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Abstract-An analysis of solute redistribution in binary aqueous salt solutions during unidirectional freezing
with a planar solid-liquid interface is presented. A cryomicroscope was equipped with a specially designed
freezing stage yielding a well-defined temperature distribution and interface propagation kinetics similar to
large systems of plate-like geometry. A microscope spectrophotometer was attached for concentration
measurements by means of transmitted light. Aqueous solutions of NaMn04 , exhibiting a maximum
absorption at 525 nm and having a phase diagram, as wellas mass diffusion properties, very similar to NaCI in
water, were used as sample solutions. A major advantage of the method is the combination of quantitative
measurements and observation allowing a visual control of the shape of the ice front, and hence of the
transition from planar freezing to higher structures. Photometric scans ofconcentration profiles wererecorded
during one-dimensional freezing with interface propagation rates between I and 10Jtm s -I. It was shown that
the 'steepness' of the concentration distributions increased with both time and growth velocity. During the
initial transient, the results agree wellwith amathematical model describing pure mass diffusion at constant ice
front velocity. Instabilities of the planar interface resulting in dendritic breakdown always occurred before

eutectic or steady-state conditions were reached.

r\O:\IE"'CLATURE

B cooling rate [K min - 1]
C concentration [mole fraction or wt %]
D mass diffusion coefficient [em? S-I]
E activation energy [J mol-I]
F . area of thermal contact [m"]
k thermal conductivity [W m-I K -I]
k* distribution coefficient
P electrical heating power input [W]
R universal gas constant [J mol- I K -I]
t time [s]
T temperature [K]
V heated glass volume [rn"]
x space coordinate (measured from the plane

of symmetry of the freezing stage) [mm]
x' space coordinate in frame of reference fixed

to interface [mm]

Greek symbols
o: heat transfer coefficient [W m - 2 K -1]
~ interface position [mm]
~ interface velocity [jrm S-I]

Subscripts
Cu copper surface
F freezing
eut eutectical
o initial
r reference value
R edge of slit

I. I"'TRODUCfION

HEAT and mass diffusion problems with a moving
boundary separating two regions ofdifferent properties

play an important role in many physical, chemical,
biological and engineering problems. Some important
examples are melting and solidification, penetration of
liquids into polymers, oxygen absorption in biological
tissue, or filtration processes and transport across
membranes. The complexity ofsuch problems is mainly
due to the conditions prevailing at the moving interface,
for instance the liberation or consumption of latent
heat, or the rejection or incorporation of certain
species. In many situations, the position of the
advancing interface is not known a priori but is
determined by the heat and mass transport mechan­
isms and properties of the surrounding materials. The
literature concerning such problems is extensive­
reviews and surveys can be found in refs. [1-8].

The background and motivation for the investi­
gation presented here is the freezing process in biologi­
cal cell suspensions for cryopreservation purposes, but
the results may also be of interest for related metallur­
gical problems involving alloy properties, crystal
pulling and solidification processing.

In biological suspensions, crystallization is generally
initiated in the extracellular medium surrounding the
biological cells [9-11]. Ice formation in the suspending
solution always induces changes in the composition of
the residual liquid. The cells exposed to these altered
conditions are particularly sensitive to the increasing
electrolyte concentration which may eventually
become lethal [12]. These conditions and the osmotic
reaction of the cells have been analyzed in detail for
many cases under the assumption of extracellular
equilibrium [10, 13-15]. For incomplete diffusion
within the suspension medium, however, such
investigations' have not yet been published. This lack
seems to be due to the difficulties arising when the
required liquid and solid temperature and concen-
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tration distributions in space and time are to be
established. Although numerous theoretical ap­
proaches to such coupled problems have been
presented [2, 16-21], the results cannot be directly
applied to the situation considered here. In most of
these cases, simplifying assumptions had to be
introduced to enable the problem to be treated
mathematically, thus restricting the applicability to
situations which may not occur in practice .

Experimental studies, on the other hand, are
comparatively rare, probably because of the difficulties
associated with the investigation of both heat and mass
dilTusion in systems undergoing a phase transition and
simultaneous control and analysis of interface
morphology and propagation kinetics . As far as we
know, concentration profiles in freezing salt solutions
have been measured in very fewstudies up to now [22­
25]. Unfortunately, these studies did not analyze the
structures and instabilities of the advancing ice-liquid
interface, presumably because the experimental set-up
in combination with the methods applied (con­
ductometry, interferometry, and radioactive tracers)
was not suitable. In view of the governing role of the
interface morphology with respect to the solute
rejection mechanism, the value of the results obtained
with these methods appears to be rather limited. It also
seems dubious to apply l-dim. models to a possibly
multi-dimensional problem. On the other hand, a
number of authors did control or analyze the shape of
the solidification front and also the transitions between
the variou s morphologies. Those who performed
dynamic measurements [26-29] only employed pure
substances , however, and did not investigate solute
rejection and chemical interface instabilities .

