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Abstract: Understanding the crystallization behavior of ice slurry under vacuum condition is
important to the wide application of the vacuum method. In this study, we first measured the
supercooling degree of the initiation of ice slurry formation under different stirring rates, cooling rates
and ethylene glycol concentrations. Results indicate that the supercooling crystallization pressure
difference increases with increasing cooling rate, while it decreases with increasing ethylene glycol
concentration. The stirring rate has little influence on supercooling crystallization pressure difference.
Second, the crystallization kinetics of ice crystals was conducted through batch cooling crystallization
experiments based on the population balance equation. The equations of nucleation rate and growth
rate were established in terms of power law kinetic expressions. Meanwhile, the influences of
suspension density, stirring rate and supercooling degree on the process of nucleation and growth
were studied. Third, the morphology of ice crystals in ice slurry was obtained using a microscopic
observation system. It is found that the effect of stirring rate on ice crystal size is very small and the
addition of ethylene glycoleffectively inhibits the growth of ice crystals. The results in this paper can
provide theoretical guidance and technical support for the development of vacuum icemakers.
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1. Introduction

Thermal energy storage is used to assist in the effective utilization of thermal energy in industrial
applications [1–4]. Ice slurry as anenergy storage medium is a very interesting solution thanks to the
high energy storage density and fast cooling capacity [5–7]. The most important issue relating to the
wide use of ice slurry cooling technology relates to what is the best method of ice slurry production [7].
There are many methods for making ice slurry, including scraped-surface type, supercooling type,
direct-injection or direct heat exchange type, fluidized-bed type, and vacuum type [8–12]. Among
these methods, vacuum type, which uses aqueous solution as a refrigerant and employs direct contact
heat transfer, has received wide attention in recent years.

Kim et al. [13] studied the conditions for the formation of ice crystals theoretically by
the diffusion-controlled evaporation model and the prediction was proved by experiments.
Lugo et al. [14] researched the ice-liquid-vapour equilibria data of ammonia and ethanol aqueous
solutions experimentally. The measured data were consistent with the thermodynamic models.
Asaoka et al. [15,16] proposed a circulating system to produce ice slurry and studied the vapor-liquid
equilibrium data to estimate the coefficient of performance of the system with an ethanol solution.
Zhang et al. [17] established a model for the process including flash evaporation and ice making in
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vacuum environment. The influencing factors for the binary ice’s IPF, such as environmental pressure,
droplet size and water temperature, were discussed both analytically and experimentally.

At present, most of the research interests related to vacuum method are focused on heat and mass
transfer inside the liquid, as well as the phase equilibrium measurement and equipment optimization.
However, the crystallization thermodynamics and kinetics of ice slurry, including the supercooling
degree, the nucleation rate and growth rate, the morphology of ice crystals, have not been accurately
understood, which have been the main obstacles to the rapid development and wide application
of vacuum method. Therefore, it is necessary to determine the above problems and reveal the
crystallization behavior of ice slurry under vacuum condition.

The supercooling degree is the driving force for the nucleation and growth of ice crystals.
The supercooling degree depends on several operation parameters, such as stirring rate, cooling rate,
solution composition, etc. At present, the study of supercooling is mostly conducted under atmospheric
pressure [18,19]. The supercooling characteristics of ice nucleation in vacuum environments are rarely
reported. Nucleation and crystal growth are the two major steps govern the ice slurry production.
Accurate modeling of nucleation and growth is an essential prerequisite to the design and control of
a vacuum ice slurry production system. Only a few published papers have reported the crystallization
kinetics of ice slurry [20,21], but they had small sample sizes and relied on classical nucleation theory.
They are not applicable to the formation of ice slurry produced by vacuum. The shape and the size of
ice crystals are very important aspects which should be studied, because they influence the operation
of ice slurry system. Ice slurry with larger ice crystals will show a slower melt-off rate and need
greater power to pump. Some scientists have conducted researches on particle morphology of ice
slurry produced by scraped-surface method or fluidized-bed method [11,22,23]. However, the study
of the morphology of ice crystals produced by vacuum method has not been taken seriously.

In this work, ethylene glycol aqueous solution served as the ice-making solution, and the
supercooling characteristics at different experimental conditions were measured using a vacuum
ice slurry production system. The nucleation rate and growth rate of the crystal formation process
were discussed in the view of kinetics, and the influence of each parameter on crystallization process
was analyzed. At the same time, the morphology of ice crystals was observed, and the influence of
stirring rate and initial concentration on the particle size of ice crystals was determined. The objectives
of this research are to explore the rules of ice slurry crystallization in vacuum and provide theoretical
and technical support for the ice slurry production.

