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Abstract: A water-TiO,nanofluid with a weight fraction of 5%
and an average particle size of 75 nm is used to investigate the
effect of TiO, nanoparticles on the crystallization and melting
behaviors of deionized water by using differential scanning
calorimetry ( DSC) at four different cooling rates, 3, 5, 7, 9
C/min. The DSC experimental results show that the water-TiO,
nanofluid has a lower supercooling degree and a faster
crystallization rate than the deionized water. With the increase in
the cooling rate, the influence of the TiO, nanoparticles on the
supercooling degree of the deionized water becomes greater, but
on the crystallization rate it turns lower. During the melting
process, compared with the deionized water, the water-TiO,
nanofluid has a lower melting temperature, a less latent heat and a
higher melting rate.
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n ice storage air-conditioning system is an important
A element of many energy conservation programs in in-
dustrial and commercial applications. Water is widely used
as the phase change material (PCM) for ice storage because
of such advantages as high latent heat, stable chemical prop-
erty, low costs and easy acquisition, no environmental pollu-
tion concerns and compatibility with the material of air-con-
ditioning equipment. However, freezing does not occur until
the temperature of the water is below its freezing point.
Therefore, it is necessary to lower the evaporation tempera-
ture of the chiller unit during the ice storage process. As a
result, it apparently causes a decline in the coefficient of per-
formance( COP) of the chiller unit. Therefore, it is very im-
portant to prevent or reduce the supercooling degree of the
water.

There are many studies on the supercooling phenomenon
of water in enclosed containers. Arnold'" investigated the
nucleation phenomenon of water in spherical capsules and
indicated that the nucleation temperature of water was affect-
ed by the cooling rate and the amount of nucleation. Lee
et al. "' studied the supercooling phenomenon of pure water
in horizontal cylinders and developed a correlation of the su-
percooling period as a function of the cooling rate and the
nucleation temperature. Many experiments have also been
conducted to investigate the nucleation behaviors of water
droplets. Bigg'”' studied the freezing process of water drop-
lets with different diameters suspended by two insoluble lig-
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uid layers and indicated that the mean nucleation tempera-
ture was higher when the cooling rate decreased. Vail and
Stansbury'*! investigated the nucleation behaviors of water
droplets at a constant cooling rate and the results were simi-
lar to those reported by Bigg. The release of supercooling
can be improved by the addition of nucleating agents. Von-
negut'” used silver iodide and lead iodide as the nucleating
agents and found that these agents greatly reduced the super-
cooling degree of small water droplets.

The most widely adopted method by previous experiments
was analyzing temperature curves due to the simplicity. DSC
is a professional technique to study the dynamics of crystal-
lization and melting behaviors of materials, and it has been
widely applied in the fields of polymer composites and me-
tallic alloys. However, there have been limited studies focu-
sing on the crystallization and melting behaviors of water by
using this instrument.

In this paper, the crystallization and melting properties of
a water-TiO, nanofluid and deionized water are investigated
by means of DSC. TiO, nanoparticles are chosen as additives
due to their good hydrophilic properties and wetting charac-
teristics.

1 Materials and Method
1.1 Materials

A water-TiO, nanofluid is purchased from Sigma-Aldrich
Chemical Co., Ltd., USA, with a weight fraction of 5%, an
average particle size of 75 nm and a density of 1. 07 g/mL at
25 C and is used as received.

1.2 Calorimetric measurements

In this paper, DSC(NETZSCN-STA 449C) equipped with
a cooler is used. All experiments are carried out under a ni-
trogen purge with a flow rate of 20 mL/min. 10 to 15 mg
samples are first heated from room temperature to 30 C and
held in the state for 5 min to eliminate the influence of ther-
mal history. Then the samples are cooled to —30 C at vari-
ous cooling rates ranging from 3 to 9 C/min. After being
maintained at —30 C for 5 min, the samples are heated to
30 C again with a heating rate of 5 C/min. The thermo-
grams are recorded for later data analysis.

From the thermograms, some useful parameters such as
the onset temperatures of crystallization and melting( 7T, ...

), the exothermic and endothermic peak temperatures
T, ) > and the end temperatures of crystallization

Tm. onset
( TC. peak ?

o> T, ..y) can be obtained" . The crystalliza-
tion enthalpy H_ is calculated by integrating the DSC ther-

and melting( T

mograms from T, . to T, _,, which can by expressed as'”
Town
AH. =J (—dH)dT (1)
Towo VAT
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where dH is the crystallization enthalpy in the infinitesimal
temperature section d7.

