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Determination of thermal conductivity based on temperature history (T-history) method is low in cost and can be applied 

directly to some samples, as it depends only on the number of temperature sensors used in a measurement. However, very little 
published data has reported the solid and liquid thermal conductivities of phase-change materials (PCMs) based on this analytical 
method. The thermal conductivity based on T-history data is related to other thermophysical parameters of the PCM, such as the 
solid and liquid specific heats and the latent heat of the solid–liquid phase transition. This report analyses the solid and liquid 
thermal conductivities of CaCl2·6H2O as an inorganic PCM, using thermophysical parameters obtained from two methods of 
analysis, namely the T-history method proposed by Zhang et al. and its improvement by Hong et al. (Z/H) and Marin et al. (M) based 
on the temperature-dependent enthalpy curve. The data predict the enhancement of thermal conductivity with 1 wt.% ZnO 
nanoparticles as a dopant, which permit effective heat transport in the material in response to environmental heat. 
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1. Introduction 

 
Thermal energy storage (TES) based on 

phase-change materials (PCMs) provides better 
heat storage performance than common TES 
materials such as brick, concrete, stone, which only 
store sensible heat [1-3]. This is because PCMs can 
store and release relatively large amounts of thermal 
energy around their phase transition point (melting 
temperature for solid–liquid phase transition) in the 
form of both latent and sensible heat with smaller 
temperature variations [4,5]. The heat storage 
performance of a PCM is generally determined by its 
thermophysical parameters, including the solid and 
liquid specific heats and heat of fusion related to the 
solid–liquid phase transition. The thermal 
conductivity is also an important property of 
materials intended to conduct heat [6]. 

Like heat-transfer fluids, the thermophysical 
parameters and thermal conductivities of PCMs are 
generally affected by dopants of different types and 
concentrations. Among many commonly used 
dopants are mesoporous silica [7], nanoparticles of 
graphite, metals, and metal oxides; examples are 
given in [6, 8-12]. In this report, we describe the 
thermophysical parameters and solid and liquid 
thermal conductivities of the inorganic salt hydrate 
PCM of CaCl2·6H2O doped with 1 wt.% ZnO 
nanoparticles, determined via the T-history method 
first proposed by Zhang et al. [13]. This material is 
potentially applicable in buildings [14,15] because it  

 has a melting temperature just above the human 
comfort zone, relatively large melting enthalpy, and 
stable phase transition [16,17]. Compared to 
conventional methods such as differential scanning 
calorimetry (DSC) or direct thermal conductivity 
measurements, the T-history method offers the 
advantages, of relatively low cost and good reliability 
because it uses relatively substantial amount of 
samples. Moreover, the measurement can be 
applied directly to some samples as it depends only 
on the number of temperature sensors used in a 
measurement. In particular for thermal conductivity, 
very little data has been reported in the literature, 
while some available data includes only the final 
values for some PCMs without any detailed analysis 
[13,18,19]. The thermal conductivity of PCM greatly 
affects its performance in responding to diurnal air 
temperature. 
 
2.Thermophysical parameters of PCMs 
 

The T-history method is based on the 
lumped capacitance method [20]. In this case, when 
the Biot number, defined by 2hRBi  , is less than 

0.1, where h is the natural convective heat-transfer 
coefficient, R is the tube radius, and  is the thermal 
conductivity of the PCM, then the temperature 
distribution in the sample can be regarded as 
uniform.  

Zhang et al. [13] proposed a method to 
analyse the T-history data of PCM for the  
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solidification process. This method was then 
improved by Hong et al. [21] to include the possibility 
of temperature changes of material during phase 
transformation and to determine the end of the 
phase transition process with greater accuracy. 
Considering these improvements, the 
thermophysical parameters of a PCM can be 
obtained by the following equations, hereafter 
referred to as the Z/H method: 
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where h0 is a constant value of enthalpy, chosen by 
a criterion defining the enthalpy at the lowest 
temperature of measurement as zero. Taking the 
temperature derivative, the h(T) curve reveals the 
solid and liquid specific heats as constant values at 
low (T < Tk) and high (T > Ti) temperatures [23]. 
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In the above equations, pm , wm  and ptm , , 

