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a b s t r a c t

This study addresses the heat transfer in differential scanning calorimetry (DSC) cells during the melting
process of an eutectic solution. The energy and entropy equations for two-dimensional transient ther-
mal analysis with associated boundary and initial conditions are solved numerically using a fixed grid
numerical model with the finite control volume approach. Proper trends and a good agreement between
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the results of theoretical modeling and experiment results are obtained. A parametric study with various
associated parameters is performed and results are illustrated.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Recently, latent heat thermal storage received particular atten-
ion in the literature due to the high storage density and the
sothermal nature of the storage and removal processes [1]. The
evelopment history of latent storage systems is the development
istory of storage materials [2]. Among the most extensive refer-
nces related with phase change materials (PCMs), one can cite
bhat [3], Lane [4], Garg et al. [5], Husnain [6], Dincer and Marc [7],
ohammed et al. [8], Felix Regin et al. [1] and Zalba et al. [9]. These

ontain a complete review of the type of materials that have been
sed, their classification, characteristics, advantages and disadvan-
ages and the various experimental techniques used to determine
he behavior of these materials during melting and solidification
rocesses.

The PCMs are grouped into four categories, namely, organic,
norganic, fatty acids and commercial PCMs. Apart from the pure
ompounds, the eutectic mixtures can yield different phase change
emperature. There is abundant information on PCMs in the liter-
ture. No material has all the optimal characteristics required for
PCM, and the selection of a PCM for a given application requires

areful consideration of the properties of various substances. The

esign and operation of a latent heat thermal storage is depen-
ent upon the physical and chemical characteristics of the PCM
sed [10]. The higher the energy density of the PCM, the smaller
he necessary storage volume required for each proposed applica-
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tion. This implies a lower cost for the heat exchange structure or a
greater total heat storage capacity of the system for the same over-
all volume. The reported results showed [1] that one cannot simply
consider any available data on technical grade PCMs for designing
an effective heat storage device, as thermophysical properties vary
from manufacturer to manufacturer, mainly due to different level
of impurities in technical grade PCMs.

The methods available for determining the heat of fusion, spe-
cific heat and melting point can be classified into three groups,
namely, conventional calorimetry methods, differential scanning
calorimetry methods and T-history method. The differential scan-
ning calorimeter provides quick and reliable results in the form
of energy–time diagrams (thermograms) using very small quanti-
ties of the sample (1–10 mg). Evaluation of the thermograms yields
rather precise values of the phase transition temperatures during
melting and freezing of sample, the heat of fusion and the specific
heat variation as a function of temperature. The DSC method is well
developed and a lot of researchers have used this method [11,12].

The objectives of this paper are to present a detailed analysis of
the melting process of different eutectic solutions inside the DSC
cell and to evaluate the entropy generation related to the phase
change process using a fixed grid numerical model.

2. Binary eutectic phase diagram
Fig. 1 is an example of a salt binary eutectic phase diagram
[13]. The liquidus line separates the salt solution phase from the
ice–salt solution phase. The solidus line separates the ice–salt solu-
tion phase from the solid salt–ice phase. We note that the solidus
and liquidus lines can be determined experimentally by melting

dx.doi.org/10.1016/j.tca.2010.04.023
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:Tarik.kousksou@univ-pau.fr
dx.doi.org/10.1016/j.tca.2010.04.023
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Nomenclature

cp specific heat capacity of the eutectic solution
(J kg−1 K−1)

cR specific heat capacity of the reference cell
(J kg−1 K−1)

�A area (m2)
�H latent heat of ice melting (J kg−1)
LF latent heat of fusion (J kg−1)
LD heat of dissolution of salt in the solution of ice melt-

ing (J kg−1)
M mass (kg)
R cell radius (m)
Ṡ′

gen entropy generation rate density (W K−1 m−3)
t time (s)
T temperature (K)
TE eutectic temperature (K)
To initial temperature (K)
U1,2 heat transfer coefficient (W m−2 K−1)
V volume (m3)
X water concentration
XE eutectic concentration
Z cell height (m)

Greek letters
ˇ heating rate (K min−1)
� heat conductivity (W m−1 K−1)
� density of the eutectic solution (kg m−3)
�ic ice density (kg m−3)

−1

a
c
o
m
t
k

Table 1
Eutectic solutions.

