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B craTbe u3ydeHsl npolecchl KPUCTAIUIM3ALMH JIbJ]a U3 YUCTOH BOJbI M Pa3IMUHBIX BOJIHBIX PACTBOPOB MOHOIIPO-
mteHrskons (MPG), norpyxeHHbIX B 0aHIO ¢ H30TePMHYECKUM oxJaxaeHueM. [Ipunsaras MareMaTHdeckast MOJENb po-
1iecca OCHOBAaHA Ha MCIIOJIB30BAHUU HECTALMOHAPHOI'O yPaBHEHUsI TEIUIONPOBOJHOCTU B COUETaHUH C KUHETHYECKUM OIHCa-
HHEM POCTa KPUCTAJIJIOB, MOJMYYSHHBIX U3 KIACCHYECKON Teopuu Hykieauu. Kunernueckoe npuOIKeHUE YIUTHIBAET CTO-
XaCTHYECKOE TOBEJCHUE ISl TIPOLIECCOB 3aPOXKJICHUs KPUCTAJLIOB; BKIIFOYAET B ce0st MOJIEKYISIpHYIO0 1} dys3uto, BoBieueH-
HYIO B IIPOLIECC POCTa KPUCTAJUIOB. AKIIEHT C/IeJIaH Ha YMCIICHHOH peanu3aiuy Metona. ONMCcaHHBIN B cTaTbe MOAXO0[ IPH-
TOJICH JUIsl ONUCaHUs 00pa30BaHUs KPUCTAJUIOB JIbjla B OMHApHBIX pacTBopax MPG Boze (BecoBoii AMana3oH KOHLEHTPALHit
Mmacc ot 0 10 25 %). MccnenoBana Koppessius Mexly KHHETHKON MPOLECCOB KPUCTAIM3ALMH UIsl IUTaMOB, HMOIYYSHHBIX
n3 pactsopos MPG.

Krouesble ciioBa: jie1, KpHCTJUIN3ALMs, IJIAMOBBIE, BTOPUYHBII XJIa[Jar€HT, YCTOWUMBOE pa3BUTHE, HEprocoe-
pexeHue, BTOPUYHBIN XJIaJareHT, oOpaTHbI METOl, HAKOIUICHUE SHEPruu, o0pa3oBaHUE JIb/A, 3aPOXKICHUE, XOIOJUIbHAS
TEXHHKA, FeHETHYECKUH aIropuT™

Introduction. In scientific and engineering literature have been widely discussed and proven the advan-
tages of using ice slurry as a secondary coolant for energy saving [14, 20]. In the literature can be found even some
original applications in medicine [15]. Yet it’s still worth outlining that the main interesting properties of ice slur-
ries and other phase change materials are their high cooling energy storage potential. Moreover usage of ice slurries
make it possible the distribution of cold working fluid at an almost constant temperature. When applying these mat-
ters in cooling systems, less quantity of fluid is needed, compared with classical secondary refrigerant (cooled water
or one-phase aqueous solutions) and are available high thermal and environmental performances.

But the key drawbacks of this technology remain the costs of ice slurry generation and the building
of the necessary secondary distribution loop. But these hindrances will be overcome by improving energy stor-
age devices and systems by the means of fundamental research works and technical improvements on the sub-
ject. In this context some research works are interested in «phase change materials» (PCMs) slurries modelling
in order to improve ice generators and their monitoring, or to produce better quality PCMs and to develop energy
efficient distribution loops.

The main goals of this article have been experimental investigation of ice crystallization in aqueous so-
lutions; comparing experimental data with results of numerical (computer) modeling for such processes.
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Authors have grouped all symbols, used for parameters, in table 1.