wtm ,  are the masses of the PCM, water, and the 

tubes used for PCM and water; wpc ,  is the specific 

heat of water; and tpc ,  is the specific heat of the 

tube material. The supercooling temperature and 
solidification temperature are each denoted by sT  

and mT , while Ti is the inflection temperature 

determined as the inflection point in the temperature 
derivative curve. In addition, the set values of 
 321 ,, AAA  and  321 ,, AAA   correspond to the area 

calculations below the temperature curves of PCM 
and water toward the air environment. Each of them 
signifies the sensible liquid, liquid to solid, and 
sensible solid phases of PCM and its corresponding 
to sensible liquid for water. 

The temperature-dependent enthalpy can 
also be determined via a method proposed by Marín 
et al. [22], hereafter called the M method. Hence, the 
evaluation of the energy absorption/release of PCM 
in the small interval jjj TTT  1  corresponding 

to the time interval jjj ttt  1  yields the specific 
enthalpy change of  
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In this formula,  
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PCM and water above the air environment 
temperature. Finally, the temperature-dependent 
specific enthalpy of the PCM is obtained as 

  
3.Thermal Conductivity of PCM 
 

If the test tube containing molten PCM is 
suddenly put into the cool water with a temperature 
lower than the melting temperature of PCM, 
solidification can be initiated. If the ratio of height to 
diameter of the tube is larger than 15 as pointed out 
by Zhang et al. [13] then the heat transfer from the 
PCM to water during solidification is approximately 
one-dimensional (1D). Hence the 1D transient heat 
diffusion equation for a cylindrical geometry can be 
written as [12]: 
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where s is the solid thermal conductivity, s is the 
solid density, cp,s is the solid specific heat of PCM; 
and  trT ,  is the temperature of the PCM at radius r 

and time t. The initial and boundary conditions are 

   mRr TT int
  ; 0t  

  TTh
r

T
ww

rr
s

i







  ; 0t  

where Tm is the melting temperature of PCM, intr  is 

the radius of the interface between the solid and 
liquid phases of the PCM, R is the radius of the tube, 
and wh  is the coefficient for convective heat 

transfer from the tube to the stirred cool water.  
At any time, the conditions for the 

solid/liquid interface are (Fig. 1)  

   mrr TT  int
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(a) (b) 
 
Fig. 1 - (a) Front elevation and (b) cross-section of PCM in the tube during liquid-to-solid phase change, showing the coexistence of two 

phases with phase boundary. Adaptation from [13]. 
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where hm is the heat of fusion of the PCM. Using the 
perturbation method, by neglecting the second-
order term of the perturbation expansion, the 
effective thermal conductivity of PCM in the solid 
state can be expressed as  
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where tf is the time taken for complete solidification 
and the Stefan number is defined as 

  mwmsp hTTc  ,Ste . To simplify the formula, we 

may neglect the second term in the denominator, as 
is valid for most experiments [13], so that the 
formula becomes 
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Similarly, if the tube containing the solid PCM 
is dipped into a hot water bath, which is at a 
temperature somewhat higher than Tm, the 
expression for the effective thermal conductivity of 
PCM in the liquid state can be achieved by following 
a similar procedure to that described above once the 
time needed for complete melting ( mt ) is known: 
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where   mmwlp hTTc  ,Ste , lpc ,  is the liquid 

specific heat, and l is the liquid density of the PCM. 
We note that equations (6), (7) and (8) are valid for 
Ste <0.5. 

 4.Method 
 

CaCl2·6H2O as the PCM and a 
microparticulate powder of ZnO as a chemical 
dopant were purchased from Sigma Aldrich. 
Nanoparticulate ZnO with the average diameter of 
~100 nm was obtained after milling the material, as 
described previously [24]. ZnO with 1 wt.% was 
added directly to CaCl2·6H2O and stirred by a 
magnetic stirrer and an ultrasonic bath to form a 
stable suspension. To characterise the samples by 
this method, the reference sample (water), 
CaCl2·6H2O, and CaCl2·6H2O +ZnO (1 wt.%) were 
placed in 250-mm-long glass test tubes with 10-mm 
internal diameters and 1-mm-thick walls. These 
tube dimensions were selected to ensure that the 
Biot number less than 0.1 and the heat transfer 
occurred one-dimensionally along the length of the 
tube.  