Salt solution XE TE
˚ specific heat flow rate (W kg )

nd cooling samples of different compositions. These two lines
ross at eutectic point (E) where can coexist the ice crystals, those
f salt and the salt solution. The eutectic mixture has the lowest
elting point (which is of course, the same as the freezing point)

he temperature at which the eutectic mixture freezes or melts is

nown as the eutectic temperature TE.

Fig. 1. Binary phase diagram NH4Cl–H2O [13].
KCl–H2O 0.197 262.55 K
NH4Cl–H2O 0.195 257.45 K
NaCl–H2O 0.23 252.05 K

3. Experimental

Thermal analysis was carried out using a PYRIS DIAMOND DSC
of PerkinElmer. The temperature scale of the instrument was care-
fully calibrated by the melting point of pure ice (273.15 K or 0 ◦C)
and mercury (234.32 K or −38.82 ◦C). The principle of the power-
compensation used in dispersed droplet is widely detailed in Refs.
[14,15]. We have already presented the experimental cell in Ref.
[14], which consists of a cylindrical cell of height Z = 1.1 mm and
radius R = 2.215 mm.

The apparatus gives the specific heat flow rate ˚, the differ-
ence between the heat powers maintaining the plate supporting the
active cell containing the eutectic solution and the plate supporting
the reference cell:

˚ = ˚active cell − ˚reference cell (1)

As indicated in Ref. [14], the power exchanged at the reference plate
is practically constant and equal to ˚reference cell = ˇcR, where cR is
the specific heat capacity of the reference cell and ˇ is the heating
rate. So to simplify the model we will omit the second term from
the calculation of ˚.

The DSC experiments were conducted by placing approximately
6–1 mg of each eutectic solution (Table 1) in a standard aluminum
DSC sample pan. The sample was cooled at 5 ◦C/min from 4 ◦C, until
ice nucleated in the solution (observed as a sharp negative peak on
the DSC thermogram) typically between −30 ◦C and −40 ◦C. The
sample was then re-equilibrated at this temperature for 3–5 min.
Isothermal equilibrium at this temperature will permit the ice crys-
tals to exist but not grow. The nucleated sample was then heated
from −50 ◦C to 20 ◦C using different heating rates, to obtain the
magnitude and the temperature dependence of the heat absorbed
(i.e. the thermogram).

4. Physical model

4.1. Heat transfer analysis

For the proposed model, the following assumptions are made:

• The ice consists of pure water.
• The diphasic medium is considered as a binary mixture whose

properties are given by combining properties of the liquid solu-
tion and those of pure ice.

• Due to the small dimensions of the sample, the convection effects
due to density change at the phase change interface are neglected
and salt concentration is uniform within the liquid solution frac-
tion.

The model which we have adopted to describe the thermal
transfers during the phase shift of the studied solution is based on
an enthalpic formulation proposed by Voller and his co-workers
[16,17]. This formulation rests on the partition of the volume occu-
pied by the solution into a finite number of control volumes and the

handwriting the energy conservation in cylindrical coordinates:

�cp
∂T

∂t
= �

(
∂2T

∂r2
+ 1

r

∂T

∂r
+ ∂2T

∂z2

)
+ �ic�H

∂X

∂t
(2)
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here �, cp and � indicate, respectively, the mass density, the spe-
ific heat capacity and the heat conductivity of the eutectic solution.
indicates the liquid fraction of water in the cell. The coefficient
H is given by:

H = LF +
(

XE

1 − XE

)
LD (3)

here LF and LD represent, respectively, the latent heat of ice melt-
ng and the heat of dissolution of salt in the formed solution. XE

epresents the eutectic concentration of the eutectic solution. Dur-
ng the melting process, the sample is regarded as a homogeneous

aterial whose physical properties depend on the salt concentra-
ion and of the proportion of the ice which is melted.