Table 1 — List of symbols, associated with parameters

A B Kinetic parameters Greek symbols
C Mass concentration (%) o Ice volume fraction
e Thickness of fluid (m) y Superficial tension (Nm™)
G Gibbs free energy (J) P Density (kgm™)
/ Nucleation rate o Standard deviation
J Nucleation probability AT Supercooling degree (K)
k Boltzmann number Subscript
K(T) Kinetics function c Crystal
L, Melting heat (Jkg™) eq Equilibrium
MPG Mono propylene glycol exp Experimental
n Avrami number heart At the center (e/2)
rmse Root mean square error (K) / Liquid
T Temperature (K) median At abscissa e/4
Ty Melt temperature (K) s Surface
wall Inner wall (at x=0)

Some considerations of PCM modelling. Many reports are now available in the literature on the in-
trinsic behaviour of PCMs slurries or when PCMs are used into hydraulic distribution loops as secondary work-
ing fluids.

A thorough review is presented by Dutil et al. [6] on modelling PCM crystallization. Most of the models
are based on the Stefan problem or the enthalpy formulation, with various boundary conditions depending on the
geometry (rectangular, spherical or cylindrical). The studied materials are homogeneous. So the composition
of liquid phase does not vary during crystallization. Focus is made rather on microencapsulated slurries and
clathrate hydrate slurries. The latter are suitable for building air conditioning as their melting temperatures are
relatively high. But ice slurries made from mono propylene (or with other antifreeze) solutions can be very com-
petitive for lower temperature applications because their apparent heat capacity remains relatively large.

Numerical modelling is still needed for a better understanding of the phenomena of ice slurry formation
for an accurate design of energy storage generators and materials. Yet several investigations can be found in the
literature.

Charunyakor et al. [3] worked on a model for heat transfer of microencapsulated phase-change material
slurry flow in circular ducts. The energy equation is solved by taking into account the heat absorption due to the
phase change process and the conductivity improvement caused by PCM particles flow. The numerical results
pointed out that heat fluxes with PCMs can be about 2—4 times higher than single phase flow. The most impor-
tant parameters appeared to be particle concentration and the Stefan number.

Alisetti et al. [1] used an effective heat capacity to model heat transfer in PCMs. The method has been
found accurate and simple to be adapted for standard fluid dynamic software [6].

Roy and Avanic [25] presented a model based on effective specific heat capacity for PCMs in a circular
tube with constant heat flow. Three important parameters are exhibited from the results: the non-dimensional
melt temperature; the super cooling degree; the Stefan number. Furthermore, the model predicts the location
where phase change impacts are more important with the last two parameters.

Hu and Zhang [10] studied the forced convective heat transfer of microencapsulated phase change ma-
terial slurries flow in a circular tube with constant heat flux. This model is also based on the effective specific
heat capacity. It results from this work that the conventional Nusselt number correlations for internal flow of
single phase fluids are not suitable for a correct analysis of the heat transfer enhancement with microencapsu-
lated phase-change materials. A modification is then proposed for the evaluation of the convective heat transfer
in internal flows. Two important parameters are used to describe the heat transfer of PCM slurries: the Stefan
number and the heat capacity. The heat transfer enhancement may depend also on the dimensionless supercool-
ing, the dimensionless phase change temperature range, and the considered microcapsule’s diameter.

Inaba et al. [11] conducted a two-dimensional numerical study to characterize fluid flow and heat trans-
fer characteristics for Rayleigh—Bénard natural convection of non-Newtonian phase change-material slurries
in a rectangular enclosure with isothermal horizontal plates and adiabatic lateral walls. They showed that PCM
slurries enhance the natural convection heat transfer in enclosures if it’s insured that the fluids have a continuous
variation in density and enthalpy with temperature. According to the study, the Rayleigh number, the Prandtl
number and the aspect ratio are not enough to evaluate natural convection for PCM slurries. A modified Stefan
number is therefore added to address this issue.