The setup for measurement by the T-history 
method is depicted in Figure 2. For the first 
measurement to determine the solid and liquid 
specific heats, heat of fusion and enthalpy, the 
tubes were exposed to a cool environment (Ta) 
provided by a cooling bath. For the second 
measurement to determine the solid and liquid 
thermal conductivities, the tubes were dipped into 
cool and warm water environments (Tw). Both the 
air and water environments are controlled by a 
temperature controller. Each tube is equipped with 
temperature sensors (T-type thermocouples of ~1 
mm in diameter) that are integrated to the data 
logger (Applent AT4508A from Applent 
Instruments, Inc.) and a computer. 

Before the first measurement, the water and 
liquid PCMs contained in different tubes were 
heated to a certain high temperature (T0,a) above 
the melting point (Tm) and stabilised for a few 
minutes to ensure homogeneity of temperature 
throughout the samples. The tubes were then 
exposed to a cool environment (Ta). During the 
cooling process the temperatures of the water and 
PCM were recorded and plotted versus time until 
the PCMs solidified.  
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Fig. 2 - Schematic of the T-history method used to measure the thermophysical parameters of PCM. For solid/liquid specific heats and 

heat of fusion/enthalpy measurements, the tubes were exposed to a cool air environment (Ta) provided by a cooling bath. For solid 
and liquid thermal conductivities measurements, the tubes were dipped into cool and warm water environments (Tw). 

 
For the second measurement, the tubes were 

dipped into a cool water environment (Tw) to 
determine the solid thermal conductivity (s) and a 
warm water environment (Tw) for the liquid thermal 
conductivity (l). Before s measurement, the liquid 
PCMs contained in different tubes were heated to a 
certain high temperature (T0,w) above the melting 
point (Tm) and stabilised for a few minutes to ensure 
temperature homogeneity. The tubes were then 
subsequently exposed to a cool water environment 
(Tw), and during the cooling process, the 
temperatures of the PCMs were recorded until the 
PCMs solidified. On the other hand, prior to l 
measurement, the solid PCMs contained in different 
tubes were cooled to a certain low temperature 
(T0,w) well below the melting point (Tm). The tubes 
were then subsequently exposed to a warm water 
environment (Tw) with the temperature well above 
Tm, and during the melting process, the 
temperatures of the PCMs were recorded until the 
PCMs melted. The overall experiments were 
repeated four times to ensure the accuracy and 
reproducibility of the data.  

The densities of CaCl2·6H2O and 
CaCl2·6H2O + ZnO (1 wt.%) were measured by 
using a pycnometer. The result for pure CaCl2·6H2O 
showed a good agreement with the data from 
references [6,14], with the difference between solid 
and liquid densities of ~9%. The density increases 
about 0.7% with the ZnO dopant concentration 
because the molar mass of ZnO is higher than that 
of CaCl2·6H2O. 

 

 5.Results and Discussion 
 
5.1.Thermophysical parameters of CaCl2·6H2O 

and their variations with ZnO dopant 
 

The typical T-history data of CaCl2·6H2O 
and CaCl2·6H2O+ ZnO (1 wt.%) during the heat 
release of the solidification process in air are shown 
in Fig. 3.  
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Fig. 3 - Typical T-history data of CaCl2·6H2O and CaCl2·6H2O + 
ZnO in air environment with water as reference material, and 
their derivative curve (for clarity, the derivative curve is only 
shown for CaCl2·6H2O). T0, Ts (not shown), and Tm in the T-t 
curve signify the initial, supercooling, and solidification 
temperatures, and Ts is the supercooling degree. Ti and Tk 
signify the inflection and kink temperatures in the temperature 
derivative curves, indicating the phase transition region.  
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Fig. 4 - The average and error values of (a) solid and (b) liquid specific heats of CaCl2·6H2O and CaCl2·6H2O + ZnO dopant, as derived 
from Z/H method (black rectangles) and M method (red circles). Shown also in the graph the data from the reference [9]. 
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Fig. 5 - (a) The typical enthalpy–temperature curve of CaCl2·6H2O and CaCl2·6H2O + ZnO dopant derived from the M method. (b) The 

average and error values of the heats of fusion (black rectangles) and enthalpy jumps (red circles) derived from h(T) curved 
between Ti and Tk. Shown also in the graph the data from the reference [9]. 

