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ABSTRACT

Frozen gelatin gels were freeze-dried, then sliced, microphotographed and
analyzed with image analysis software. A mean ice crystal size was determined
at different locations inside the gel for many operating conditions and different
gelatin concentrations with or without ionic solute (sodium chloride). It was
observed that the mean ice crystal size grew proportionally with the distance
from the cold plate. lonic solute addition had a great influence on the mean ice
crystal size. A model based on the principle of the supercooling resulting from
the maximum concentration difference in the interdendritic zone was able to
justify the experimental relationship and to interpret quantitatively these data.
© 1998 FElisevier Science Limited. All rights reserved

NOMENCLATURE
a, Thermal diffusivity of j zone (m2/s)
G Concentration of j component (kmol/m™)
d, Ice crystal size (m)
d,” Mean ice crystal size (m)
D; Mass diffusion coefficient of j component (m?/s)
G, Temperature gradient in the j zone (°C/m)
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Constant of the freezing front rate (m?/s)

Dendritic spacing (m)

Slope of the water-solute liquidus curve (°C.m*/kmol) or (°C)
Interdendritic half distance (m)

Cumulative distribution

Axial freezing front rate (m/s)

Initial freezing front position (m)

Time (s)

Temperature (°C)

Temperature of j zone (°C)

Cooling temperature (°C)

Initial temperature (°C)

Temperature in equilibrium with j concentration (°C)
Initial freezing temperature (°C)

Abscissa in the transverse direction (m)

Abscissa in the heat flux direction (m)

N=NT 2 POT I e

hEb
SR

[N 4

Greek symbols

AC,; Solute concentration difference in the j direction (kg,/m3 )
AT, Supercooling in the interdendritic space relative to AC,; (°C)
AT. Temperature difference ahead of the front relative to AC, . (°C)

7= po/py Unfrozen and frozen zones density ratio
Subscripts

1 Frozen zone
2 Unfrozen zone ;
a Solute (sodium chloride)

Mathematical expression

Fix)=Vr - x - exp(x?) - er fe(x)

INTRODUCTION

It is well known by food technologists that the freezing rate has a strong influence
on the texture of frozen foods, mainly on ice crystal size distribution: low freezing
rates lead to large ice crystal sizes and fast freezing rates give generally small ice
crystal sizes. For natural cellular foodstuffs (fruits, vegetables) bigger ice crystals
involve cellular wall destruction and organoleptic quality losses during the thawing
step. In order to optimize industrial freezing chains on a scientific basis, the aim of
this work was to characterize the ice crystal size of model frozen foods and, then, to
establish a theoretical relationship between the crystal size, the characteristics of the
material and the freezing operating conditions.

There is, however, very few published literature data on these topics, belonging to
alloy solidification systems (Tiller & Rutter, 1956; Rohatgi & Adams, 1967b) or to
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food freezing systems (Bevilacqua et al., 1979; Bomben & King, 1982; Miyawaki et
al., 1992).

The experiments reported here were carried out with gelatin gels, the thermo-
physical properties of which were extensively determined in the first part of this
research program (Woinet et al., 1998). Other unpublished data were obtained with
commercial foodstuffs (ice cream, yoghourt,...) by the same methodology (Woinet,
1997).

ICE CRYSTAL SIZE DETERMINATION
Crystallization phenomenon

Gelatin gels were frozen in a freezing apparatus which ensured a unidirectional heat
flux through the sample in contact with a cooled copper plate (Woinet, 1997). The
crystallization phenomenon inside the sample took place in different steps: during
the first step very few nuclei appeared suddenly on the surface of the copper plate.
Then, during the second step, surface crystallization from these nuclei developed
rapidly all over the copper plate area. Finally, during the third step a plane freezing
front, parallel to the copper plate surface, migrated into the sample away from this
plate, with a freezing front rate noted R. A schematic view of the frozen zone is
presented below on Fig. I:

— A slice parallel to the heat flux showed a cellular morphology of the ice
crystals: this structure was characterized by ice fingers parallel to the heat flux and
separated from each others by concentrated dry matter. The size of these fingers
increased with the distance from the cooling plate at the expense of others which
stopped to grow.

— A slice perpendicular to the heat flux showed sections of ovoid shape.

interdendritic zone

ice

exchange surface

Cut parallel to the heat flux Cut perpendicular to the heat flux

Fig. 1. Schematic structurc of the model gel in the frozen state.
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As was adopted by previous authors, it was assumed for a morphological reason
that the crystal size, noted d,,, which will be measured, corresponded to the width or
to the minor diameter of the ovoid section (Bevilacqua ef al., 1979; Miyawaki er al.,
1992). It is important to note here that generally the water all through the sample
crystallized from very few nuclei, or even just from a single one. So, in this last case
we could consider that the frozen sample was constituted by one single crystal; thus,
it could seem incorrect to speak about crystal sizes. This d,, value would be defined
in fact as an ice segregation degree within its interdendritic zone. Furthermore, that
could probably mean that nucleation kinetics had no significant influence on the ice
crystal size d,.

