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Abstract

A Micro-Slicer Image Processing System (MSIPS) has been applied to observe the ice crystal structures formed in
frozen dilute solutions. Several characteristic parameters were also proposed to investigate the three-dimensional (3-D)
morphology and distribution of ice crystals, based on their reconstructed images obtained by multi-slicing a frozen
sample with the thickness of 5 um. The values of characteristic parameters were determined for the sample images with
the dimension of 530x700x 1000 pm. The 3-D morphology of ice crystals was found to be a bundle of continuous or
dendrite columns at any freczing condition. The equivalent diameter of ice crystals were in the range of 73-169 pm, and
decreased exponentially with increasing freezing rate at the copper cooling plate temperature of —20 1o —80 °C. At the
T.p —40 °C, the volumes of ice crystals were in the range of 4.6x10* pm? to 3.3x 107 pm3, and 36 ice columns were
counted in the 3-D image.

« 2003 Elsevicr Ltd and 1IR. All rights reserved.

Keywords: Solution; Freezing: Ice; Crystal; Formation; Optical system

Cristaux de glace dans des solutions diluées congelées :
mesures en trois dimensions
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1. Introduction

Freezing operations have been used as food proces-
sing technologies such as freeze concentration, freeze-
drying, frecze smashing and freeze texturization. Since
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water is the primary component of foods, freezing of
food involves the phase change of water to ice. The
morphology, size and distribution of icc crystals formed
during the freezing process of foods are fundamental
information to design both commercial plant operations
as well as the quality of final products [1-7).
Observation of icc crystals may be direct or indirect.
Direct observation methods include cryo-scanning elec-
tron microscopy [7), cold microscopy [8-10] and confocal
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Nomenclature

Te copper cooling plate temperature, 'C

R freezing rate, °C h~!

d ice crystal diameter, pm

ML ice crystal major length (major axis). pm
MW ice crystal minor width (minor axis), pm
q heat flux, Jm=3?s

% volume, pm?

laser scanning microscopy [11]. These methods are used
at a temperature below 0 °C by observing ice crystals
directly. Indirect methods such as freeze substitution
[1.12-13]. freeze fixation [16] and freeze-drying techni-
ques [17-21] are based on the hypothesis that the origi-
nal ice crystal morphology is maintained after
substitution and sublimation. However, these techni-
ques still have disadvantages, because the micro-
structures would have changed in the vicinity of the
sublimination process.

Faydi et al. [21]) developed a direct obscrvation
method of ice crystals based on optical microscopy with
episcopic coaxial lighting. They observed ice crystals in
the cold room of =20 °C, and structural discrepancies
were demonstrated between direct and indirect methods.
Their result indicated that conventional freeze-drying
method was inferior 1o direct methods, because of diffi-
culty in maintaining the original structure of ice crystals.

Furthermore, although it is valuable to apply all these
methods for two-dimensional or cross-sectional char-
acteristics such as ice crystal size and distribution, the 3-
D morphology of ice crystals is still unable to analyze
quantitatively. Thus a micro-slicer image processing
system (MSIPS) was developed to reconstruct 3-D
internal images of biomaterials [22]. Do et al. {23] mea-
sured the surface area and volume of a sample of broc-
coli with the MSIPS. Yokota ct al. [24,25]) and Ogawa et
al. [26] applied 3-D internal structure microscopy to
observe the internal structure of several histological
biomaterials and vegetables.

The objectives of the study were to develop a novel
technique to observe and reconstruct 3-D images of ice
crystals and to investigate the effects of freczing condi-
tions on ice crystal size, morphology. volume and dis-
tribution of the ice crystals formed in frozen dilute
solution.

2. Experimental apparatus and procedure
Two types of freezers were prepared for one-dimen-

sional freezing of the samples. Fig. | shows a schematic
diagram of program freczer (TNP87S, Nihon freezer,

Japan). It is composed of a freezer, temperature con-
troller, liquid nitrogen container and a thermo-recorder.
A copper cooling plate was located on the top of the
freezer and its surface temperature T, was controllable
by using an electric heater and a flow rate regulator of
liquid nitrogen in the range of room temperature to
—150 “C. For more rapid freezing, a similar liquid
nitrogen freezer was employed and its cooling plate
temperature was controlled at —190 °C.

