimizes the sum of the squared residuals [17–21]. 
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3. Results 

Lauric acid is a well-studied PCM, and we have used it as a benchmark to test 

the proposed methodology. We have used the presented experimental setup to obtain 

the necessary measurements (Figure 2) and subsequently performed the suggested 

analysis to estimate the relevant Lauric acid properties. 

 

Figure 2. Application of the proposed method for the benchmark case of Lauric 

acid. 

As it can be seen the solution reproduces satisfactorily the experimental data. 

Once this solution is achieved, Latent Heat, specific Heats and thermal conductivities 

in the three regions (Liquid, Mushy zone and Solid) are deduced. Our results are 

summarized in Table 1, and are compared to estimates from the relevant literature. 

Table 1. Comparison of Lauric acid properties by our model, to values from the literature. 

Latent Heat Specific Heat Solid Phase Specific Heat Liquid Phase Thermal Conductivity Solid Phase Reference 

𝐿 (𝐾𝐽/𝐾𝑔) 𝑐𝑝
𝑠  (𝐾𝐽/𝐾𝑔 𝐾) 𝑐𝑝

𝑙  (𝐾𝐽/𝐾𝑔 𝐾) 𝑘𝑠 (𝑊/𝑚𝐾)  

180 ± 7 2.14 ± 0.11 2.02 ± 0.08 0.23 ± 0.02 Present work 

160 - 1.75 0.17 Ref. [7] 

186 ± 10 2.81 ± 0.60 2.14 ± 0.46 - Ref. [8] 

4. Conclusions 

We have presented a novel enthalpy-based method that provides a holistic 

description of the temperature evolution of a PCM upon cooling or heating, while the 

determination of their thermal properties can be deduced by performing two simple 

experiments. Note that as result, the thermal conductivity coefficients can be evaluated 

in the three temperature ranges of interest corresponding to liquid, solid and 

intermediate (mushy) phases. The method has been successfully applied to the Lauric 

acid prototype, estimating its thermal properties within reasonable error, and 

consequently it could be useful for the analysis and design of heat storage PCM-based 

systems. 
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Nomenclature 

PCM Phase Change Material 

DSC Differential Scanning Calorimetry 

cp
l Specific heat of liquid 

cp
s Specific heat of solid 

kl Thermal conductivity of liquid 

ks Thermal conductivity of solid 

𝑅1 Inner radius of the glass tube 

𝑅2 Outer radius of the glass tube 

𝑇𝑙 Liquidation temperature 

𝑇𝑠 Solidification temperature 

𝑇0 Initial temperature 

𝐻𝑝 The enthalpy function of the PCM 

L Latent heat per unit mass 

T(R2,t) Tube temperature at the outer surface at time t 

T(R1,t) Tube temperature at the inner surface at time t 

T(R0,t) Tube temperature at the central axis at time t 

References 

1. Zhang X, Wu JY, Niu J. PCM-in-water emulsion for solar thermal applications: The effects of emulsifiers and emulsification 

conditions on thermal performance, stability and rheology characteristics. Solar Energy Materials and Solar Cells. 2016; 147: 

211-224. doi: 10.1016/j.solmat.2015.12.022 

2. Selvnes H, Allouche Y, Manescu RI, et al. Review on cold thermal energy storage applied to refrigeration systems using 

phase change materials. Thermal Science and Engineering Progress. 2021; 22: 100807. doi: 10.1016/j.tsep.2020.100807 

3. Reji Kumar R, Samykano M, Pandey AK, et al. Phase change materials and nano-enhanced phase change materials for 

thermal energy storage in photovoltaic thermal systems: A futuristic approach and its technical challenges. Renewable and 

Sustainable Energy Reviews. 2020; 133: 110341. doi: 10.1016/j.rser.2020.110341 

4. D’Oliveira EJ, Pereira SCC, Groulx D, et al. Thermophysical properties of Nano-enhanced phase change materials for 

domestic heating applications. Journal of Energy Storage. 2022; 46: 103794. doi: 10.1016/j.est.2021.103794 



Thermal Science and Engineering 2025, 8(1), 9781. 
 