2. Theory

2.1. Nucleation and Growth Rate

For nucleation two different mechanism are distinguished; the homogeneous and the
heterogeneous nucleation. In homogeneous nucleation embryos are formed internally in the
supercooled liquid containing only water molecules. In heterogeneous nucleation a foreign substrate
initiates nuclei formation. At present, a number of authors suggest that most primary nucleation in
industrial crystallizers is heterogeneous rather than homogeneous and empirical relationships such
as [24–28]:

B = KNMT
aNP

b∆Cc (1)

where KN is the nucleation rate constant, MT is the suspension density, NP is the stirring rate, ∆C is the
driving force of nucleation. In the process of ice slurry production, ∆C equals to supercooling degree
∆t. Equation (1), therefore, can be rewritten as:

B = KNMT
aNP

b∆tc (2)
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An empirical correlation is frequently employed to describe the crystal growth rate as a function
of the supercooling degree ∆t, as follows:

G = KG∆tg (3)

where KG is the growth rate constant.

2.2. Population Balance

To evaluate the nucleation and growth kinetics, a population balance model that describes the
crystallization process has been employed. The following assumptions are made: (1) growth rate is
independent of crystal size and the McCabe’s “∆L rule” is valid; (2) agglomeration and breakage are
not significant; (3) the volume of the solution is invariable. Hence, the general population balance
equation can be expressed as [27,28]:

∂n
∂t

+ G
∂n
∂L

= 0 (4)

The kth moment of the population density function can be defined as:

µk =
∫ ∞

0
nLkdL (5)

where L is the ice crystal size and n is the population density which can be calculated from the
follow relations:

ni =
MT∆Vi

ρckvLi
3∆Li

(6)

where ∆Vi is the volume fraction in ith region, Li is the average ice crystal size in the given size range,
∆Li is the width between two crystal size region, ρc is the crystal density, kv is the volume shape factor.

By the method of moment transform, the Equation (4) can be transformed from a first-order
nonlinear partial differential equation to a group of constant differential equations:

dµ0

dt
= B (7)

dµ1

µ0dt
= G (8)

When the time interval is very short, the relationship between the moment value and the time
will accord with the linearity. Thus, the kinetic rate can be expressed as:

B =
∆µ0

∆t
(9)

G =
∆µ1

µ0∆t
(10)

3. Materials and Methods

3.1. Materials

Ethylene glycol (purity ≥99.0%) was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) Distilled water has served as solvent.

3.2. Measurement of Supercooling Degree

A schematic of the experimental apparatus for producing ice slurry is shown in Figure 1.
The apparatus consists of a vacuum pump, a vacuum chamber, a magnetic stirrer, a vapor condenser, a T
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thermocouple (accuracy: ±0.2 K), a pressure transducer (accuracy: ±0.04 mbar), and data acquisition
systems for recording the temperature and pressure. The vacuum pump could deliver a maximum
volume flow rate of 2 L·s−1 at 100 kPa and could reach a maximum vacuum of 6 × 10−2 Pa.
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Figure 1. Schematic of ice slurry production system.

The changes of pressure and temperature versus time during the process of ice slurry production
are shown in Figure 2. At the beginning, the aqueous solution evaporated under low-pressure
conditions, and the remaining solution was cooled as a consequence of the latent heat of evaporation.
When the temperature dropped below the freezing point (T = T0, p = p0), the aqueous solution entered
the supercooling state. After a few minutes, the supercooling state broke and the ice slurry formed
immediately. Latent heat released by ice enabled the temperature of the solution to rise to freezing,
and the initiation of formation of ice slurry was monitored by a small jump of temperature and
pressure data.

The temperature and pressure curves in Figure 2 show that the variation of the two state
parameters is very similar during the ice making process, suggesting that these two parameters
can be used to monitor the changes in the state of the solution in the vacuum chamber. The solution in
the chamber was stirred throughout the experiment, so the thermocouple was affected by the strike of
the liquid, which caused temperature variation and fluctuations in the temperature curve. Observation
of the pressure curve, on the other hand, showed no random fluctuations. This is because the pressure
monitored by pressure transducer is the gas pressure, which is not affected by the liquid stirring.
For this reason, pressure is chosen as the characteristic parameter to characterize the supercooling
degree of ice crystallization in this work. The minimum pressure during the pressure relieving process
is defined as relief pressure of supercooling pmin. The pressure at which the ice crystal begins to
emerge is defined as phase transition pressure p0. The difference between p0 and pmin, ∆p, is named
“supercooling crystallization pressure difference”, which is the evaluation parameter of supercooling.
The freezing behavior of solution shows a certain randomness, it is therefore necessary to repeat the
same experiment several times under the same conditions. In this study, all experiments performed
under the same conditions were performed 40 times and averaged to ensure the reliability of the results.