Some research works are rather interested in the development of energy efficient generators with good
quality homogeneous slurries and also in the necessary investigations to build more efficient cooling loops. It’s
believed that an accurate understanding of the phenomena of ice nucleation and crystal growth may contribute to
a better control of the parameters impacting ice slurry generation.
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However few research works has examined ice slurry formation with kinetics fundamentals. Therefore,
the focus of this paper is to contribute to the understanding of the mechanism of crystallization of slurries with
usage kinetics tools. The goal pursued is to search for a general correlation fitting kinetics law of ice slurry crys-
tallization from MPG solutions.

Fundamentals of the kinetic function. We are interested here only with crystallization occurring when
a liquid sample is cooled down to a critical value below which nucleation appears.

Generally crystal nucleation, whether homogeneous or heterogeneous, is viewed as an activated process
requiring the crossing of an energy barrier which is similar to energy of activation. The formation of nuclei involves
a Gibbs free energy composed of two conflicting energies: the change in volumic energy (due to the transformation
of a certain volume of liquid into ice crystal) added to the surface energy needed for the formation of the solid-
liquid interface. Thus the Gibbs free energy presents a maximum value (the activation work) corresponding to a
critical radius above which the crystallization takes place. More details can be found in the literature [2, 12, 17].

The activation work depends on the super cooling degree AT meaning implicitly that nucleation occurs
only in non-equilibrium state. A widely adopted quantitative parameter to characterize crystallization process is
the nucleation rate (7 (7)), which is the number of critical nuclei formed by unit of time. It represents the prob-
ability for a tiny nucleus to grow up to the critical size by means of thermal fluctuations and molecule diffusion.

For spherical crystal embryos, it’s proven that the activation work 4G, is a function of 472 AT being
the undercooling degree [4, 8]. Thus the nucleation rate can be evaluated as:

(1) AG s 16m7°T; I
oC €X] —— [.€X -
P kT P 3kL§.TAT2 ) 1

The expression of the nucleation rate shows two competing exponential terms. The first term containing
the activation energy of diffusion of molecules — it is proportional to the expression «—1/7». The second expo-

nential term having link with the activation work of nucleation — it is proportional to «—1/(T AT*)». Thus a low

temperature inducing a larger undercooling degree (so a lower activation work) is favourable to the nucleation of
many critical nuclei of small sizes. But in the same condition of low temperature, the term of diffusion decreases.
Consequently, mobility of molecules towards those nuclei can be compromised. From the competition of the two
terms results an optimum value of temperature, where occurs simultaneously nucleation and growth. The taking
into account of the term of diffusion sets the optimum value of the nucleation rate towards greater temperatures.

Succinctly ice crystallization, according to nucleation theory, depends principally on undercooling de-
gree, superficial tension, and mobility of molecules. Crystal nucleation does not occur theoretically at equilib-
rium temperature [2].

Nucleation and crystallization probability are sometimes presented in the following form:

B 302
(T-Ty)" , with A= Ao exp(— AGdifﬁtsiun )’ B= 167[7/ 2Tf
kT 3kL;

According to Kashchiev et al. [13], 4, is a prefactor depending on some parameters as the number of at-
tachment sites at the super critical nucleus surface, another factor related to the molecular vibration frequency
and the so-called Zeldovich factor. That expression of nucleation probability is used in the following as a kinetic
function depending on the two parameters 4 and B.

Mathematical modelling and simulations of phase change

Kinetics functions

Crystallization starts with germination of nuclei that grow forth. Therefore appears to be important and
logical to take into account the introduction of kinetics function, describing the microscopic behaviour of materi-
als in the mathematical description of the phenomenon.

Many research works are available on crystallization kinetics, especially in metallurgy and polymer sci-
ence. The degree of crystallization is generally searched in the form a = a (¢, T), a function of time and tempera-
ture representing the ratio of the volume of crystallised particles to the total initial volume of liquid. The time
derivative of that function is mostly defined as:

dal/dt=f(t)g(a), 3)

/() is a function depending merely on the temperature for pure and homogeneous materials, while g(a) correlates
with the already transformed volume fraction. These functions can be deduced from the standard theory of nu-
cleation linked with the motion and interaction of molecules on a microscopic scale.

