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Abstract

The objective of this study was to investigate the changes in ice dendrite size during freezing process in gelatin matrix as
a model food system in order to provide mathematical relation between freezing condition and ice dendrite size. Gelatin gel
as a model matrix was frozen in unidirectional Neumann’s type of heat transfer. The thermograms’ analysis allowed to
determine the freezing temperature of the sample, the position of the freezing front versus time, and thus, freezing front rate.
The morphology of ice dendrites was observed by scanning electron microscopy after freeze-drying. We observed that the
means size of ice dendrite increased with the distance to the cooling plate; however, it decreased with the cooling rate and
the cooling temperature. In addition, the shorter durations of the freeze-drying process was shorter decreeing the decreased
the freezing front rate, resulted in their resulting in a larger pore size of the ice dendrite pores for the sublimation channel of

that operate as water vapor sublimation channels. From these results, we could derive a linear regression as an empirical
mathematical model equation between the ice dendrite size and the inverse of freezing front rate.
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Introduction

In the field of food industry, the freezing process has vari-
ous advantages that prolong the shelf-life, minimize the
physico-chemical denaturalization, and prevent contamina-
tion of microorganism (Reid, 1990). These treatments can
restrain the proliferation of microorganism in consequence
of the diminution of water activity for the microorganism.
However, it entails inevitably the formation of ice crystal by
phase transformation of water, which is a main target in the
freezing step. The structure and shape of ice crystal as well
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as their ice dendrite size in the frozen food have a great
effect on the rheological properties of food products and the
processing characteristics (Bevilacqua ef @l., 1979; Bomben
et al., 1982; Miyawaki et al., 1992; Tamon et al., 2001; Choi
etal., 2004)

Consequently, textural quality of frozen foods is strongly
related to freezing process conditions which affect the for-
mation of ice crystal size. In general, the size of ice crystal
within food changes their mechanical and chemical struc-
ture. Many researchers have reported that in case of slow
freezing rate for cells, the ice crystal begins to form from the
extracellular, and then their growth of ice dendrites lead to
be mechanically damaged (Cho, 1994). On the contrary, the
fast freezing rate provokes a formation of small ice crystal in
the extra- and intracellular cells, resulting in less damage of
cell survival (Miyawaki et al., 1992; Bevilacqua et al,
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1979). Experimentally, it is well known that fast freezing
gives small and numerous crystals, whereas a slow freezing
gives large and less numerous ice crystals. Therefore, con-
trolling of freezing conditions (e.g., initial temperature,
freezing rate, and etc) remains as major challenge in reach-
ing the convenient and the conservative nutrition in the fro-
zen food.

The selected gelatin as a model] system is a high mass
molecular hydrophilic protein obtained from by hydrolysis
of insoluble water collagen. It can be mainly gained from the
animal skin or bones such as beef and pork. Gelatin is pri-
marily used as a gelling agent (Cho, 1994) forming transpar-
ent elastic thermoreversible gels on cooling approximately
below 35°C, which dissolves at low temperature to give ‘melt
in the mouth’ products with useful flavor-release. In addi-
tion, the amphiphilic nature of the molecules endows them
with a useful emulsification (e.g. whipped cream) and foam-
stabilizing properties (e.g. mallow foam). The other main
advantage of the gelatin gel is its good transparency in an
unfrozen state which allowed us to observe the crystalliza-
tion phenomenon during the freezing stage (Cho, 1994).

Our experiments were carried out with gelatin gels in
order to study microscopic structure and thermophysical
properties. A freezing apparatus has been designed to ensure
a step for temperature change for unidirectional heat transfer
(Neumann’s conditions). The ice crystal sizes were mea-
sured on the freeze-dried sample. Therefore, we analyzed
the relation of ice crystal size depending on the process of
the freezing step in the gelatin model systems, and then, with

these results, the change of the primary ice dendrite size was
represented mathematically.

Materials and Methods

Sample Preparation

3% gelatin (Shinyo Pure Chmicals Co., Tokyo, Japan)
solution was heated at 50°C until dissolved completely. This
gelatin solution was then cooled down at the room tempera-
ture to obtain a gel form.