The crystallization kinetics under non-isothermal condi-
tions is analyzed in this paper. X, is the relative degree of

crystallinity at time ¢ and can be calculated by

T dH.
N ) o)

T; end
| (%)dr
T\ dT
The half crystallization time (¢,,,)1is the time required for

50% crystallization. A smaller value of ¢,, means a faster

crystallization rate'’ .

The degree of supercooling is defined as

AT = T - Tc. peak

m. onset

t

[10]

(3)

In non-isothermal crystallization, the relationship between
the crystallization time scale ¢ and the temperature 7 can be
evaluated as

-T

c. onset

o (4)

=

where @ is the cooling rate.
2 Results and Discussion
2.1 Crystallization behaviors

The non-isothermal crystallization thermograms of the
deionized water and the water-TiO, nanofluid at various
cooling rates ranging from 3 to 9 C/min are shown in Fig.
1. It can be seen that with the increase of the cooling rate,
the crystallization peaks of the two fluids become sharper
and the onset and peak crystallization temperatures move to-
wards lower values. Compared with the deionized water, the
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Fig.1 DSC thermograms of nonisothermal crystallization at
different cooling rates. (a)Deionized water; (b) Water-TiO, nanofluid

curve of the water-TiO, nanofluid is sharper and the crystal-
lization temperature is higher.
The variation of the onset and peak temperatures of crys-

tallization at different cooling rates for the deionized water
and the water-TiO, nanofluid are shown in Fig. 2. It is obvi-
ous that the onset and peak temperatures of the water-TiO,
nanofluid are higher than those of the deionized water at any
given cooling rate. This phenomenon can be explained by
the heterogeneous nucleation effect of TiO, nanoparticles on
water. Water molecules can easily attach to the surfaces of
the TiO, nanoparticles, which makes the crystallization of
the deionized water occur at a high temperature. It is also
shown in Fig. 3 that the differences in the crystallization
temperatures of the deionized water and the water-TiO,
nanofluid increases with the increase in the cooling rate. As
we know, the homogeneous nucleation of a material sponta-
neously occurs below the melting point and requires a long
time. But the heterogeneous nuclei might be formed as soon
as the material reaches its crystallization temperature. There-
fore, the heterogeneous nucleation needs less time at the
same cooling temperature. The cooling rate has a greater in-
fluence on the heterogeneous nucleation than on the homo-
geneous nucleation. Moreover, the nucleation effect of the
TiO, nanoparticles is observed to be much greater at the
higher cooling rates in our experiments.
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Fig.2 Onset and peak crystallization temperatures vs. cooling
rate. (a) Onset crystallization temperature; (b) Peak crystallization tem-
perature
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The relative degree of crystallinity (X,)and temperature at
various cooling rates are shown in Fig. 3. The plots for the
deionized water and the water-TiO, nanofluid are similar and
only a lag effect of the cooling rate on crystallization is ob-
served. Because of the shorter crystallization time at a higher
cooling rate, the values of X, are lower than those at a lower
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Fig. 3 Relative degree of crystallinity and temperature at dif-
ferent cooling rates. (a) Deionized water; (b) Water-TiO, nanofluid

cooling rate at the same crystallization temperature. Accord-
ing to Eq. (4), the dependence of X, on the crystallization
time ¢ is shown in Fig. 4. As can be seen, the time needed
for the deionized water and the water-TiO, nanofluid to fin-
ish crystallization decreases with the increase in the cooling
rate.
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Fig.4 Relative degree of crystallinity and time at different

cooling rates. (a) Deionized water; (b) Water-TiO, nanofluid

The variation of ¢,,, with the cooling rate is shown in Fig.
5. Obviously, the value of 7, ,, of the water-TiO, nanofluid is

smaller than that of the deionized water at all cooling rates.
This result indicates that the TiO, nanoparticles act as heter-
ogeneous nucleating agents to facilitate the overall crystalli-
zation process of the deionized water. Moreover, with the in-
crease in the cooling rate, the values of ¢, , of both the water-
TiO, nanofluid and the deionized water decrease and the
difference between them is reduced. The addition of the
TiO, nanoparticles makes #,,, decrease 65.26% at a cooling
rate of 3 C/min, and 51.22% at a cooling rate of 9
C/min. It is suggested that the TiO, nanoparticles can re-
duce the crystallization rate with the increase in the cooling
rate.
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Fig.5 Relationship of half crystallization time and cooling rate