The sample holder was placed on the copper cooling
plate equipped on the freezer as shown in Fig. 2. The
holder is a cylindrical paraffin vessel of 8 mm in dia-
meter and 30 mm in height and surrounded by heat
insulator for accomplishing onc-dimensional freezing.
Temperature distribution of the sample was measured
by using needle-type thermocouple probes of 0.3 mm in
diameter made of copper-constantan wires and the
changes in temperatures were monitored with a data
acquisition system (MVI100 Thermo recorder, Yoko-
gawa Electric Co., Japan).
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Fig. 1. Schematic diagram of program freezer.
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Fig. 2. Sample holder for the measuring of the sample
temperature during freezing.



304 S. Ueno et al. [ International Journal of Refrigeration 27 (2004) 302-308
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Fig. 3. Micro-slicer image processing system.

The MSIPS [22-25,27] is composed of a multi-slicing
section to expose the cross-sections of a sample, an
observation section and an imaging section as shown in
Fig. 3. The cross-sectional images of exposed surfaces
after slicing were captured directly with a CCD camera
(DX930, Sony, Japan) through a fluorescent microscope
(BX-FLA, Olympus, Japan), and recorded into a laser
videodisc (LVR-300AN, Sony, Japan). The multi-slicing
section was maintained at —40 °C with an immersion
cooler during observation [27].

To prepare the sample solution, fluorescent Rhoda-
mine B (CagH3 CIN203) and agar were dissolved into
hot distilled water. Final solute content of Rhodamine B
and agar were in the range of 0.02-0.1 and 0.5-1.0
wt.%, respectively.

The copper column located at the lower part of the
holder was used to determine the heat flux across the
bottom sample surface during freezing. The solution
was poured onto a copper column in the sample holder.
When the sample was cooled down to room tempera-
ture, it was located on the copper cooling plate of the
freezer. The temperature of the copper cooling plate was
controlled according the freezing condition for each
sample, and then one-dimensional freezing was carried
out. After freezing, the sample holder was moved into
the setting device of the MSIPS. The sample was con-
tinuously pushed up by the AC servo motor and sliced
together with the paraffin sample holder at the revolu-
tion rate of 60 rpm with the thickness of 5 pm. The
images of 3600 cross-sections were serially obtained per
sample. The recorded 2-D images had 256 gray level

with the resolution of 640x480 pixels (1 pixel=1.]1 um).
The 3-D image was reconstructed based on the volume
rendering method by utilizing 3-D visualization soft-
ware (AVS Express, Advanced Visual System Inc.,
USA) and displayed the internal structure as well as an
arbitrary cross-section of the sample choosing observa-
tion angles.

The morphology of ice crystals was analyzed by the
image analysis software (SPICCA Il TVIP-5100, Nip-
pon Avionics, Japan). The procedure of image analysis
is shown as a flow diagram in Fig. 4. Captured images
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Fig. 4. Flow diagram of image analysis.
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Fig. 5. Freezing curve at T, —120 °C,

were binarized and modified by means of inversion,
crosion and low pass frequency filtration. Each of the
ice crystals is individually labeled and their character-
istic parameters are analyzed. The major length (ML),
minor width (M) and the equivalent diameter of ice
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crystal area (d) were measured and their ratio (ML/
MW) was determined as an index of morphology. The
volumes of ice columns were also analyzed by a volume
analysis software (TRI 3D volume, Ratoc System Engi-
neering Co. Ltd., Japan).

3. Results and discussion

In this section, the typical results obtained were pre-
sented for the samples having solute contents of 0.1
wt.% Rhodamine B and 1.0 wt.% of agar, respectively.