The aim of this study was to establish a combined
experimental technique filling the gap between
analyses of solute redistribution during freezing
without precise control of the interface morphology
and the reverse case. It seemed appropriate at first to
limit this study to binary aqueous salt solutions and the
solidification ofonly one component, namely ice.These
limitations are not too rigorous to alTect any
application to biological cells, since many types of cells
can be suspended in so-called physiological saline (0.56
mol% NaCl in H20) without causing irreversible
damage, as lethal concentrations [12J arc far below the
eutectic point. Generally, two dilTerent types of ice
formation can be distinguished: planar or l-dim,
freezing with a plane solidification front on one hand,
and on the other hand cellular and dendritic crystal
growth with needle-shaped or tree-like structures
('dendrites'). Both types of solidification require
dilTerent experimental (and, of course, theoretical)
approaches. This contribution deals with plane front
freezing only. Interface instabilities and non-planar
crystalli zation are treated elsewhere [30].

2. EXPERIMENTAL SET-UP

The experimental technique used here essentially
evolved from the so-called cryomicroscope [31-33J, i.e.

a light microscope equipped with a freezing stage
allowing controlled cooling and warming as well as
simultaneous visual observation of the sample. The
most important advantage as compared to other
experimental approaches [22-25J, is that this method
ensures permanent control of the interface mor­
pholo gy, which is of fundamental importance to the
process as outlined above. In order to measure
concentration profiles, however, additional experi­
mental methods had to be combined with the
cryomicroscope.There are a number ofpossibilities for
measuring salt concentrations with high spati al
resolution, e.g. interferometry [22, 23J or con­
ductometry [24]. The quantities to be measured , i.e.
index ofrefraction or electrical conductivity, vary with
both temperature and concentration in salt solutions.
The discrimination necessary to determine the
distribution of one quantity from the other imposes
considerable problems [22-24J. It was, therefore,
considered preferable to measure a dilTerent quantity
related to concentration, namely light absorption, and
therefore a spectrophotometer was combined with the
cryomicroscope. The major advantages of th is method
are that it allows visual observation and control, and
the low sensitivity of light absorption to changes in
temperature under the conditions studied. (Within the
range of temperatures applied, the influence was below
the resolution of the system [31].) Furthermore, it
allows spatial resolution down to several ]lm, a fast
response sufficient for on-line measurements, and the
adaption of position and geometry of the measuring
volume to the requirements of each individual
experiment.

Material properties
The material of interest to cryobiological appli­

cations, sodium chloride in aqueous solution, does not
exhibit absorption bands within the visible range of the
spectrum. Hence, NaCl had to be replaced by a model
substance with an absorptive capacity strong enough
for photometric measurements in the thin layers (of
some 10 ]lm) required for light microscopy.
Additionally, the mass dilTusion properties and the
course of the liquidus curve were to be as much as
possible the same as in the NaCl-H20 system. It was
found that sodium permanganate (NaMn04) meets
these requirements quite wel1 [31]. As can be seen from
Table 1, the dilTusion coefficientsof both substances are
practically equal, as is their temperature dependence
according to the relation [31, 34J

Since the eutectic points are also quite close to each
other [35J , NaMn04 represents an excellent model
substance to be used instead of NaCl (Table 1). The
absorption spectrum in aqueous solution exhibits a
maximum at 525 nm with further absorption bands at
506, 545 and 565 nm [31]. Checks of the pro-



Solute polarization during planar freezing of aqueous salt solutions 1243

Table 1

Quantity Unit Ref.

mole fraction
K
10- 5 cm 2 S-l

kJ rnol "!

0.158
251.95

0.72
19.70

0.152
257.35

0.69
20.83

[35]
[35]

[31,34]
[31,34]

(b)

(a)

I
- 3mm slit - - -
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I
I
I
I
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FIG. 1. Top view (a) and cross-sectional drawing (h) of the
center part of the freezing stage. 1: 150llmglasscoverslip.2: 10
1,m sample solution layer. 3 : 60 JIm glass sheet for electrical
insulation. 4 : electrically conductive coaling serving as
resistance heater, covered by a coating of silicon d ioxide. 5:
160 Jim quartz substrate (16 x 16 mm). 6 : position of the
therrnocouplejunction (copper-constantan).7 :cooled copper
block. 8: gold-coated contact surfaces. 9: electrical leads . 10:

edge of slit representing the field of observation.

I

*

gold coating (8),3 mrn wide and 10mm apart. The area
in between is insulated electrically by another layer
consi sting ofSi02• On top of that, a thermocouple (6),
made from 5 Jim foils ofcopper and constantan, is fixed
in a layer of about 10Jim epoxy cement covered by a 60
Jim glass sheet (3). The sample is placed on the surface
of the laller which protects the junction of the
thermocouple from mechanical, chemical, and elec­
trical influences and facilitates sample changes and
handling. A canventional glass cover slip (I) measuring
about 12 x 8 x O.l5mm is placed on top of the sample

portionality of NaMn04 concentration and extinc­
tion according to the Lambert-Beer law showed that
all conditions examined here were well within the linear
range [31, 34].

Freezing stage
In order to investigate the desired diffusion and

crystallization phenomena, a special freezing stage was
developed. Particular attention had to be paid to the
control of temperature gradients within the system
because of their dominant role in deciding the shape of
the solid-liquid interface. (The temperature gradient at
the interface is a basic ingredient of the stability theories
[36-43] describing the transitions between different
interface morphologies.) The well-defined temperature
field necessary for the precise control of the crys­
tallization process represents the major difference be­
tween the various types of microscope freezing stages
used for cryobiological studies [44-49]. In these
systems, temperature gradients were as much as
poss ible suppressed in order to obtain isothermal
cooling. This, however, does not represent the
conditions of solidification in large samples as used
technically, where the presence of considerable
temperature gradients can generally not be avoided.