Freezing Apparatus

A freezing cell, similar to the one previously used by Woi-
net et al. (1998a), was thermally made of a 200 mm diame-
ter acryl glass cylinder and a very thin flat bottom copper;
the whole experimental device was designed to ensure one-
dimensional heat transfer (Neumann’s Model, Fig. 1) and a
temperature changed step from the initial temperature to the
cooling temperature. The sample exchanged heat principally
with the copper plate, in one-dimensional heat transfer
mode. Thermocouples were regularly placed at different lev-
els {position of thermocouple from the bottom copper = 5,
10, 15, and 20 mm) on the symmetry axis of the freezing
cell parallel to the isotherm planes. An acquisition device
recorded the thermograms (Yokogawa, Japan).

Freezing and Freeze-drying Process
Frozen cylindrical samples were then freeze-dried in a lab-
scale freeze-dryer (consisted of chamber, cold trap, vacuum
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Fig. 1. Schematie diagram of the experimental apparatus for freezing and freeze-drying. A: freezing cell, B: data logger, C: acqui-
sition device and computer, D: valve, E: cryostat and control unit, F: cold trap, G: vacuum pump, H: digital monometer.
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pump, pressure gage, and digital monometer) at a maximum
pressure of a 5 Pa (Fig. 1). The cold trap temperature was
hold at -80°C and the pressure level was measured by digital
manometer. Latent heat for sublimation was provided by
radiation from the plates maintained at 25°C. The samples
were frozen unidirectionally from the bottom at -30, -24,
-18 and -12°C (cooling temperature, T,), respectively and
then freeze-dried under vacuum. During the freezing and
freeze-drying process, the temperature profiles of gelatin
matrix were measured. From these data, we calculate the
freeze-drying time by the ending point of drying time when
the sample temperature became increased and reached at
constant temperature. When the freezing front reached the
position of a thermocouple, it corresponded to a breakdown
of the slope’s value on the thermogram. Thus, from the data-
base, the time at which the front reached each thermocouple
was determined (Woinet e al., 1998a).

Ice Dendrite Size and Morphology Analysis
Solid material after freeze drying was separated from the
acryl-glass cylinder while maintaining its shape (Fig. 2). The
freeze-dried samples were cut vertically at the half of each
thermocouple height (2.5, 7.5, 12.5 or 17.5 mm) with a thin
cutter. The frecze-dried samples were polished and sputter
coated (E-1010, Hitachi, Japan) with a thin gold layer (13
mA, 93.3 Pa, 70 s). The samples were transferred under vac-
uum into a scanning electron microscope (Model S-3000N,
Hitachi, Japan) where they were viewed and photographed.
The size of ice crystals was characterized by determining the
pore size left after freeze-drying the samples. The ice crystal,
or in fact the pores, were measured by the means of the
semi-automatic image analysis software (PPM, Arndt and
" Baumgartel GmbH, Bremen, Germany). The software was
measured the size L, according to a corresponding previous
calibration. For each slide, approximately 100 up to 300 crys-
tals were measured, so giving the crystal size distribution.
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Fig. 2. Schematic diagram of directional solidification.

Results and Discussion

Freezing Front Rate and Time

The analysis of the thermogram recorded during the each
freezing experiment gave us the exact freezing conditions,
the position of the freezing front versus time, and the freez-
ing front temperature. As pointed out previously, the freez-
ing front location was determined from the thermograms’
slope discontinuity. The freezing front temperature was the
thermocouple temperature at the slope breakdown level.

The initial freezing front position was plotted at Fig. 3 on
the time square root as a function of cooling temperature.
All the results showed a linear relationship between the
freezing front positions, noted s, and ** in agreement with
the Neumann heat transfer model. Consequently, these plots
could be interpreted by the following correlation:

s=ax®+b ¢))

where a and b represents a freezing front rate constant as a
slope and the intercept. This constant of slope decreased
depending on increasing the freezing rate, where the cooling
temperature decreased (Table 1) as previously observed by
Woinet et al. (1998b). Therefore, it can be concluded that the
overall freezing phenomenon was principally controlled by
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Fig. 3. Freezing time square (/*°) as a function of the front
location (s) at different cooling temperatures.