The influence of the cooling rate on the crystallization
heat is shown in Fig. 6. It can be seen that the values of AH,
of both fluids decrease with the increase in the cooling rate.
In addition, the value of AH_ of the deionized water is smal-
ler than that of the water-TiO, nanofluid at any cooling rate.
It is possibly because the molecules become less active and
have not enough time to diffuse into the crystallite lattice to
adjust and reorganize better configurations when the cooling
rate increases. As a result, the storage energy becomes less
during the crystallization process with the increase in the
cooling rate.
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Fig. 6 Relationship of crystallization heat and cooling rate

2.2 Melting behaviors

Fig.7 shows a series of DSC endothermic curves at three
cooling rates(5,7,9 C/min). With the increase in the cool-
ing rate, the endothermic peaks of both fluids become sharp-
er, which means that the melting processes become faster.

The values of T, and T ., changing with the cooling

m. onset m. peal
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Fig.7 DSC thermograms of melting after fluids cooled at dif-
ferent cooling rates. (a) Deionized water; (b) Water-TiO, nanofluid

rate are shown in Fig. 8. It can be seen that the values of
T, e Of both fluids change greatly with the cooling rate
while the values of T, .. keep constant. The value of T, .,
decreases from 10. 26 to 6.7 C for the deionized water as
the cooling rate increases from 5 to 9 °C/min, while the val-
ue of T, .. only changes from -1.13 to -1.03 C. Obvi-
ously, the cooling rate has little impact on the onset melting
temperature. It is suggested that it might be not the cooling
rate but the heating rate which determines the onset melting
temperature. The melting behaviors of the samples at the
same heating rate are mainly influenced by the quality of the
ice crystals during the crystallization process. The solid form
of the tested material with better crystal quality needs more
time and a higher temperature to melt. As discussed in section
2.1, the crystal quality deteriorates with the increase in the
cooling rate. So the peak melting temperature decreases with
the increase in the cooling rate. In addition, under the same
cooling rate, the values of 7, ., and T, ., of the water-TiO,

nanofluid are lower than those of the deionized water. This
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means that the crystal quality of the water-TiO, nanofluid is
not as good as that of the deionized water at the same cooling
rate. The influence of the cooling rate on T , ... is shown in
Fig.9. It can be seen that the values of T, ... of both fluids
decrease with the increase in the cooling rate. That is, the
melting time becomes less with the increase in the cooling
rate. The value of T, .. of the deionized water is higher than
that of the water-TiO, nanofluid at any given cooling rate,
which means that the melting rate of the deionized water is

slower than that of the water-TiO, nanofluid.
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The influence of the cooling rate on the heat of melting
AH_ is shown in Fig. 10. Obviously, the values of AH,, of
both the water-TiO, nanofluid and the deionized water de-
crease with the increase in the cooling rate. Moreover, the
melting heat of the water-TiO, nanofluid is less than that of
the deionized water. The degrees of supercooling, AT, of the
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deionized water and the water-TiO, nanofluid at different
cooling rates are illustrated in Fig. 11. It can be seen that the
values of AT of both fluids and the temperature difference
between them increase with the increase in the cooling rate.
In other words, the effect of the TiO, nanoparticles on the
supercooling degree becomes greater with the increase of the
cooling rate.

3 Conclusions

The nonisothermal crystallization and melting behaviors
of the deionized water and the water-TiO, nanofluid are in-
vestigated by DSC. Some conclusions are drawn as follows:

1) For the deionized water and the water-TiO, nanofluid,
the onset and peak crystallization temperatures and the peak
melting temperatures decrease with the increase in the cool-
ing rate while the onset melting temperature almost keeps
constant.

2) With the increase in the cooling rate, the crystallization
and melting rates increase while the heat of crystallization
and melting decrease.

3) At any given cooling rate, the water-TiO, nanofluid has
a higher onset crystallization temperature, higher crystalliza-
tion and melting rates, and a smaller supercooling degree
than the deionized water. The TiO, nanoparticles might act
as nucleating agents to promote heterogeneous nucleation
during the crystallization process.

4) The TiO, nanoparticles increase the crystallization rate
and decrease the degree of the supercooling of the deionized
water. However, due to the reduction in the latent heat
caused by the addition of nanoparticles into the deionized
water, it is very important to find suitable nanomaterials as
additives to reduce the decline of the latent heat of nanoflu-
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ids.
5)DSC is an effective technique to reveal the crystalliza-
tion and melting properties of nanofluids.
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