 
From this Figure, it is seen that CaCl2·6H2O 
undergoes a clear phase transition at a sharp 
temperature, corresponding to the melting 
temperature (Tm). This transition becomes gradual 
with 1 wt. % ZnO dopant addition. The melting (Tm) 
and supercooling (Ts) temperatures are decreased 
with 1 wt. % ZnO doping, leading to a reduction of 
supercooling degree (Ts) as measured by the 
difference between Tm and Ts. Plotted also in Fig. 1 
are the temperature derivatives of the T-history 
data, which show two other important temperature 
characteristics, namely the kink (Tk) and inflection 
(Ti) temperatures; these signify the beginning and 
end of the latent-heat release process [23].  

 From the data in Fig. 3, the thermophysical 
parameters are analysed by means of the Z/H and 
M methods to reveal the temperature dependent 
enthalpy curve, h(T). The results are shown in Fig. 
4 for solid (cp,s) and liquid (cp,l) specific heats and 
Fig. 5 for h(T) curve, the heat of fusion hm, and 
enthalpy jump h. We note that h is determined as 
the difference of enthalpy values between Ti and Tk 
in the h(T) curve. Moreover, constant values of cp,s 
and cp,l based on M method are obtained by taking 
the temperature derivative of the h(T) curve at low 
(T < Tk) and high (T > Ti) temperatures. For each 
graph, we shown also the related average data from 
reference [9]. 
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In figures 4 and 5, the values of cp,s, cp,l and 
hm orh are close to the reference values [9] based 
on the same method. Comparing the cp,s and cp,l 
values obtained from the two different methods (Z/H 
and M), it can be seen from Fig. 4 that the specific 
heats generally tend to increase with dopant 
addition. A very good agreement is found for the cp,s 
value of pure CaCl2·6H2O, while a large increase is 
found for the 1 wt. %  ZnO-doped material via the 
data analysis following the Z/H method. It is 
interesting that the same slope of increase is found 
for cp,l, while the values obtained from the M method 

 are larger than those obtained from the Z/H method. 
Moreover, the enthalpy jump or heat of fusion 
related to the latent heat storage capacity is 
decreased with the dopant, with almost equal 
behaviours between the Z/H and M methods. 
Compared to other dopant types (graphite and 
CuO) [9], the decrease of enthalpy is more 
pronounced for this 1 wt. % ZnO-doped material. In 
the following section, the cp,s, cp,l, and hm or h 
values from the two different analysis methods are 
used to calculate the solid and liquid thermal 
conductivities of CaCl2·6H2O and their variations 
with the 1 wt. % ZnO dopant. 
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Fig. 6 - Typical T-history data of CaCl2·6H2O and CaCl2·6H2O + ZnO dopant in (a) cool water and (b) warm water to derive solid and 
liquid thermal conductivities. Each time-dependent temperature curve is plotted along with its derivative (dT/dt-t) curve to 
derive the tm and tf values. The insets show the dopant dependence of the tm and tf values.  
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Fig. 7 - The average values of (a) solid and (b) liquid thermal conductivities of CaCl2·6H2O and their variations with ZnO dopant inclusion. 

Each parameter of s and l is calculated by using the other thermophysical parameter values (cp,s, cp,l, hm, or h) from the two 
different methods of Z/H (black squares) and M (red circles). Shown also in the graphs the data for CaCl2·6H2O from the references. 