Table 1. Parameters a and 5 of the relationship between freez-
ing front time, £*°, and the distance, s, by linear
regression such like, s = a x t ** + b, a: slope, b: inter-
cept, and R: correlation coefficient

Cooling temperature

0 A b R
-30 0.9246 10.8401 0.9961
24 1.1064 11.8669 0.9965
-18 1.4185 12,5657 0.9992
-12 1.8934 14.7251 0.9994
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Fig. 4. Freezing front rate (v) as a function of the front loca-
tion (s) at different cooling temperatures.

the freezing rate {heat transfer).

The freezing rate (n) was calculated from the temperature
profile during freezing process as pointed out by Woinet et
al. (1998). According to Fig. 4, the maximum freezing rate
was calculated about 1.98x10™ m/s on position 5 mm at 7, =
-30°C, and the minimum freezing rate was 0.83x10°® m/s nv/
s on position 20 mm at 7. = -12°C (Fig. 4). The cooling tem-
perature was lower; the freezing front rate was higher in the
same distance of thermocouple. Furthermore, depending on
the distance from the bottom, the freezing front rate
becomes faster at same cooling temperature, It could be sup-
ported by Woinet ef al. (1998a; 1998b) that the freezing
front rate is related to the temperature gradient in the frozen
zone and to the front rate. Therefore, the gradient between
the sample temperature and the cooling temperature during
freezing process relies on the freezing time, that is, the rate
of heat transfer and driving force of cooling temperature.

Thus, this freezing front rate, v, was calculated by deriva-
tion from the experimental curves s = f{¢} at different freez-
ing front positions (Faydi er al., 2001). As expected, we
observed that for a given cooling temperature, the freezing
front rate decreased with the distance to the cold wall, and
secondly, for a given position, this freezing front rate
increased when the cooling temperature decreased (Fig. 4).

Freeze-drying Time

In order to investigate the relationship between the cooling
temperature T, and the freeze-drying time £, we represented
mathematically the relation by linear regression (Fig. 5),
such as

ty=a T +b )

As shown in Fig. 5, the higher the cooling temperature, the
shorter the freeze-drying time. Min (1994) and Kuprianoff
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Fig. 5. Influence of cooling temperature on freeze-drying
time in gelatin matrix.

(1962) have observed experimentally the same tendency as
in our case, where the time of freeze-drying was longer
according to the faster freezing rate in foodstuff. The freeze-
drying time was for 27 hours at -30°C of cooling tempera-
ture. By contrast, it took 18 hours to finish the process of
freeze drying at T, = -12°C. The fast freezing process
requires more time for the sublimation during freeze-drying.

Our model system is a kind of unidirectional heat transfer
system to form the ice crystal finger, which means that this
ice channel is a route of transformation from the ice to the
vapor during freeze-drying. So, the ice crystal size affects
the resistance of sublimation of freeze-drying. In general, the
small ice crystal is formed during fast freezing process.

It is empirically known that a quick freezing gives small
crystals whereas a slow one gives larger crystals. Several
authors (Kuprianoff, 1962; Bevilacqua ef a/., 1979; Bomben
and King, 1982) have proposed a simple relationship
between the crystal size and the operating conditions, but no
complete theoretical analysis has been yet developed.

lce Dendrite Size Analysis

After cutting vertically the freeze dried sample, we mea-
sured the ice crystal size of the center of each position of
thermocouple (2.5, 7.5, 12.5 and 17.5 mm).