To take into account the air between the solution and the cover
f the cell, we consider two different heat exchange coefficients U1
nd U2. So, the boundaries conditions are:

∂T

∂r

)
r=0

= 0 (4)

�

(
∂T

∂r

)
r=R

= U2(T − Tplt) (5)

�

(
∂T

∂r

)
z=0

= U2(T − Tplt) (6)

�

(
∂T

∂r

)
z=Z

= U1(T − Tplt) (7)

here Tplt is the plates temperature and it is programmed to be
inear function.

plt = ˇt + T0 (8)

t t = 0 the initial conditions are T(r, z, 0) = T0 and T(r, z, 0) = 0.
Because the thermal conductivity of air is smaller than that of

he metal of the cell, we consider that all the energy is transmitted
o the plate by the lower boundary of the cell. So, is the sum of the
pecific heat flow rate through the walls of the metallic cell:

= − 1
M

∑
i

Ui(Ti − Tplt)�Ai (9)

here Ui = U1 or U2, M is the sample mass and �A is the area walls
f the metallic cell.

The finite difference equations are obtained upon integrating Eq.
2) over each of the control volumes. The resulting finite difference
cheme at the time t + �t has the following form:

pTp =
∑

nb

anbTnb + �cpVp

�t
Told

P + �ic�H
Vp

�t
(Xp − Xold

P ) (10)

P is a volume associated with the Pth node point, the subscripts P,
nb(E,W,N,S)” and “old” refer to the Pth node point, the neighboring
ode points and the old time value, respectively. The calculation of
he coefficients ap and anb and the resolution of Eq. (10) are pre-
ented in Jamil et al. [18] and it is deemed to repeat it in the present
ork.

.2. Entropy generation

The lost available work is directly proportional to the entropy
eneration in a nonequilibrium phenomenon of exchange of energy
ithin the sample and at the solid boundaries. The local rate of

ntropy generation per unit volume in the cylindrical sample can

e calculated using the following expression [19]:

˙ ′
gen = �

T2

[(
∂T

∂r

)2

+
(

∂T

∂z

)2
]

(11)
Fig. 2. Theoretical and experimental thermogram (NaCl + H2O).

Entropy generation profiles may be constructed using Eq. (11) if the
temperature profile is known in the heat transfer medium.

5. Results and discussion

The values of physical characteristics required in the different
equations have been determined experimentally or taken in the
literature [20–22], except the coefficients of heat exchange (U1 and
U2) which have been determined by simulation from exploratory
experiments.

In the case of an endothermic phase transition the heat con-
sumption increases strongly and the sample temperature drops
even more behind the program temperature. In the case of a
first-order phase transition of an eutectic mixture, the sample tem-
perature remains approximately constant until the phase transition
of the sample is completed and then – following an exponential
law – it relaxes to the temperature lagging only due to the heat
capacity of the sample. During melting this leads to an endothermic
DSC signal as depicted in Fig. 2. This figure shows an experimen-
tal thermogram for the melting of an eutectic solution (KCl–H2O,
XE = 0.197, TE = −10.6 ◦C), at 10 ◦C min−1, compared with the cal-
culated thermogram obtained with the proposed model. The fit
between the experimental and the calculated curve is good: the
rounded form of the top of the peak is reproduced and its width is
the same.