 
5.2.Thermal Conductivity 
 

Typical experimental data for the solid and 
liquid thermal conductivities of CaCl2·6H2O and 
CaCl2·6H2O + ZnO (1 wt.%) dopant are shown in 
Fig. 6, along with their temperature derivative 
curves. From this figure, the solidification curves 
show similarity for the experiments performed in air 
(Fig. 3) and water (Fig. 6(a)), although the process 
in water occurs over a relatively shorter time. Thus, 
following Zhang [13] and Peck [25], the time 
boundaries for the data experiment are denoted as 
t1, t2, and t3. Beginning from initial temperature T0,w, 
the solidification process involves a sensible liquid 
phase at the time interval of 0–t1, the liquid-to-solid 
phase transition at the time interval of t1–t2, and a 
sensible solid phase at the time interval of t2–t3 (Fig. 
6(a)). Meanwhile, the melting process includes a 
sensible solid phase at the time interval of 0–t1, the 
solid-to-liquid phase transition at the time interval of 
t1–t2, and a sensible liquid phase at the time interval 
of t2–t3, as shown in Fig. 6(b). 

To determine the solid and liquid thermal 
conductivities by means of Eqs. (7) and (8), we must 
determine the time for complete solidification (tf) and 
that for complete melting (tm). As illustrated in Fig. 
6(a), tf is determined as the time interval between t2 
and t3 when the material becomes a sensible solid 
phase, while tm is determined as the time interval 
between t1 and t3 when the material experiences the 
solid-to-liquid phase change until it becomes liquid. 
Further analysis of the data has yielded the solid (s) 
and liquid (l) thermal conductivities shown in Fig. 7 
It is notable that using thermophysical parameter 
values from different methods yields different exact 
values of s and l, and their variation with the 
dopant must also be considered. 

 

 For pure CaCl2·6H2O, it is found that s is 
larger than l, in good agreement with direct 
measurements from the references, namely s = 
1.09 W/m·K and l = 0.54 W/m·K [6, 26, 27]. 
Compared to these reference data, the difference in 
exact values is about 1–5% for s and 7–15 % for 
l. Good agreement of s values is found for the 
thermophysical parameter values obtained from the 
two different data analyses (Z/H and M), and the 
solid thermal conductivity tends to increase with 1 
wt. % ZnO dopant addition with the percentage 
increase of 6-20%. The l values, on the other hand, 
show significantly different values when using the 
thermophysical parameters values derived from the 
Z/H versus M methods, with a constant value upon 
1 wt. % ZnO dopant addition for Z/H method and an 
increase (about 24%) for M method. The relatively 
larger increase of l with 1 wt. % ZnO dopant for the 
thermophysical parameter values obtained from the 
M method should be clarified by direct thermal 
conductivity measurement. We note that the 
enhancement of solid and liquid thermal 
conductivities of PCM (a mixture of hydrated salts, 
additives and nucleating agents) with copper 
dopant concentration have been reported by 
Jegadheeswaran et al. [18], with the superiority of 
microparticles compared to nanoparticles in terms 
of solidification and melting rates, exergy 
performance, and heat transfer enhancement could 
be further investigated in more detail. 
 
6.Conclusion 
 

We have described in this study the role of 
1 wt. % ZnO dopant in affecting the thermophy sical 
parameters of the PCM CaCl2·6H2O by means of 
the T-history method. The parameters consist of the 
solid and liquid specific heats (cp,s and cp,l) and the 
heat of fusion (hm), obtained by analysing the data 
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through the method proposed by Zhang and Hong. 
In addition, the temperature-dependent enthalpy 
curve, h(T), is obtained by the method proposed by 
Marin et al., and further analysis of h(T) reveals the 
cp,s, cp,l and h. It is found that the two methods 
show the same variations of the parameter values 
with 1 wt. % ZnO doping. In addition, the solid 
thermal conductivities of pure CaCl2·6H2O 
calculated by using the parameter values from Z/H 
and M methods show almost the same values, with 
relatively small error values (1–5%), compared to 
the directly measured value from the literature. 
Overall, the solid and liquid thermal conductivities 
tend to increase with 1 wt. % ZnO dopant addition.  
Lastly, the thermal conductivity based on T-history 
data should provide reliable data that can be used 
to determine the solid and liquid thermal 
conductivities of any PCM with dopants, in order to 
increase the heat exchange between the PCM and 
its environment. Optimising the thermal conductivity 
of PCMs is necessary to reduce the time delay of 
PCMs in responding to diurnal temperature changes 
and thus optimise their effectiveness in application 
performance. 
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