Influence of cooling temperature

This parameter which determined the freezing front rate
was varied between -30 and -12°C by using the cryostat, and
all other parameters maintained constant. As presented in
Figs. 6 and 7, the distribution of ice crystal size at 7, = -30°C
was smaller and steeper slope than at 7, =-12°C. These fig-
ures showed that there was a progressive enlargement of the
ice crystal size when the freezing front rate (i.e., the cooling
temperature) decreased. Martino e al. (1998) reported an
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Fig. 6. Influence of the axial position at -12°C (upper) and -
30°C (below) on evolution of ice crystal size.

increase of the mean ice crystal sizes regarding the influence
of cooling parameters with beef when the cooling rate
decreased.

Influence of axial position

The axial position of the thermocouple, corresponded to
the distance to the cooling plate located at the bottom of the
cooling cell. In a gelatin matrix, the maximum primary ice
dendrite size was 99.94 + 17.21 pm at 17.5 mm and the min-
imum primary ice dendrite size was 30.55 + 4.88 mm at 2.5
mm from the experiment at 7, = -12°C. The maximum pri-
mary ice dendrite size was 44.21 £ 6.59 um at 17.5 and the
minimum primary ice dendrite size was 18.51 + 4.35 um at
2.5 mm from the experiment at 7, = -30°C.

The evolution of ice crystal size with the position in the
gelatine matrix or with the square root of time (Eq. (1)) can
be considered as linear fit. The Fig. 7 presented that the ice
crystal size increased strongly with the distance from the
cooling copper, i.e., when the freezing front rate decreased.
Other authors studied the evolution of the crystalline size

-30°C

100

@
=1
1

4 b o

@
S
1

70

60

50 -

40

Mean size of ice dendrit, L, (um)

0 2 4 6 8 10 12 14 186 18 20
Position, s (mm)

Fig. 7. Evolution of ice crystal mean size (L,) depending on
the axial position (s).

with different materials as a function of heat transfer param-
eters. Bomben et al. (1982) and Miyawaki et al. (1992)
observed experimentally the same tendency as in our case
with foodstuff and with equivalent crystal sizes. From the
results, the ice crystal mean size L,, was calculated by linear
regression in relation of the distance s. Table 2 showed these
parameters as follows:

L ,=axs+b 3)

Finally, the primary ice dendrite crystal size was fitted as a
function of the inverse freezing front rate, I/v of each posi-
tion (Fig. 8). From the measurement of the ice dendrite
mean size depending on the freezing rate, an empirical
mathematical model could be provided as follows:

L,=ax1/nv+b 4)
where, L, = ice dendrite mean size, I/v = freezing rate

inverse, a and b = constants
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Fig. 8. Evolution of the ice dendrite mean size (L,) as a func-

tion of the freezing front rate inverse (1/1) at different
cooling temperature.
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Table 2. Parameters of a (slope), b (intercept) and R from the
linear regression relationship between ice dendrite
mean size (L,,) and distance (s)

Cooling temperature

€O) A b R
-30 1.00 16.50 0.9837
24 1.44 20.10 0.9816
-18 2.66 21.15 0.9496
12 3.98 2245 0.9928

We obtained a linear regression between freezing front
rate inverse 1/v and ice dendrite mean size, L,,. The ice den-
drite size became smaller as the freezing rate increased,
reversely when the freezing rate was slower; the primary ice
dendrite size became larger.

Morphology Analysis

We observed the morphology of the ice crystal size and
the structure of ice dendrite in gelatin depending on freezing
rate by SEM. Figs. 9 and 10 showed that the ice dendrite
size decreased as a function of the freezing rate at the same
distance, besides at the same position, the ice crystal size
increased at high cooling temperature. By the theory of
Tamman, the quick freezing gave small and numerous crys-

tals whereas a slow freezing gave large and less numerous
ice crystals (Bevilacqua and Zaritzky, 1982).

It was shown that freezing process effects the change of
ice dendrite size during freezing process in gelatin matrix.
The primary ice dendrite size became smaller as the freezing
rate increased, reversely when the freezing rate was slower;
the primary ice dendrite size became larger. Finally, we
obtained a linear regression between freezing rate inverse 1/
vand primary ice dendrite size, L,, shown by Eq. (4).
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