9 

5. Shao J, Darkwa J, Kokogiannakis G. Review of phase change emulsions (PCMEs) and their applications in HVAC systems. 

Energy and Buildings. 2015; 94: 200-217. doi: 10.1016/j.enbuild.2015.03.003 

6. Fatahi H, Claverie J, Poncet S. Thermal Characterization of Phase Change Materials by Differential Scanning Calorimetry: 

A Review. Applied Sciences. 2022; 12(23): 12019. doi: 10.3390/app122312019 

7. Yinping Z, Yi J, Yi J. A simple method, the -history method, of determining the heat of fusion, specific heat and thermal 

conductivity of phase-change materials. Measurement Science and Technology. 1999; 10(3): 201-205. doi: 10.1088/0957-

0233/10/3/015 

8. Hong H, Kim SK, Kim YS. Accuracy improvement of T-history method for measuring heat of fusion of various materials. 

International Journal of Refrigeration. 2004; 27(4): 360-366. doi: 10.1016/j.ijrefrig.2003.12.006 

9. Mar n JM, Zalba BN, Cabeza LF, et al. Determination of enthalpy temperature curves of phase change materials with the 

temperature-history method: improvement to temperature dependent properties. Measurement Science and Technology. 

2003; 14(2): 184-189. doi: 10.1088/0957-0233/14/2/305 

10. Gopinathan A, Jerz J, Kováčik J, et al. Implementation of T-history method to determine the thermophysical properties of the 

phase change materials. Thermochimica Acta. 2023; 723: 179485. doi: 10.1016/j.tca.2023.179485 

11. Jansone D, Dzikevics M, Veidenbergs I. Determination of thermophysical properties of phase change materials using T-

History method. Energy Procedia. 2018; 147: 488-494. doi: 10.1016/j.egypro.2018.07.057 

12. Miyagi S. Measurement method for T-h properties of phase change material. Journal of Asian Architecture and Building 

Engineering. 2022; 22(4): 2376-2391. doi: 10.1080/13467581.2022.2153062 

13. Ye WB, Arıcı M. Redefined interface error, 2D verification and validation for pure solid-gallium phase change modeling by 

enthalpy-porosity methodology. International Communications in Heat and Mass Transfer. 2023; 147: 106952. doi: 

10.1016/j.icheatmasstransfer.2023.106952 

14. Obreshkov N. On the Mechanical Quadratures. J. Bulgar. Acad. Sci. and Arts LXV-8. 1942; 191-289. 

15. Crank J. Free and Moving Boundary Problems. Oxford Science Publications; 1988. 

16. Alexiades V, Solomon AD, Lunardini VJ. Mathematical Modeling of Melting and Freezing Processes. Journal of Solar 

Energy Engineering. 1993; 115(2): 121-121. doi: 10.1115/1.2930032 

17. Hu H, Argyropoulos SA. Mathematical modelling of solidification and melting: a review. Modelling and Simulation in 

Materials Science and Engineering. 1996; 4(4): 371-396. doi: 10.1088/0965-0393/4/4/004 

18. Voller VR, Swaminathan CR, Thomas BG. Fixed grid techniques for phase change problems: A review. International 

Journal for Numerical Methods in Engineering. 1990; 30(4): 875-898. doi: 10.1002/nme.1620300419 

19. Date AW. A strong enthalpy formulation for the Stefan problem. Int. J. Heat mass Transfer. 1991; 34(1991): 2231-2235. doi: 

10.1016/0017-9310(91)90049-K 

20. Caldwell J, Chan CC. Numerical solutions of Stefan problem in annuli by enthalpy method and heat balance integral method. 

Communications in Numerical Methods in Engineering. 2001; 17(6): 395-405. doi: 10.1002/cnm.415 

21. Idelsohn SR, Storti MA, Crivelli LA. Numerical methods in phase-change problems. Archives of Computational Methods in 

Engineering. 1994; 1(1): 49-74. doi: 10.1007/bf0273618 