The study of crystallization kinetics is usually approached from three aspects: isothermal kinetics (de-
rived from the so-called Avrami’s analysis), the constant cooling rate crystallization kinetics and finally crystal-
lizations under varying cooling rate.

J=Ae ()
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The general kinetics of isothermal cooling is [21]:

a=1-exp[ k()" |:  K(T)= %N(T)G(T), 4)
Yol
where: k(T) — crystallization rate constant; k) — geometrical constant; N(7) — nucleation rate; G(7) — average
growth rate; n — Avrami constant depends on molecular weight, nucleation type and slightly on temperature;
V» — initial liquid volume.

Note that k(7) contains the micro-kinetics of nucleation and crystal growth. Further assumptions con-
sidered to constant temperature phase change: crystallization is slow compared to thermal diffusion and the re-
lease of latent heat is less than the rate of heat transfer.

The crystallized fraction o under constant cooling rate has the same form as for the previous kinetics
description of Avrami. But &(7) is not constant. This approach is frequently adopted to determine the time and
the rate of crystallization of polymers. Harnisch and Muschik [9] used successfully the method to calculate the
Avrami exponent 7 from non—isothermal constant cooling rate crystallization of polymers from DSC experi-
ments. For the crystallization of polymers under cooling rate, Ozawa found that the transformed volume obeys
the following law [23]:

Crz 4 - E s (5)

K is a kinetic parameter according to the author. This approach provides a simple way to analyse solidification
under constant cooling rate and to obtain the concerned Avrami number. According to their analysis, accurate
results are obtained when there exists a linear link between log/-In(1-a(t))] and log(C).

Non-isothermal crystallization under arbitrary cooling rates has been investigated with the integral meth-
ods by many authors. Chew et al. [5] determined the solidified fraction of high density polyethylene. Piorkowska
and Galeski [24] computed the relative cristallinity of iPP/GH composite as a function of time. Yu et al. [26] used
the method to characterize the kinetics of crystallization of isotactic polypropylene and its blends under variable
cooling rates. They established a relationship between spherulite growth and the overall crystallization rate. But the
approach requires the availability of the number of nuclei and the crystal growth rate. Another approach of kinetic
description under arbitrary thermal condition is presented by Nakamura [22]. The method has been successfully
applied by many authors [17, 18] for different polymers.

Chegnimonhan et al. [4] have adapted it to a completely different phase change material constituted
of crystallizing water and 15 % MPG-water mixtures. The practical kinetic formulation of the overall trans-
formed volume fraction was then:

a=1 —exp[—LO(T)] C= T

Ja s
n

= nK(T)(1-a)[-In(1-a)] (6)

A special attention was paid to the formulation of the kinetic function K(7) which is written as the func-
tion of two kinetic parameters 4 and B according to the well-known classical nucleation theory and growth of
crystal nucleation [8]:

B
K"B(T)z‘]:AeXp[_(T_T/_)ZT] . (7

The expression of K, formulated as a function of the undercooling degree takes into account the fact
that crystallization starts in metastable state. The terms A and B expressed the micro and macroscopic phenom-
ena taking place during the formation of ice crystal.

According to the formulation, 4 depends on the prefactor 4, (which relies on many factors as mentioned
in section above) and on the motion capability of molecules in the crystallizing solution. Factor B is a function of
the superficial tension, the melt temperature and the specific heat of fusion. Table2 presents some values of 4
and B compiled from the literature. For water, we computed B analytically at 0 °C using the following data:
=75Nm™"; L, = 333500 Jkg '; T, =273.15K; k= 1.38*10°%

7/ water

Table 2 — Values of Kinetics parameters

Water (°C) Iron [19] Plastic [2] 22 % Ethanol Emulsion

[16] [8]
A Not available 10%cm > s 10° cm > s ! 17.14 57 1.8x1070 !
B 3.43x10% K° Not available Not available 974 K° 1.6x10°K°