Methodology of ice crystal size characterization

When the sample was completely frozen, the main problem was to set up an ice
crystal size characterization methodology. Bomben and King (1982) observed the ice
crystals directly on a scanning electronic microscope. This solution was rejected
because of its high cost.

Firstly, the glutaraldehyde fixation method was chosen (Miyawaki er al., 1992).
This method consisted in immersing the frozen sample into a cold 4% glutar-
aldehyde water solution. This dialdehyde migrated into the thawing sample and
created covalent bridges between the gelatin chains. So, the concentrated dry matter
structure was maintained and then could be observed at ambient temperature.
Nevertheless, this method proved to be suited only for products with high protein
concentrations and was affected by several technical problems.

Then, the freeze-drying method, which is commonly used by authors working on
freeze-drying studies (Kochs et al., 1993; Sagara & Ichiba, 1994), was chosen. When
the freezing step was achieved, a vacuum chamber was put all around the freezing
cell. A vacuum pump and an ice trap with a cooling device maintained at —50°C
were used to recover the condensed water vapor. The other cooling device was used
to bring heat to the sample to promote the sublimation (Woinet et al., 1998). At the
beginning, its temperature had to be just below the vitreous transition temperature
of the sample to avoid ice melting and collapse effects. Then, at the end of the
drying process, this temperature was progressively increased to 40°C, to eliminate
most of the adsorbed water, and to be sure to recover a vitreous state dry matter.
After two or three days, the sample freeze-drying was finished. A dry sample
weighing was used to check that the sample contained a low percentage of water,
namely below 10% (dry basis). So, the structure of the concentrated dry matter as
in its frozen state was recovered, if it was assumed that the pores replaced ice
crystals. This freeze-drying method was well suited to low concentrated gelatin gels,
thus limiting its application field, but it could be applied to others types of model
foods or even foodstuffs (Woinet, 1997).

Then, the freeze-dried sample was cut in thin slices parallel to the copper plate
with a thin cutter. Each slice was photographed with a stereomicroscope (Carl Zeiss,
SV-6). The ice crystals, or in fact the pores, were measured by the means of the
semi-automatic image analysis software (PPM, Arndt and Baumgartel GmbH). It
consisted on projecting each slide on a graphic tablet driven by the computer; a
graphic mouse allowed the identification of each crystal with four points, the small
and the large diameters. Then, the software measured the size d,,, according to a
corresponding previous calibration. For each slide, approximately 100 up to 500
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crystals were measured, so giving the crystal size distribution. These distributions
were fitted with the Rosin, Rammler, Spering and Bennet (R.R.S.B.) distribution
function, which yielded the mean size d,*. This mean size was equal to the size
corresponding to the value 0.632 of the cumulative distribution.

RESULTS AND DISCUSSION

Examples on Fig. 2 show the crystal size distribution at five positions for a typical
experiment, and the corresponding R.R.S.B. distribution profiles. Two mean obser-
vations could be made for all the experiments realized:

— the mean size d,,* increased with the distance from the copper plate;
— the width of the distribution increases with the distance from the copper plate.

In the case of gelatin gels without salt (Woinet er al., 1997; Woinet et al., 1996),
the main following observations could be made (Fig. 3). Firstly, there is approxima-
tely a linear relationship between the mean ice crystal size d,,* and the axial position
z. For the same gel composition (2% gelatin) and the same initial temperature 7.
the lower the cooling temperature 7;, the lower the mean size at a given position,
and the smaller the ‘thickening’ coefficient corresponding to the slope of the linear
regression line. In the case of the freezing by liquid nitrogen (77 = —185°C), the
mean size was practically the same all along the axial position z, so the frozen
structure was more homogeneous than with a higher cooling temperature. An
cxperiment had been made with a higher initial temperature (19.7°C). This different
value involved a different gel behaviour not only because of the modified heat
transfer, but also because of a different microscopic structure of the gelatin network.
At room temperature, the ripening was slower than at a lower temperature, and so,
the junction areas were less numerous but longer, which gave different gel rheo-
logical characteristics. As previously indicated (Woinet et al., 1998), the initial
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Fig. 2. Crystal size distribution for five axial positions: fine black curves: R.R.S.B. function.
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Fig. 3. 2% gelatin gel frozen at several cooling temperatures 7.

temperature had an important influence on T, values due to this phenomenon. So,
despite the control of the ripening time of the gel before freezing, it was not
possible to study the influence of the initial gel temperature on the ice crystal size
because of the influence of the mechanical properties. Concerning the composition,
it was not possible to study extensively the influence of the gelatin concentration,
because experimentally, it was pretty difficult to freeze-dry gelatin gels more concen-
trated than 2%.