The freezing stage designed for the particular
purpose of this investigation basically operates by
means ofa compens at ion method and nitrogen cooling.
Only a small part of the system immediately adjacent to
the sample layer is heated locally while the surrounding
is being kept at low temperature, thus serving as a cold
reservoir. The system, therefore, has a fast thermal
response allowing a precise control of temperature and
cooling rates up to several 103 K min - I [33]. In this
respect, the principle of operation is quite similar to
other freezing stages [47,49].

The arrangement of the essential components of the
stage is shown in Fig. I. It consists of a multi-layer
composite glass sheet, serving for heating and
temperature mea surement, which is in thermal contact

"with a copper surface permanently cooled and thus
withdrawing heat from the sample. The composite
heating-measuring unit is based on a quadratical
quartz sheet of 16 mm edge length and 160 pm
thickness,quite similar to an ordinary glass co ver slip as
commonly used for microscopy (labelled 5 in Fig. 1). Its
top surface is covered by a transparent electrically
conductive coating (4) which dissipates electrical

"energy for heating. Itcansustain loads up to 10 W cm - 2

(with compensatory cooling). The electrical leads (9)are
soldered to two parallel strips of additionally deposited
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droplet (about I Ill) to obtain a layer of about 10 JIm
thickness (2).

The whole heating-measuring element is placed on a
copper block kept at low temperature and serving as a
cold reservoir. In order to establish good thermal
contact, the element is pressed against the polished
copper surface (7)by mean~ of two silicone holders (not
shown in Fig. 1).The junction of the thermocouple (6)
is located directly above the edge of the slit (10)
illuminated from below. The slit, representing the field
of observation, causes an inhomogeneity in the
otherwise isothermal temperature distribution in the
sample layer since heat is not removed by the copper
surface in the area above the slit. Freezing is therefore
initiated outside that area and starts to advance
towards the center ofthe slit ifthe electrical power input
used for compensatory heating is reduced. Hence the
freezing behavior of the system is similar to that of
large plate-shaped containers cooled at the outer
surfaces [50, 51]. The temperature field will be
described and analyzed in detail below. The copper
block is surrounded by a helical pipe containing the
coolant. It is mounted in a sheet of low thermal
conductivity laminated fabric which is fixed to the
traversing stage of the microscope.

Microscope system
Observation and analyses were made in transmitted

light with a LEITZ-Orthoplan microscope. As shown
in Fig. 2, the microscope was equipped with various
attachments which will be described briefly in the
following.

Microscope photometer. A specially designed
spectrophotometer (LEITZ-MPV compact) was com­
bined with the microscope for absorption measure­
ments. The photometer head basically contains the
photomultiplier and a mirror system serving to project
the photometer diaphragm into the primary image
plane. This allows a precise adjustment and selection of
the photometric field, i.e. the area to be measured. The
spectral sensitivity of the photocathode ranges from
about 220 to 750 nm showing a maximum at 420 nm
according to the supplier's information. The photo­
meter head was placed on a split-body tube device
having a straight tube for measurement and oblique
tubes for (simultaneous) viewing. High voltage power
was supplied from a control panel also serving for dark
current compensation, synchronization of the measur­
ing procedure and digital display of the absorption
signal voltage. In order to obtain the desired quantity

I~I-I
high'voltage '----:=::-i-==~
powersupply

I> I
coolant

extinction

ri""'@ I
: motor drive
,. ••••••••••••••••••••# •••

scanning rate
control syil,m

FIG. 2. Schematical representation of the interaction of the components of the experimental set-up.
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proportional to concentration, namely extinction, the
analogue signal was converted logarithmically and
shown on the ordinate of an xj-recorder,

Imaging optics. The specimen was viewed and
analyzed with dry objectives of long working distance
having magnification factors of 2.5 x, 4 x , or 32 x.
For the determination of the total magnification factor,
the tube lens (1.25 x) and the ocular lens (10 x ) have to
be taken into account. A special head could be used for
the additional projection of temperature display and
time base signal into the ray path of the microscope.

Illuminating optics and light source. An adjustable
rectangular diaphragm corresponding to that within
the photometer head can be focussed within the object
plane by means of a condenser lens and serves to adjust
the luminous field (according to the area to be
measured). An interference strip filter with a linear
dispersion of 0.42 mm nm -1 and a bandwidth of 15nm
was used to select the desired wavelength of 525 nm.
The system was illuminated by a 100 \V halogen lamp
with a stabilized power supply.

Temperature control system. A specially designed
feedback control system based on a PI-controller was
employed to achieve a wide variety of constant cooling
rates and starting temperatures. A detailed description
may be found elsewhere [52]. Pre-cooled nitrogen was
used to maintain the desired temperature of the copper
block. The flow rate was controlled by means of a
simple rotameter and adjusted manually. The
temperature was displayed digitally and recorded on a
strip-chart recorder in order to document the
temperature-time history of the freezing process.