Crystals 2017, 7, 128 5 of 13

Crystals 2017, 7, 128 5 of 13 

 

 
Figure 2. Variations of pressure and temperature during the process of ice slurry production. 

3.3. Measurement of Crystal Morphology 

The ice crystals were observed based on a microscopic observation device as shown in Figure 3. 
This device was inspired by previous work on ice slurries [23,29,30]. During the observation process, 
the bottom plate of glass was kept at −2 °C to prevent ice from melting by heat from the backlight 
and environment. All the observation processes were performed within 3 min, so the effect of 
Ostwald ripening, particle agglomeration and particle melting could be ignored. The typical image 
of ice slurry crystals is shown in Figure 4. Several images were taken and the total number of ice 
crystals for each test was at least 400. The images were processed by the image software ImageJ. 
Because the ice crystals appeared only as 2D-projections in the images, the equivalent circular 
diameter of each ice crystal was considered its length. This equivalent diameter D of ice crystals was 
calculated using the surface area of ice crystal 2D-projection Ai, as proposed in a previous work [26]: 

π
4 iA

D =  (11)

The average crystal diameter was computed using the equivalent diameter of each crystal and 
the total number of crystals analyzed: 


=

=
N

N
iD

N
D

1
Feret,

1  (12) 

 
Figure 3. Ice crystal observation system. 

Figure 2. Variations of pressure and temperature during the process of ice slurry production.

3.3. Measurement of Crystal Morphology

The ice crystals were observed based on a microscopic observation device as shown in Figure 3.
This device was inspired by previous work on ice slurries [23,29,30]. During the observation process,
the bottom plate of glass was kept at −2 ◦C to prevent ice from melting by heat from the backlight and
environment. All the observation processes were performed within 3 min, so the effect of Ostwald
ripening, particle agglomeration and particle melting could be ignored. The typical image of ice slurry
crystals is shown in Figure 4. Several images were taken and the total number of ice crystals for each
test was at least 400. The images were processed by the image software ImageJ. Because the ice crystals
appeared only as 2D-projections in the images, the equivalent circular diameter of each ice crystal was
considered its length. This equivalent diameter D of ice crystals was calculated using the surface area
of ice crystal 2D-projection Ai, as proposed in a previous work [26]:

D =

√
4Ai
π

(11)

The average crystal diameter was computed using the equivalent diameter of each crystal and the
total number of crystals analyzed:

D =
1
N

N

∑
N=1

DFeret,i (12)
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3.4. Measurement of Crystallization Kinetics

The crystallization kinetics of ethylene glycol aqueous solution was determined experimentally
using the vacuum ice slurry production system shown in Figure 1. The stirring rates selected in
the experiment were 200, 300, and 400 rpm. Then vacuum chamber was filled with 20 mL ethylene
glycol aqueous solution at different concentrations, and the vacuum pump, pressure collection system
were turned on to observe the pressure change. The pressure jump observed in the system served
as an indicator for the occurrence of crystallization. When crystallization time reached the default
measurement time, the vacuum pump was turned off to allow sampling. Six samples were taken at
the same stirring rate. Degree of supercooling, suspension density and particle size of ice crystals were
measured for each sample.

Here the degree of supercooling refers to the difference between the measured temperature and
the theoretical temperature calculated at the three-phase equilibrium state. The ethylene glycol aqueous
solution is nonvolatile, so the temperature-pressure relationship of the three-phase equilibrium
can be described by the vapor-solid equilibrium equation of ice [14]. In this way, the measured
pressure data are substituted into the vapor-solid equilibrium equation of ice to determine the phase
equilibrium temperature in theory. The measurement of the suspension density was based on the
energy conservation principle. There was negligible heat loss during the measurement process, and the
value of the suspension density was computed by measuring the initial and final temperatures and
masses of the sample as mixed with 20 g hot water at 40 ◦C. The observation of ice crystals was based
on the ice crystal observation system, as shown in Figure 3. All parameters and strategies used for
measurement are summarized in Table 1.