There are information lakes in the literature to calculate 4 analytically: the activation energy due to dif-
fusion is not available for mixtures, nor the number of attachment sites, some parameters involved into the ex-
pression of 4. Therefore a numerical determination appears more suitable. Moreover, the kinetics parameters A
and B depend probably on the varying concentration during ice-slurry crystallization. Therefore, to a first ap-
proach we assume that 4 and B depend merely on samples initial mass concentrations.
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Experimental apparatus and formulation of the problem

The main goal pursued is to study the influence of MPG concentration from range 0 to 25 wc % on the
kinetic parameters 4 and B. We use an inverse method based on genetic algorithm to check the optimal couple
(4, B) according to [4].

The samples are crystallized in a small platelet polymer container, appropriately instrumented with K-type
thermocouples of 80um diameter. Please, refer to [4] for more details. Each crystallization experience gives ac-
cess to the time evolution of the surface temperature 7 (which serves as boundary conditions in the mathematical
model) and to the temperature at the central axis (named 7.,,, experimental temperature) is the target temperature
to be approached by inverse method; see Figurel.

300 T T . - :

290

280

T(K

270r
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Figure 1 — The crystallization cell and an experimental test for pure water

The problem to solve consists of a set of two equations with the appropriate boundary and initial condi-
tions as described in our previous article on the subject [4]

e The one dimensional nonlinear heat transfer including a heat source due to heat release during ice
formation. Note that for mixtures, the thermophysical parameters (specific volume, thermal conductivity, etc.)
needed to express the phenomenon depend on the varying ice rate and solute concentration. Furthermore the melt
temperature 7y decreases when solute concentration increases according to the liquidus curve. These specificities
are taken into account in the expression of the heat equation:

p(a,T)Cp(a,T)%=§(l(a,T)aa—i)+p(a,T)L] %. ®)

o This heat equation is coupled with the kinetic description of phase change taking into account the
phenomena of nucleation and crystal growth according to the formulation of Nakamura — see equation (6).

e The boundary conditions introduce another important parameter to consider and to determine: the heat
transfer between the polymer container and the crystallising sample (it is the inverse of the thermal resistance R;).

The equation set is discretized according to the Crank Nicholson’s scheme for time steps and solved
with a MATLAB code using a genetic algorithm. To fit the experimental curve T, many solutions of (4, B)
couples are possible. The program generates several couples within the genetic algorithm and chooses for the
best solution, the one showing the least room mean square error (RMSE) between the computed temperature
(T.q) and the experimentally recorded T, The genetic algorithm provides a fine computing performance and
appears as a good optimization tool.

The algorithm of the solver is presented on Figure 2, where R, represents the heat resistance around
the cell and the fluid interface, and T, the computed temperature

The resolution of the problem generates the temperature field T(x, ¢) (i.e. T.,), the kinetics parameter
couple (4, B), and consequently the solidified volume rate o(x,), where x <e/2 ( where e/2 = 2.5 mm represents
the half thickness of the fluid in the crystallization cell or container).

Validity of the inverse research methods

Validity of the direct problem: determination of T(x,t)

This is a key step to ensure that the results computed with the MATLAB program are accurate and reli-
able. To achieve this, the direct problem, i.e. the above mentioned equation set, has been solved with the follow-
ing particularities:

o T}, the boundary condition is defined first analytically (a defined exponential time function).

¢ 4 and B are fixed (after checking to be respectively equal to 0.04 and 0.4).

e The thermophysical parameters of water are considered.

o The problem is solved first with a commercial solver Comsol with imposed very severe absolute and
relative convergence criteria. The obtained temperature field T(e/2, t) is then considered as the reference tem-
perature in the MATLAB code.
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e The accuracy of the MATLAB code for solving the direct problem is then tested. The previous Com-
sol computed T(e/2, t) served then as the target temperature. The result is satisfactory (Figure 3). The root mean
square error (RMSE) between the target temperature and the computed one is close to 0°K.