Scanning stage. The traversing stage of the micro­
scope was equipped with a DC precision motor drive.
The stage could thus be moved transversally across
the slit in order to scan the concentration profiles de­
veloping across the slit. Scanning rates could be
controlled between 150 and 1350 11m s -1 with an
accuracy of better than 1.5%.An inductive transducer
(dispersion 0.24 V mm- I

) served to monitor the
position of the measuring beam within the system
(representing the x-axis of the recording).

The whole cryomicroscope assembly was placed in a
Plexiglass housing with a dry nitrogen gas atmosphere
to suppress the condensation of water vapor within the
ray path of the optical system.

Experimental procedure
All concentration profiles were recorded with

solutions of an initial NaMn04 content of 0.56 mol%
(2.16 wt%) corresponding to physiological saline with
an NaCI content of 0.56 mol% (0.9wt%).The thickness
of the solution layer was adjusted by means of the
volume of the sample droplet (1 JlI) yielding about
10 JIm with a cover glass of 8 x 13 mrrr'. Under these

conditions, the extinction values measured were
proportional to concentration up to about ten times the
initial salt concentration. The extinction of ice (being
equal to that of pure liquid water under the
experimental conditions applied here) was used as a
reference value. Using an objective of 32 x magnifi­
cation, the size of the (quadratical) photometric field,
and hence spatial resolution, was adjusted to 13 JIm
edge length. The selected scanning velocity of 150 JIm
s -1 represents a compromise concerning resolution
and distortion of the profiles (cf. next section).

Two major problems had to be coped with when
carrying out the experiments. First, the penetration
of air bubbles into the field of measurement could
not always be avoided. Under such circumstances,
the experiment was interrupted and repeated. Second,
the initial concentration distribution had to be as
homogeneous as possible in order to allow com­
parisons with theoretical results to be made. The
difficulty consisted of generating a planar ice front
within the field of observation without causing a
pronounced concentration profile in front of it. For this
reason, the sample was initially frozen with a large
supercooling of 15-20 K, giving a fine-grained
crystalline structure to the complete sample solution.
Subsequently, the sample was warmed slowly by
applying the compensatory heating and hence
generating the desired temperature distribution across
the slit of the freezing stage (cf.next section, Fig. 5).This
procedure brought the ice fronts close to the edges of
the slit with sufficiently rapid equilibration by solute
diffusion within the small domains of segregation.
However, as supercooling and, consequently, the
structure obtained during freezing is a random process
to a certain degree, the initial concentration profiles
were not always suitable for quantitative evaluation.

Having obtained starting conditions as desired,
electronically controlled cooling rates were generated
while the sample was scanned continuously in the
manner described above. The temperature of the
copper block was kept at -60°C. After dendritic
breakdown of the planar interface the recording of
profiles was stopped since the orientation of the
scanning section to the developing structures could no
longer be influenced or predicted.

3. RESULTS AND D1SCUSSIO:-':

A typical solidification process as observed under the
cryomicroscope is illustrated in Fig. 3.The cooling rate
was B = - 6.3 K min -1. Each strip represents the same
section of the slit. (The edges are visible at x = ±xR =
±1.5 mm, cr. also Fig. 1.)The temperatures, measured
above the edge of the slit, are indicated on each picture.
It may be noted that the intervals in temperature, and
hence also time, are non-uniform in this example. The
freezing process was started at 272 K with an
approximately homogeneous solute distribution in the
liquid between the ice fronts, located close to the edges
at that moment. A slight deviation in the symmetry of
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FIG. 3. Sequence of micro-photographs showing the solidification process as observed under the
cryomicroscope. The pictures were taken (with non-uniform time intervals) at the temperatures indicated at
the left (measured above the edge ofthe slit). The cooling rate was B = -6.3 K min -I. Each strip represents the

same section of the slit with the edges visible at x = ±xR = ± 1.5 mm (cf. Fig. I). From ref. [30].

the temperature distribution resulted from an
imperfectly balanced thermal.contact between the glass
element a nd the copper surface. As the temperature
decre ases, both interfaces advance towards the center.
Since the solute cannot be incorporated, it is being
repelled and redistributed by diffusion. The boundary
layer of enriched solute built-up in front of the interface
is indicated by the more intense blackening. It can be
seen that the ice front remained planar down to 266 K,
i.e. for about 60 s with the enriched solute layer
becoming more and more pronounced. At 266 K, small
grooves can be detected. The next picture (265 K)
already shows the formation of needle-shaped ice
crystals protruding from those grooves into the
residual liquid , and hence entrapping the solute-rich

layer. Side-branching and dendritic structures can be
recognized after further reduction of the temperature,
while the liquid becomes more and more concentrated
in the channel-like interstices between the dendritic
arms. In the following only the initial phase of planar
growth will be considered. Cellular and dendritic
freezing are treated elsewhere [30] as mentioned
above.