Table 1. Summary of measurement parameters and strategies.

Parameter Strategy

system pressure pressure transducer
system temperature T thermocouple

ice crystal size microscopic observation system
suspension density of ice slurry energy conservation principle

stirring rate digital-display magnetic stirrer
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4. Results andDiscussion

4.1. Supercoolling Degree

The supercooling characteristics of ethylene glycol aqueous solution with initial concentration
of 3% was experimentally measured at stirring rates of 100, 200, 300, 400, and 500 rpm, as shown in
Figure 5. At different stirring rates, the mean value of the ∆p is 55.34, 50.36, 51.56, 49.65, 50.34 Pa
and the corresponding standard deviation is 6.02, 5.87, 6.33, 5.25 and 5.38 Pa, respectively, which
shows that the stirring rate does not significantly affect the supercooling degree of ethylene glycol
aqueous solution. The effect of stirring on the ice crystallization is complicated. Stirring can enhance
heat transfer, maintain the uniformity of temperature inside the vacuum chamber, and accelerate
the probability of molecular contact to form critical nucleus in certain size that can promote the
generation of ice crystals; however, an extra-high mixing rate can result in excessive shear forces, and it
is possible to accelerate the crushing of the critical nuclei, reducing the possibility of the formation of
critical nuclei, which may be detrimental to crystal nucleation and increase the supercooling degree.
Saito et al. studied the effects of external factors on supercooling degree [31]. Results showed that
stirring, vibration, friction, and forced convection in water had little effect on its supercooling. These
results are consistent with the findings of this work.
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Figure 5. Effects of stirring rate on supercooling crystallization pressure difference.

The cooling rate is defined as the ratio of the ∆p over the elapsed time in supercooling state.
During the experiment, the stirring rate was maintained at 300 rpm, and supercooling degree of
the ethylene glycol aqueous solution at different cooling rates was measured, as shown in Figure 6.
When the cooling rate increased, the ∆p increased. This is because when the cooling rate was fast,
the solution that was already supercooled did not produce nuclei in time. The delay in the nuclei
precipitation requires an even lower temperature for ice crystallization and widens the subcooled
region. Okawa et al. tested the characteristics of ice formation of supercooled water on metal plate
under ambient pressure [18]. Results showed that the degree of supercooling at 2.0 K·min−1 was much
larger than that at 0.2 K·min−1. These results are consistent with our experiment.
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Figure 6. Effects of cooling rate on supercooling crystallization pressure difference.

The supercooling characteristics of ethylene glycol aqueous solution of different concentrations
were measured respectively while maintaining the stirring rate at 300 rpm. The results are shown
in Figure 7. As shown in the figure, the relationship between the width of supercooled region and
cooling rate showed the same trend at different cooling rates. At the same cooling rate, the ∆p of
ethylene glycolaqueous solution decreased as the initial concentration of ethylene glycol increased.
For example, when the cooling rate was 20.25 Pa·min−1, the ∆p of the ethylene glycol aqueous solution
with initial concentration of 1% was 56.81 Pa. When the initial concentration was 7%, the ∆p dropped
to 36.91 Pa, a decrease of 35.03%. Therefore, a higher initial concentration of ethylene glycol aqueous
solution results in a smaller ∆p, a narrower supercooled region, and higher unpredictability of the
formation of ice crystals. In this way, in view of favoring the control of crystal growth, the solution
concentration should be kept as low as possible.
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4.2. Equations of Nucleation Rateand Growth Rate

The kinetic parameters of nucleation and growth are obtained by multiple regression analysis of
all experimental data, and the equations of nucleation rate and growth rate are established as follows:

B = 2.922 × 1010MT
−1.465NP

−0.641∆t0.517 R2 = 0.934 (13)

G = 1.41 × 10−5∆t4.036 R2 = 0.933 (14)

A comparison of the regression values from model and the values measured in experiments
for the ice nucleation rate and growth rate is shown in Figures 8 and 9, respectively. As shown in
the figure, the data points are evenly distributed on both sides of the diagonal, indicating that the
established kinetic model can truthfully describe the nucleation and growth kinetics of the ice crystals.
Some individual data points deviate from the diagonal, probably because of the ignorance of the
agglomeration, Oswald ripening, and crushing behavior of ice crystals in kinetics analysis.
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As shown in Equation (13), the exponent of stirring rate in the nucleation rate equation is −0.641,
which is less than zero, indicating that the higher stirring rate results in the lower nucleation rate in
the stirring range, i.e., the higher rate of stirring inhibits the nucleation of ice crystals. This is because
when the stirring strength is too strong, large grains can break into many small particles whose size
does not meet the critical radius for nucleation, thereby reducing the nucleation rate. The exponent
of suspension density is −1.465, which is less than zero, indicating that the increase of suspension
density did not facilitate the nucleation of ice crystals.