In the case of gelatin gels with salt we observed also a linear relationship between
d,* and z (Fig. 4), with an intercept which is notably different from zero. We do not
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Fig. 4. Crystal size evolution in 2% gelatin gel with 1% NaClfor several operating conditions
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have, at the present time, any satisfactory explanation of this fact. The comparison
of the ordinates of Figs 3 and 4 showed the great difference between the mean
crystal sizes in gelatin gels without salt, between 20 and 100 gm, and in gelatin gels
with salt, between 100 and 600 ym under the same range of conditions. The salt
addition lead to a considerable increase of the crystal sizes.

MODELLING
Supercooling resulting from the maximum concentration difference

The model was based on the principle of the supercooling resulting of the maximum
concentration difference in the interdendritic zone (Rohatgi & Adams, 1967a.b). In
a general case, the model food system was considered as a mixture of water, solute
and gel. It was assumed that the gelatin mass diffusion inside the gel was not the
limiting step and that the gel network inhibited any convection effect. The system
had an ecquilibrium diagram with a straight liquidus line of slope —m. The water
was assumed to crystallize in a temperature interval and with a cellular morphology.
as shown in Fig. 5. The cellular tips corresponded to the initial freezing front (z = ).

Consider two adjacent crystals, the tips of which were separated by the dendritic
spacing named L, and were schematized by vertical and plane plates. These plates
were getting thicker during the cooling, and so rejected the solute into the center of
the interdendritic region in the y-direction. This phenomenon created solute concen-
tration gradients inside this interdendritic zone. Temperature gradients in this
direction were neglected because of the very slow crystallization process, and
because the heat diffusivity value was very high compared to the mass diffusivity

z,C, R : L : unfrozen zone

-
4
v

interdendritic crystallization
zone zone
frozen zone
0 — L- , >
. . y
Ve

heat flux direction
Fig. 5. Aqueous system freezing with a celiular morphology.
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value. Thus, if we considered that the solid-liquid phase change at the interface
took place at the thermodynamic equilibrium, all the interdendritic zone was in a
metastable state due to a Jower solute concentration than at the interface. So, a
situation of supercooling existed. The maximum solute concentration difference
Ac,, between the interface and the center of the interdendritic zone involved a
maximum supercooling Af,, given by the linear thermodynamic relationship:

AT,=m-AC,, (1)

From the second Fick’s law Rohatgi and Adams (1967a,b) showed that AT, could be
expressed as follows:

p> dT
2D, dt

AT, = (2)

where p is the half distance between two adjacent ice crystal plates and D, is the
solute mass diffusion coefficient. To adapt this equation at the position of the initial
freezing front, that expression eqn (2) could be written:

L2 dT
8D, dt |z=s

AT, and D, being constant, the dendritic spacing L appeared to be directly related
to the cooling rate. Besides, this cooling rate was equal to the product of the
temperature gradient GG, in the frozen zone at the position s~ by the axial freezing
front rate R. Then a direct relationship was obtained between the dendritic spacing
L and the product G; *’R "% (Bomben & King, 1982). Furthermore, it had been
shown experimentally that the thermal gradient could be considered constant all
through the crystallization and the frozen zones. Thus, taking into account the
variation of the freezing front position s = f(t) (Woinet ef al., 1998), G, was given by
this simple expression:

AT, =

@)

Tm - Tl Tm - TI
G, = L (4)
s—0 vkt

R was obtained by derivation of s as a function of time:
R=—=——— (5)

In the case of a low amount of dry matter, the final size of the crystal d,, was
practically equal to the dendritic spacing L. Thus, by combining eqns (3)~(5) the
following equation was obtained:

16 - AT, - D,
d,xL=s.- | ————— =5 Constant (6)
k- (Tm—TI)

The term under the square root could be considered constant during a freezing
experiment. Thus, a direct and linear relationship between the crystal size d,, and
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the position s was obtained, as observed experimentally. The intercept, which is zero
for eqn (6), was different from zero experimentally. This was probably due to non
perfect Neumann conditions during the experiments. It was also observed that the
data obtained with gels without salt agreed with the model, even if this model
assumed a progressive crystallization in a temperature interval, which is not the case
for this system.