Interface propagation kin etics and temperature field
The interface propagation kinetics for various cases

of l-dim, freezing are summarized in Fig. 4. The
. diagram shows thc time dependence of the interface

position emeasured from the edge of the slit towards
the center and determined from the photometric scans
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FIG.4. Propagation of the interface position ~ with time for various cooling rates. The initial ranges were
approximated linearly with the initial interface velocities eo indicated in pm S-I.

where k denotes the thermal conductivity. Further­
more, it is assumed that the power input for the resis­
tance heater is proportional to the temperature differ­
ence between the copper block (Tcu) and the edges (TR) ,

P = exF(Tg - TcJ. (3)

ex and F denote the heat transfer coefficient and the
thermal contact area, respectively. For the system
under consideration, the validity of this relationship
was confirmed experimentally [31]. Finally, the

. temperature at the edges will be lowered at a rate B
which is kept constant by the electronical control
system,

Concentration profiles
Figure 6 shows a space-time representation of the

concentration profiles measured during a relatively
slow freezing process (B = -1.2 Kmin-I).1n this case,
the initial interface velocity eo = 1.0 JIm S-1 is very
small as well. Under such conditions the ice front
remains stable for quite a long time. Dendritic
breakdown, apparent from the dentated shape of the
last profile recorded, does not occur until both
interfaces have almost met in the middle.(The deviation
from symmetry mentioned above also appears, of
course, on the photometric scans.) Concentration
polarization is relatively small in that case because the
solute can 'diffuse away almost as fast as the interface
advances. It can be recognized that the concentration of
both interfaces increases with time up to 2.3and 3.1-fold

exF 2 2) ( )T(x,t) = To+Bt+ --(To+Bt-TcJ(xR-x . 5
2kV

Figure 5 schematically represents this field with the
time t shown as a parameter. It can be seen that the
parabolic profile becomes flatter as the temperature is
lowered by reducing the electrical power input. The
propagation of a certain isotherm, e.g. that of the
freezing temperature TF, is hence also quadratical with
time, becoming accelerated towards the center as
indicated in Fig. 5. This behavior was checked
experimentally with pure water for many cases
described in more detail elsewhere [31]. The model was
well confirmed for small cooling rates up to some 10
K min -1 as long as the interface remained flat. (The
procedure implies, however, that the icefront is always
at its equilibrium freezing temperature. As supercool­
ing at the interface is below 0.1 K for propagation
velocities up to about 10 JIm s -1 [51], this limitation
does not seem to be relevant under the conditions
studied here.)

Under quasi-stationary conditions, i.e, assuming a
sufficiently quick re-establishment of a steady state
profile (2) after each change in temperature according
to equation (4),one obtains a parabolical temperature
distribution,

(2)

(4)Tg= To+Bt.

discussed below. In all examples, the temperature
(measured by the thermocouple located above the edge
of the slit) was lowered linearly with time, i.e, with a
constant cooling rate. It can be seen that the motion of
the interface becomes accelerated towards the center
under these conditions, as indicated in Fig. 4.The initial
ranges of the propagation curves can be approximated
linearly. The obtained initial interface velocities eo of
1.0, 1.8,2.9, 3.4, 5.8, and 9.1 JIm S-1 correspond to
cooling rates B of -1.2, -3.1, -6.2, -7.8, -11.9, and
- 32 K min -1, respectively.

The kind of interface motion observed suggests the
application of the following simple model [31] to
describe the temperature distribution within the fieldof
observation. The model is I-dim. and neglects thermal
effects of the sample layer which is very thin as
compared to the surrounding glass elements. The
region above the slit is modelled as an infinite solid
bounded by two parallel planes at x = ± XR which are
kept at constant temperature TR• The resistance heater
is regarded as a continuous source distributed
homogeneously within the system and generating heat
at a constant rate P per unit time and volume V. The
steady state solution to the pure conduction problem
may be obtained in analogy to the cylindrical system
analyzed in [53],

p 2 2)T(x) = TR+ -(XR-X
2kV
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FIG. 5. Schematical parametric representation of the
temperature field across the slit and interface propagation
according to the model described in the text. To.TF• and Tcu
denote the initial, freezing, and copper block temperatures,

respectively.

their initial values, respectively. The increase of the
minimum concentration between the ice fronts is
somewhat larger, namely 3.8-fold.This indicates strong
interference between the profiles as they approach each
other, becoming significant after about 90 s. (The
typical diffusion length, I = 2D/~o, is about 1.4 mm and
hence very close to the half-length ofthe system.)It may
also be noted that the concentration gradient at the

interface increases as well. This behavior is closely
related to the stability of the planar ice front which is
treated in detail elsewhere [30]. Further quantitative
analyses were not performed with the example shown in
Fig. 6 because of the relatively non-uniform shape of the
initial profile.

Some more examples which were suitable for
comparison with theoretical results arc presented in
Figs. 7-9. The concentration profiles are superimposed
as measured with the absorption due to the edges of the
slit at x = ± 1.5mm being visible in Figs. 7 and 8. The
profiles were recorded under the conditions indicated
in the captions; the initial interface velocities can be
derived from the propagation kinetics plotted in Fig. 4.
It should be noted that cooling and hence interface
motion becomes more and more rapid from Fig. 7 (1.8
JIm S-I) to Figs. 8 (2.9 IlID S-I) and 9 (9.1, 5.8, 3.4 JIm
S-I). Dendritic breakdown becomes more and more
likely-consequently, the number of planar profiles
that could be recorded decreased. (Figure 7 still
contains the first 'dendritic' profile which was omitted
in Figs. 8 and 9 for clarity.) The small structures
superimposed on some of the profiles are due to dust
and other impurities in the solution. Those in the solid
part of the system result from the fine-grained structure
obtained initially (see Section 2).As already mentioned,
the initial concentration was Co = 0.56 mol % (2.16
wt %)NaMn04 in all cases.