As the driving force of the formation of ice crystals, the degree of supercooling of solution has an
important effect on the nucleation and growth of ice crystals. The exponent of supercooling degree
in the equation of nucleation rate is 0.517, which is larger than zero, indicating that the increase of
supercooling can increase the nucleation rate considerably. This result is consistent with the theoretical
analysis, i.e., the larger the supercooling, the faster the nucleation. In general, the kinetic order of
primary nucleation is close to 10, which is much larger than the kinetic order obtained in this work
(0.517), suggesting that the mechanism of nucleation is secondary contact nucleation. As shown from
Equation (14), the ice crystal growth rate increased along with the degree of supercooling, and it is
proportional to the 4.036th power of supercooling. However, the nucleation rate is proportional to the
0.517th power of supercooling, which suggests that the impact of supercooling on the nucleation rate
is much weaker than on the growth rate.

4.3. Ice Crystal Size

The average particle size of ice crystals was observed in 3% ethylene glycolaqueous solution at
stirring rates of 200, 300 and 400 rpm, respectively. The results are shown in Figure 10. Under different
stirring rates, the average particle size of ice crystals is 45.95, 44.04 and 44.18µm with a standard
deviation of 6.89, 7.08 and 6.55 µm, respectively. Obviously, the average particle size of ice crystalsis
less affected by the stirring rate. In theory, the mixing breaks the ice crystals into smaller particles.
Meanwhile, these existing ice crystals are subject to agglomeration and Ostwald ripening effect, which
increase the size of ice crystals. When the crushing effect is equivalent to the agglomeration and
Ostwald ripening effect, the average particle size of ice crystals is generally not changing with the
stirring rate.
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The average particle size of ice crystals was observed in 1%, 3% and 5% ethylene glycol aqueous
solution respectively and the results are shown in Figure 11. The average particle size of ice crystals
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decreased significantly alongside the initial concentration of ethylene glycol. The characteristics of
the particle size of ice crystals in the ice slurry prepared by the scraped-surface method have been
addressed in previous works, and the particle size of ice crystals was also found to decrease as
concentration increased. This phenomenon can be explained as follows: the addition of ethylene
glycol reduces the diffusion coefficient of water molecules in the aqueous solution. At the same time,
the hydroxyl groups contained in the ethylene glycol molecule can form hydrogen bonds with the
water molecules and break the hydrogen bonds between water molecules. In this way, ethylene glycol
can inhibit the growth of ice crystals to a certain extent and refine the particles. The greater the content
of ethylene glycol, the more pronounced the inhibitory effect is.
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5. Conclusions

A systematic investigation is carried out to determine the thermodynamics and kinetics behavior
of ice slurry crystallization in vacuum. The following conclusions can be drawn from the experiments:

(1) A new term, “supercooling crystallization pressure difference” or ∆p, was established to
characterize the supercooling degree. In addition, the effect of several parameters including
additive concentration, cooling rate, and stirring rate on the instantaneous supercooling degree
during crystal nucleation under vacuum environment were studied. These results show that the
stirring rate has little effect on supercooling, the increase of cooling rate causes the increase of
supercooling degree, and increasing initial concentration can reduce the supercooling degree.

(2) The kinetic mechanism underlying the nucleation process of ice crystals was illustrated.
The equations of nucleation rate and growth rate were established. The study found that the
increase of suspension density and stirring rate could not improve the nucleation of ice crystals.
Meanwhile, the optical method of accelerating nucleation and growth is to increase the degree
of supercooling.

(3) Stirring rate has a negligible effect on the average particle size of ice crystals. Ethylene glycol can
inhibit the growth of crystal to a certain extent and reduce the average particle size.

Summarizing, the research of this article reveals the supercooling condition of ice slurry
crystallization and the rules of nucleation and growth of ice crystals, as well as enriches the morphology
study of ice crystals. Therefore, this study will be helpful in the design and control of industrial
ice making.
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