Experimental data (Ts, Texp). Rt

P
N

Genetic algorithm SOLVER

no

rmse <0.1

ves

Tea, 0, A, B

Figure 2 — Algorithm for solving the direct problem

The following phase consists of finding the optimal time and space steps.

To achieve this, the direct problem is solved with the MATLAB code adopting various time steps and
space meshes. The target temperature is once again the one determined with Comsol at «e/2». This target ther-
mogramme is compared with the profiles of temperatures calculated by the MATLAB program — the purpose of
this calculations was the study of the spatial and temporal convergence of meshing.
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Figure 3 — Validation of the research method for the direct problem
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The graph (Figure 4) represents the rmse according to the time steps and the spatial discretization (i.e.
exactly the number of space steps). We find a classic profile of convergence. The combination “0.1s / 101 space
steps” seems to be a good compromise for accuracy and time of calculation. These values are retained for the
identification of the parameters 4 and B in the following.

2.5
~
) 2-
-
=~
0{,“ 1.5
g
0 1
0.5

0% 0.4 0.2 0 400

dt (s) (space steps nbr)

Figure 4 — Determination of the optimal time and space steps

Validity of 4 and B determination. The purpose is to verify the reliability of the genetic algorithm re-
search method we have adopted to search 4 and B. The Matlab code found 4 = 0.037 and B = 1, for the target
temperature 7(e/2, t) determined before with Comsol (recall 4 = 0.04 and B = 0.4 initially). The accuracy of 4 is
correct. The deviation for B is important a priori. But the overall rmse was just 0.05°K, despite this large differ-
ence from the initial value for B. This can be regarded as a sign that the kinetics function is not sensitive to B
parameter. This hypothesis will be thoroughly tested later. The research method appears then suitable to find
kinetics parameters.

Results and discussion

Reconstituted thermogrammes

Figures 5 and 6 show examples of shapes of the computed temperature fields for several MPG-water solu-
tions. The rmse are less than 0,4°K in all cases. Thus there is a good fit between the calculated and the experimental
temperatures for pure solutions and for mixtures. As expected, crystallization starts at lower temperatures as initial
solute concentrations increase. As the temperature of the cooling bath is constant, crystallization starts earlier for
solution with low concentration. On the presented examples, the metastable breakdown started respectively at 200s,
250s and 425s after the immersion of the samples of pure water, solutions of 10 %, and 25 % MPG weight concen-
trations (wc). As predictable, the crystallization plateau is observable only for pure water samples.

Evolution of solute concentration

Gradually, as the crystallization of ice from MPG-solutions progresses, the rate of antifreeze increases
in the residual mixture. This requires a lower cooling temperature for the process to go forward. But as the cool-
ing bath’s temperature is constant (—20 °C), the H,O+MPG mixtures cannot solidify entirely. Consider Table 3
to check examples of the computed final crystalline ice rates according to the initial MPG solute concentrations.
It can be clearly seen (Figure 8) that at the beginning of the phenomenon, crystallization appears far from equi-
librium, in accordance with the theories of nucleation. In the same way, the temperature evolution of solute con-
centration doesn’t follow the liquidus curve (here a,,), when crystallization starts.

Table 3 — Rate of crystallized fraction vs. initial solute concentration
MPG Concentration % 0 5 10 20 25
o 1 0.87 0.75 0.41 0.29
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Kinetic parameters
For the studied fluids, the rmse weighted mean values of parameters A and B are computed (Table 4).
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Table 4 — The rmse weighted mean values of kinetics parameters (s means the standard deviation)

we % (MPG) 0 5 10 15 20 25
Apean. S 0.121 0.009 0.0086 0.0055 0.0031 0.0043
S48 0.064 0.0008 0.024 0.0036 0.0017 0.0029
Bean s K 0.681 0.732 0.584 0.553 0.521 0.632
sp, K 0.159 0.304 0.285 0.254 0.309 0.192
Apreanl0 %) | Apyean (C %) 1 13 14 22 39 28

i S ———

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
t(s) t(s)

Figure 8 — Comparison of Tc, and Tyyean for 5 % we MPG (left) and of «Tcar 5 Tinean 3 Tkousi?