Qualitatively, the following observations may be
derived from the experiments:

(1) The concentration at the interface is increasing
continuously during the whole freezing process. For,
this reason, theoretical models considering interface
concentrations constant in time [2, 54, 55] cannot be
correlated with the results obtained here.

(2) The profiles become 'steeper' as freezing goes on.

+0.5

c [wt%]

o

X[mm]

FIG.6.Space-time representation of measured concentration profiles. Cooling rate B = - 1.2K min - I. initial
interface velocity eo = 1.0 J1m s- I.
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(7)

(6)x=x'-~t

(x' is measured away from the interface), Fick's second
law can be rewritten as

a2e . ae oe
D ax,2 +~ ax' = at'

~ = ~o = const.

After a variable transformation from the laboratory
system to a frame of reference fixed to the moving
interface,

ofa second solid component besides ice is therefore not
taken into account.

(4) An increase of the minimum concentration
between the ice fronts, i.e. interference of the profiles
approaching each other, can only be observed for the
relatively slow processes with initial interface velocities
ofless than 2pm s-I (Figs. 6 and 7).More rapid cooling
results in interface breakdown before interference can
occur. A semi-infinite model may hence be sufficient to
describe the more rapid cooling processes and possibly
also the initial transient during slow freezing.

Concentration profiles with properties similar to
those mentioned above can be obtained from a mass
diffusion model for the solidification of a semi-infinite
binary alloy with constant interface velocity [57].
Aqueoussolutionscan be treated very much in the same
way. The essential difference is the non-vanishing
solubility of the solute in the solid phase of alloys,
resulting in an incorporation of solute molecules at the
advancing interface which is usually described by
means of a partition coefficient k*. Aqueous salt
solutions, on the other hand, show an almost complete
rejection of the solute, with k* < /0-8 [58]. In the
following, we shall therefore consider pure mass
diffusion during solidification of a binary aqueous
solution with k* = 0 and conditions appropriately
modified as compared to the case ofa binary alloy [57J.

The velocity of the interface is assumed to be
constant,

Io

~: 1~42~ 'I
o ~

c [wt~
8

6 t.119oec.

4~
2 ----l

i.e. the concentration gradients at the interface are
increasing as well. The steady state conditions treated
by some authors [56, 57] are hence not encountered
under the conditions considered here .

(3) In all cases of planar freezing investigated here,
the eutectic concentration of 15.2 mol %(41.4 wt %)
NaMn04 is not reached at any point. The precipitation

FIG. 7. Superimposed concentration profiles and comparison
to theoretical results [dolled curves, equation (10)]. Cooling
rate B'= -3.1 K min -I, initial interface velocity <0 = 1.8/lm

S-I, initial concentration 2.16 wt %NaMn04 .

I I
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~~.~t[wnJ'j cC:;jw"J.
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FIG. 8. Superimposed concentration profiles and comparison to theoretical results [dotted curves, equation
(10); since the RHS was evaluated, the profil es in the frames are mirror-inverted]. Cooling rate B = - 6.2 K

min -I, initial interface velocity ~o = 2.9 pm S-I, initial concentration Co = 2.16 wt %NaMnO~.
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FIG.9. Superimposed concentration profiles and comparison to theoretical results [dotted curves, equation
(10)].Top: cooling rate B = -32 K min-I, initial interface velocity eo = 9.1 Jim 5- 1.Middle: B = -11.9 K
min-I, eo = 5.8psn5- 1. Bottom: B = -7.8 K min-I, eo = 3.4 /lm 5- 1•Initial concentration Co= 2.l6wt %

NaMn04 in all cases.

(8)

The solute concentration is denoted by c, with c = 0 in
the solid (x' < 0) and c = c(x', t) in the liquid (x' ~ 0).
Mass conservation at the interface yields

D :;,10+eclo = 0, at x' = 0,

which is sometimes referred to as the "total particle
rejection condition" [19]. For a semi-infinite system
with a uniform concentration distribution at the
beginning, the initial and boundary conditions are

c = Co at t = 0 for all x' ~ 0, (9a)

c = Co for t > 0 and x' -> 00. (9b)

It is important to mention that the mass diffusion
problem described by the equations given above
includes neither effects due to convection nor the
differences in density between solid and liquid and
implies constant material properties.