Model validation

To express the supercooling A7, as a function of known parameters, it was assumed
that the concentration differences between the cellular tip and the center of the
interdendritic zone, in the y-direction, and between the tip and the bulk unfrozen
zone, in the z-direction, were equal. This hypothesis implied the equality between
the supercooling AT, and the temperature difference AT. proportional to AC,, .:

AC,,=AC, =AT =AT. (7

The main problem was to determine the concentration difference which existed
ahead of the freezing front, that is to say, to evaluate the solute accumulation at the
level of the crystal tips. Kérber (1988) and Kourosh er al. (1990) showed experi-
mentally that in the case of solidification of alloys and of aqueous solutions this
concentration difference was very low or even negligible. Thus, it was assumed that
AC, . had the minimal possible value so that we were in the limit between the plane
and the cellular morphologies. This principle was commonly named ‘the condition
of marginal equilibrium’ (Fig. 6) (Worster, 1986). The limit between both morpholo-
gies could be described by Rutter and Chamlers instability criteria (Eustathopoulos
et al., 1988): in these conditions the temperature gradient and the temperature
gradient in equilibrium with the concentration gradient, just ahead of the freezing
front, were equal:

Ca’Tvy

concentration profile

cellular ;’ce ahead of the front
crysta
interdendritic actual temperature
zone {38 > profile
heat flux < temperature profile
"""""""" at equilibrium
copper plate  — — unfrozen
T ———R Z0ne
! " —
z=0 Z=S z

Fig. 6. Rutter and Chalmers’ instability criteria.
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The combination of eqn (8) with the heat transfer presented in the previous paper
(Woinet et al., 1998) lead to the following AT, expression:

D, FINkI(2yN' D))

AT_\' = (Tll - Tm) : — — (9)
a» - FINkI(2y~ as)]
and to the final expression relating d,, and the axial position s:
16-D Ty—Tw  FINKIQyVD,
dy=s- f u"Tm TV v D) (10)
keay Tu—=Ti - FIVkI(2y Vay)]

A purely theoretical study of this expression eqn (10) is presented on Fig. 7. The d,/
s ratio value, equivalent to the ‘thickening’ coefficient, was calculated as a function
of the freezing operating conditions for a given composition. It was observed that
this ratio is very small for low cooling temperatures and increased regularly with
higher T values. So, the lower the cooling temperature, the weaker the size increas-
ing versus axial position, and the smaller the ice crystal size. Furthermore, the
higher the initial temperature, the greater the ratio value. This ratio sensitivity was
very important when 77 and Ty, are close to T,, temperature and decreased other-
wise. The conclusions which could be made with this model justified the main
empirical rules, i.e. that the freezing of a product, initially maintained at a tempera-
ture close to its freezing temperature, with a low cooling temperature gave the best
quality. Contrary to other published models (Miyawaki et al., 1992), this more
advanced modelling took into account the influence of the gel initial temperature.
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Fig. 7. dp/s ratio value as function of 7} and Ty, for a given composition.
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The model validation was achieved by estimating the diffusion coefficient values
from the data obtained in the freezing experiments (temperatures, constant of the
freezing front rate, thermophysical properties) (Woinet et al., 1997). The D, values
are plotted on Fig. 8 as a function of Ty, because, as shown by eqn (3), this
elementary process takes place at the initial freezing front.

Concerning the experiments with salt, the results were in a range close to values
given by the literature: 1.29 x 10~ % m%s (O’Callaghan ez al., 1980) or 0.78 x 10" m%/s
(Wollhover et al., 1985). Furthermore, these values seemed to increase regularly
with T, which was in agreement with the classical literature equations for diffusiv-
1ty.

Concerning the experiments without salt, all results were gathered together
around a mean value of approximately 0.2 x 10~ m?/s, but it was difficult to give a
physical interpretation of this result, principally because the condition of marginal
equilibrium was normally not adapted to gelatin gels without salt.

CONCLUSION

Freezing experiments on gelatin gels with or without sodium chloride showed that
the ice crystals adopted a cellular morphology. With heat transfer close to Neumann
conditions, ice crystals increased proportionally with the distance from the cooling
plate, the ‘thickening’ coefficient depending on composition and on freezing operat-
ing conditions. The salt addition lead to a considerable increase in the crystal size.
An analytical relationship, based on the principle of the supercooling resulting from
the maximum concentration difference in the interdendritic zone, was able to inter-
pret the experimental results. With the hypothesis of the condition of marginal
equilibrium, the final model was established and confirmed the main empirical rules
concerning the influence of the initial temperature and of the cooling temperature
on mean crystal size, i.e. on frozen food texture. Furthermore, this model was
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validated by comparing the solute mass diffusivity values estimated from the model
and found in the literature. This new model, contrary to previous models, took into
account the influence of the initial food temperature. Besides, as shown by unpub-
lished data, it proved to be also suited for interpreting experimental data with
commercial foodstuffs (yoghourt, ice cream,...).
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