Fig. 3a–c shows the experimental and the numerical thermo-
grams versus heating rates and for different eutectic solutions. The
melting temperature range becomes broader and it shifts to greater
temperatures with increasing heating rate. With the beginning of
the transition (at TE), the sample temperature remains constant,
whereas the inert reference substance continues to be linearly
heated. Thus, the difference temperature between sample and ref-
erence substance also increases linearly and reaches the maximum
value and then drops again exponentially. While the ‘extrapolated
peak onset’ of the transition characterizes the very beginning of
melting at the crucible bottom, and therefore does not depend on
sample size and transition heat but only on the heating rate and the
heat transfer to the sample.
Fig. 4 presents the temperature of the eutectic solution at dif-
ferent point in the cell and the corresponding proportion of the ice
which is melted X versus time. Important temperature differences
can be observed as a function of the radius. Melting begins as soon
as T = TE and it is very fast near the metallic boundaries and is slower
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Fig. 3. (a) Effect of the heating rate on the shape of thermograms (KCl + H2O). (b)
Effect of the heating rate on the shape of thermograms (NH4Cl + HO2). (c) Effect of
the heating rate on the shape of thermograms (NaCl + HO2).
Fig. 4. Temperature and liquid fraction versus radius for ˇ = 10 K min−1.

in the central region. We can also note that, the temperature dif-
ferences inside the DSC cell become more important as the heating
rate increases (see Fig. 5a–c).

In Fig. 6, the relation between entropy generation and the
plate temperature Tplt with different heating rates ˇ is illustrated.
Entropy generation rises with increasing heating rate. Fig. 7 shows
the entropy generation versus the plate temperature for different
cell masses. We note that an increase in the cell mass leads to
an increase in the entropy generation inside the DSC cell. A cho-
sen heating rate and an acceptable maximal temperature gradient
inside the DSC cell induce a recommended sample mass. Analogous,
a chosen sample mass and an acceptable maximal temperature
deviation induce a recommended heating rate.

Increasing sample mass/size increases the thermal lag of sample
temperature versus sensor temperature and in addition gives risk to
temperature gradients within the sample resulting in peak broad-
ening, while increasing the heating and cooling rates increases the
thermal lag of the sensor temperature with respect to the furnace
temperature. With the entropy generation theory, it is possible
to predetermine the suitable protocol and thus to minimize the
temperature gradient inside the sample.

5.1. Determining enthalpy change of melting process from DSC
measurements

The enthalpy change of the phase transition process can be
determined by DSC measurements. The area of a DSC peak can
be used to estimate the enthalpy change of phase transition. The
results from Figs. 8 and 9 indicate that the total enthalpy change �H
via a complete phase change process is independent of DSC heat-
ing rate and sample mass, whereas the predicted enthalpy change
during the melting process depends very much on the DSC rate and
the sample mass. One explanation is that when the phase change
process has not completed, any temperature change will lead to a
latent heat change and the relation of latent heat change with tem-
perature varies with the DSC rate and the sample mass. To evaluate
the enthalpy change during the melting process, temperature gra-
dient inside the PCM needs to be considered. For a given application
that allows for charging/discharging of the storage in a certain tem-

perature range, whether the storage density can reach the value of
heat of fusion �H, depends on if the allowed temperature range
is as large as the phase change temperature range. For designing
a PCM thermal energy storage system, storage density and phase



A. Jamil et al. / Thermochimica Acta 507–508 (2010) 15–20 19

Fig. 5. (a) Influence of the heating rate on the temperature in the center of the
sample; (b) influence of the heating rate on the temperature in the center of the
sample; (c) influence of the heating rate on the temperature in the center of the
sample.

Fig. 6. Entropy generation versus Tplt for various heating rates.

Fig. 7. Entropy generation versus Tplt for various cell masses.

Fig. 8. Effect of the heating rate on the enthalpy change during the melting process.
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ig. 9. Effect of the sample mass on the enthalpy change during the melting process.

hange temperatures are very important since they decide the stor-
ge system’s capacity, size and application range. When incorrect
hase transition parameters are used in the PCM storage design, it
ill result in a lower than expected storage capacity.

. Conclusions

A comprehensive thermodynamic analysis, incorporating the
ntropy generation in heat conduction, of a DSC sample phase
hange flow accompanied by melting process has been performed.
he energy and entropy equations for two-dimensional transient
hermal analyses with associated boundary and initial conditions
ave been solved numerically using a fixed grid numerical model
ith the finite control volume approach. This study helps to better
nderstand the heat transfer processes during the DSC cell melting.
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