The solution to equation (7) with conditions (8) and
(9) can be obtained in analogy to [57] by use of a
Laplace transformation and isderived in detail in ref.
[31]. As a result, we shall just present the equation
giving the concentration distribution in front of the
advancing interface,

c(x',t) = co{1+ (rr:~~/2 exp[ -(:C~:)~:2y]
+ '!'[I_ '£(x'-et)]e-Ce/DlX. erfc( x'-et )

2 D 2(Dt)112

- ~ erfc (~~~:)~:2)}- (10)

The concentration profiles computed from the above

equation may be compared with the experimental
results, particularly during the initial part of the
freezing process when the interface velocity is
approximately constant and ifthe initial distribution is
about homogeneous. In the evaluation ofequation (10),
a rational approximation for the error function (erf)
with an accuracy of better than 1.5 x 10- 7 [59] was
used. The numerical values for eand Co which were put
into equation (10) were those indicated in the captions
to Figs. 7-9 with the initial interface velocities
determined as mentioned above. The diffusion
coefficient D was taken at O°C according to equation (1),
i.e. D = 0.69 x 10- 5 em 2 s - I. The spatial distributions
c(x} shown in Figs. 7-9 (dotted lines) were computed at
times t as indicated for the individual profiles in the
frames, with t determined at the moment when the
scanning beam was at the interface position.

The comparison between theory and experiment
shows very good agreement and almost identical
profiles for the more rapid freezing experiments shown
in Fig. 9, where the initial distributions are nearly
uniform and interference does not occur because of the
early breakdown of the planar ice front. Only the last
profile recorded (t = 137 s) for e= 3.4 Jtm (lower right
in Fig. 9) is steeper than calculated. This discrepancy is
probably caused by the increasing velocity of the
interface deviating from linearity markedly at that time
according to Fig. 4. It may also be noted that the
measured profiles are not perfectly vertical at x' = 0
because of the limited resolution of the system in space
and time, i.e. the finite size of the photometric field (13
Jim) and the non-ideal response of the photometer and
recorder. A distortion of the profiles predicted
theoretically from the non-instantaneous scanning
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mode, which is expected to be larger in size for the more
rapid cooling experiments, cannot be detected in Fig. 9
and hence may be neglected here. :

The family of profiles shown in Fig. 7 did not at first
agree equally well as those in Fig. 9 with the results
calculated from equation (10). The deviation is largely
due to the inhomogeneity of the starting distribution
generated by the first freezing with a large degree of
supercooling as outlined in Section 2.ln the case shown
in Fig . 7, the initial distribution (I = 0) is, however,
congruent to the profile calculated for t = 42 s (upper
left in Fig. 7). Hence, the non-uniform initial profile may
be taken into account by an 'anteponement' of the
starting time, i.e. adding a time interval of t = 42s to the
actual time of the experiment. (This method of
correction is applied frequently in diffusion experi­
ments [60, 61].) This procedure yields quite a good
agreement between computed and measured profiles
up to about 200 s. The profile at the lower right ofFig. 7
(t = 262 s) already exhibits a visible deviation from
calculation for x':> 0.6 mm. At that moment, the
profiles are about 1.6 mm apart from each other and
start to interfere (I = 0.8 mm).

The example shown in Fig . 8 also exhibits a non­
uniform initial distribution. The correction method
applied above, however, did not succeed in that case as
the calculated profiles were always 'steeper' than the
initial distribution. Again, it may be worthwhile to
recall that the shape of the initial profile could not be
perfectly controlled, hence different types ofcorrection
may be -appropriate from case to case. The desired
uniform distribution (c = Co for x' ~ 0) was first
subtracted from the measured initial profile. That
difference , representing the deviation from homo­
geneity, was then superimposed on the calculated
(dotted) curves by addition, resulting in the dashed
profiles in Fig. 8.These agree reasonably well with those
measured up to about 90 s. Afterwards, the profiles
become steeper again due to the accelerated motion of
the interface (cf. Fig. 4).

4. SUMMARY Al'OD COl':CLUSJOl':S

The mechanism of solute rejection during freezing of
a binary aqueous salt solution in a finite system has
been analyzed experimentally. A well-defined tempera­
ture field was established in order to control the motion
and shape of the advancing ice-liquid interface. Under
these conditions, the spatial distribution of solute
during the freezing process was measured at fixed
intervals in time for a variety of interface propagation
rates. Observation of the interface morphology
revealed that dendritic breakdown of the initially
planar ice front always occurred before eutectic or
steady state conditions were reached. During the
period of the initial transient, when the interface
propagation rate was approximately constant, con­
centration .pro files calculated from a pure mass
diffusion model agreed well with those measured
photometrically.

While heat and mass transfer during freezing arc
generally fully coupled [16-21,51], the experimental
set-up employed here allowed a separate and
independent treatment and analysis of solute redistri­
bution. Such an uncoupling of the problem is possible
because the temperature field within the sample is
mainly determined by the surrounding glass sheets
used for fixation and hence is independent of the sample
properties itself, whose thermal effects can be neglected.
In this respect, the experimental results cannot be
directly transferred to situations of unidirectional
freezing in large plate-shaped containers as used for
practical purposes where the freezing behavior is
substantially affected by the sample solution.