As foreseen, the dependence of B from concentrations does not appear clearly and seems low. For this
parameter an arithmetical mean value of 0.625 °K’ is a correct compromise for water and even for «MPG anti-
freeze + water» mixtures. Concerning the evolution of the mean A, it seems to be a switch phenomenon between
the kinetics of crystallisation of pure water and samples, containing MPG antifreeze solutes. One can distinguish
a mean value for pure water samples (4,e-= 0.121 s™) and another constant mean value for all studied mixtures
(Apean=0.0061s7).

Those mean values (le (Ameana Bmean)water = (0121 Sil, 0.625 K3 B and (Ameam Bmean)MPG = (00061 Sila
0.625 °K* ) have been tested. The simulated thermogrammes for 7,,.,, demonstrate good agreement with previ-
ous T,,, and T,,. For 5 % MPG we, the rmse calculated with the mean (4, B) is of 0.1°K and 7, =T}cun (see Fig-
ure 8 —right). For water, the rmse with the mean values is 0.6°K. It is still acceptable.

Authors have presented results on crystallisation kinetics of water and ethanol solutions [16]. In the
condition of a cooling bath at —30 °C, they found 4 = 2.22 s ' and B = 62.157 °K’ for water. Those values are
tested in our solver for water. Results are presented on Figure 9. The crystallization plateau is shorter with their
identified 4 and B parameters. The sample crystallizes quicker because their cooling bath was set at lower tem-
perature than in experiments with «20 °C», described above. The increase in their 4 value may be partially
a consequence of this factor. Note that the thermogramme T, and 7)., (the latter is simulated with the mean
values of 4 and B for water) fit together.

In our study, A,ean warer 18 larger (by order of magnitude) for water than the one for the MPG solutes (see
Table 4). This can be caused by the diminishing of the number of water particles surrounding the supercritical
embryos for solutes. Indeed in a pure substance, a supercritical embryo is surrounded entirely by water mole-
cules. But in solutes some of those molecules are replaced by the antifreeze molecules according to the concen-
tration in solute. The growing ice embryos dispose of less potential water molecules to develop. A,,.., tends to
diminish slightly with the increase in concentration, therefore the ratio 4,/ / Amean decreases. Another factor
that impacts A,,.., for solutes, is the decreasing mobility of water molecules in the residual solution due to the
negative glide of the freezing temperature of mixtures.

Conclusion. The study presented results of crystallization simulations for MPG binary solutions used as
secondary cooling refrigerants with a kinetic approach. The model is based on the classical nucleation theory.
The temperature field and the time evolution of the transformed ice volume (rate of cristallinity) are performed
without assuming equilibrium phase change.

The built numerical simulator has been validated and then exploited to identify the 4 and B kinetic pa-
rameters of the Nakamura kinetic function by the means of genetic algorithm.

Computed temperature fields show good fits with experimental data. Moreover numerical results exhibit
good reproducibility for pure water and for aqueous solutions of MPG. It appears that there’s a big difference

(by order of magnitude) between the kinetic parameter 4 for pure water and that parameter for a “water + anti-
freeze” mixture.
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Parameter B seems independent from solute concentrations. We’ve proposed and tested two mean kinetics
couple values — one for pure water and the other for MPG solutes in the range of concentration below 25 % wc.
The results demonstrate good fits. The next step of this work could be the investigation of crystallization kinetics
in presence of liquid flow.
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