Freezing time and freezing rate (R) were calculated
from the freezing curves that passed through a zone of
maximum ice crystal formation for water. Fig. 5 shows
the freezing curves obtained at T, —120 °C at various
locations of thermocouples. Heat flux (§) was calculated
from both the temperature gradient monitored and
thermal conductivity of a copper column. As shown in
Fig. 5, the final temperature of sample at the distance of
8 mm from the bottom surface was —101.5 °C, and then
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Fig. 6. Cross-section of ice crystals at T, —30 °C (a) and —190 °C (b).
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Fig. 7. Relative cumulative distribution of ice crystal diameter
at T, =40 °C.
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Fig. 8. Ice crystal diameter according to the freezing rate.
Experimental data: (@) and fitting curve (-).
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Fig. 9. The effect of the freezing rate on ice crystal size and
MLMW.

the values of freezing time and the freezing rate were
22.8x107% h and 219.5 "C/h, respectively. Fig. 6(a) and
(b) shows the cross-sectional images of ice crystals at T,
—30 "C and =190 “C, respectively. These images clearly
show the ice crystals and concentrated Rhodamine B:
the former was distinguished by a dark color, while the
latter turns out white. These results demonstrated that
MSIPS allowed observation of ice erystals direetly in a
frozen dilute solution,

A series of 200 cross-sectional images | mm in height
was analyzed to investigate the distribution of ice crys-
tal size. Fig. 7 shows a relative cumulative distribution
of the equivalent diameters of ice crystals at —40 °C.,
These curves were obtained at locations of 3, 8 and 13
mm from the bottom surface, and the number of ice
crystals counted were 3667, 2492, and 1497, respec-
tively. The equivalent diameters  were  increased
according to the distance of the ice crystals from the
bottom surface.

The equivalent diameter according to freezing rate is
plotted in Fig. 8, which was obtained by pooling all the

results. The equivalent diameter of ice crystals were in
the range of 85 169 pm. and then decreased exponen-
tially in increasing freezing rate at T, =20 to =80 "C.
The ratio of mean major length (ML) to mean minor
width (M W) was calculated for obtaining a quantitative
index of morphology. As the ratio approaches close to
unity, morphology can be regarded as circular or cubic.
On the other hand, it would be ellipse or rectangular, 1f
the ratio was far different from unity. As shown in Fig. 9
the values of ML and MW also decreased in increasing
the freezing rate and the ratio (ML/MW) was in the
range of 2.040.5, indicating no significant dependence
of freezing rate on ice crystal morphology.

Fig. 10 shows the 3-D ice crystal morphology at 7,
—120 "C. The scales of the image were 678 pm in length,
473 pum in width and 1000 pm in height, respectively.
Arbitrary cross-section of ice crystal is also shown.
Fig. 11 shows a 3-D image of the labeled ice columns
and three, extracted ice columns at 8 mm from cooling
plate at 7., —40 "C. The scales of the image were 700
pm in length, 530 pm in width and 1000 pm in height,
respectively.

The 3-D morphology of ice crystals was found to
form a bundle of continuous columns or dendrite col-
umns at any freezing conditions, The volume distribu-
tion of the ice columns at T, —40 "C was caleulated
from labeled ice columns shown in Fig, 11, The ice col-
umns summed up to 2.6x10% pm?, which was 69% of
the whole observed volume, 3.7x10% pm*. As shown in
Fig. 12, the volume of ice crystals were in the range of
4.6x10*-3.3x 107 pm?, and 36 ice columns were counted
in the 3-D image.

The proposed method using the MSIPS has demon-
strated various advantages comparing with conven-
tional observation techniques and also provided a new
tool to investigate quantitatively the relationships
between freezing conditions and characteristics of ice
crystals such as morphology. size and distribution.

100[m

Fig. 10. 3-I image of ice crystal and arbitrary cross-section image at 7, =120 C.
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Fig. 11. 3-D image of labeled ice columns at 8 mm from cool-
ing surface (at 7, =40 "C).
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Fig. 12. The volume distribution of ice columns (at 7,
40 °C).

4. Conclusions

The 3-D morphology and distribution of ice crystals
in a frozen dilute solution with agar was analyzed with
the Micro-Slicer Image Processing System (MSIPS).

. The equivalent diameter of ice crystals were in
the range of 73-169 pm, and decreased expo-
nentially in increasing freezing rate at 7, —20 to
—-80 "C.

2. The 3-D morphology of ice crystals was found
to form a bundle of continuous or dendrite
columns at any our experimental conditions.

. The ice columns summed up to 2.6x10% pm?,
which was 69% of the whole-observed volume,
3.3x107 pm?. The volume of ice crystals were in
the range of 4.6x10* 3.7 10% um?, and 36 ice
columns were counted in the 3-D image.

4. MSIPS allowed observation of ice crystals

directly in a frozen dilute solution.
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