In two important points, however, the design of the
experimental set-up is such that it does exhibit principal
similarities to the freezing process as it occurs in
extended containers. First, the thermal gradient in the
liquid region, and, hence, its stabilizing effect against
deformations of the planar ice front, decreases
continuously from the edges (outer surfaces) towards
the center ;second, the motion of the interfaces becomes
accelerated towards the center if a temperature
decrease linear with time is imposed at the edges
(surfaces). Both effects can also be derived from a
numerical solution of the fully coupled l-dim, problem
[51]. The resulting concentration distributions also
show the same tendency as observed here, i.e. an
increasing 'steepness' of the profiles with both time and
interface velocity. Our results hence underline the
usefulness of cryomicroscopy as a powerful means for
real-time analysis of solidification phenomena in
general and also its relevance to 'practical' freezing
situations.
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LA REDISTRIBUTION DU SOLUTE PAR GEL
PLANAIRE DES SOLUTIONS SALINES AQUEUSES

Resume-e-L'analyse traite de la redistribution d'un solute dans des solutions salines aqueuses par gel
unidirectionnel avec une interface solidc-liquide planaire. Pource faire fut concuespecialernent une platine de
congelation installee dans un cryomicroscope, avec une distribution de la temperature bien definie et une
cinetique du developpement de la glace semblables acelles realisees dans des grands reservoirs en forme de
plaque. Les mesures de concentration furent effectuees par transparence avec un microscope­
spectrophotometre. Comme solute fut utilise Ie NaMnO.. qui possede un maximum d'absorption a525 nm et
dontle diagramme de phases etle comportement de difTusion sont tres semblables aceux du NaCI dans I'eau .
Un avantage certain de cette methode d'examen est la combinaison des mesures quantitatives avec
l'observation au microscope qui permet un controle visuel de laforme du front de glace et par la des passages du
gel planaire ades structures plus complexes. Des profilsde concentration rncsures photometriquernent furent
relevespour des vitesses de I'interface entre I etiO pm s -1. IIfut demontre que I'inclinaison de la repartition de
concentration augmente avec Ie temps et avec la vitesse de croissance. Dans la periode initiale, les resultats
correspondent bien avec un modele mathernatique decrivant la pure difTusionde matiereavitesseconstante du
front de glace. Des instabilites de I'interface planaire avec passage a une congelation dendritique furent

toujours observees avant que des cornportements eutectiques ou stationnaires puissent etre obtenus.

DIE LOSUNGSSEGREGATION BEIM PLANAREN
GEFRIEREN WASSRIGER SALZLOSUNGEN

Zusammcnfassung-Die Untersuchung behandelt die Umverteilung geloster Substanz in wassrigen
Salzlosungen beim eindimensionalen Gefrieren mit planarer Phasengrenze fest-Ililssig. Hierfiir wurde ein
speziell ausgelegter Friertisch mit wohldcfinierterTemperaturverteilung und Eisausbreitungskinetik ahnlich
wie in groDen plattenforrnigen Behiiltern in ein Kryomikroskop eingesetzt. Die Konzentrationsmessungen
wurden im Durchlicht mit einem Mikroskop-Spectralphotometer durchgefiihrt. Als geloste Substanz wurde
NaMnO.. verwendet, das ein Absorptionsmaximum bei 525 nm besitzt und dessen Phasendiagram und
Diflusionsverhalten dem von NaCl in Wasser iihnlich isl. Ein wesentlicher Vorteil dieser
Untersuchungsmethode ist die Verbindung quantitativer Messungen mit mikroskopischer Beobachtung, die
cine visuelle Kontrolle der Gestalt dec Eisfront und damit der Obergiinge zwischen planarem Gefrieren zu
hoheren Strukturen ermoglicht. Photometrisch gemessene Konzentrationsprofile wurden Iiir
Phasengrenzgeschwindigkeiten zwischen lund iO pm S-1 aufgenommen. Es wurde gezeigt , daD die
"Steilheit" der Konzentrationsverteilungen mit der Zeit und dec Wachstumsgeschwindigkeit zunimml. 1m
anfanglichen Bereich stimmen die Resultate gut mit einem mathematischem Modell' fur diffusiven
Stolflransport bei konstanter Geschwindigkeit der Eisfront iiberein. Instabilitiiten der glallen Phasengrenze
mit Obergang zu dendritischer Erstarrung wurden immer beobachtet bevor eutektische oder stationiire

Verhaltnisse erreicht werden konnten.

I10JUIPlBAUH5I PACTBOPEHHOrO BEIllECTBA I1PH I1JIOCKOM 3AMOPA)I(HBAHHH
BOJJ.HbIX COJIEBblX PACTBOPOB

AHHOT3UHH-I1peACTaBJleli aaanm nepcpacnpeneneuns pacrsopeuuoro seurecraa B finnapnux BO./1l1bIX
COJleBblX pacrnopax npn aanpauneunoxr 3aMOpalKIIBallllll c nnocxoti rpannueii pasnena TBep./10e
TeJlO-JKII./1KOCTb. B KOIICTPYKUIIII KPIIO:\IIIKpocKona fiuna cneunansuo npenycsrorpena CTaAlI1l
aassopaxnaauua, xoropaa noaadnana nonyxan, xerxne pacnpeneneuux TeMnepaTypbl II onpenenari,
KIIHeTlIKY np0./1BlIlKeHIIIl rpanuusr paaaena auanorusno 60JlbWIIM CIICTeMaM c reoxterpneli B BIIAC
nJlaCTlIHbI. K MIlKpocKony 6LIlI nOAcoeAIlHCH cnexrpoporosrerp Mil 113MCpellllll KOIIuclITpaU1l1I nyrext
perucrpauan nornouieuua npcnyuteuuoro caera, B xaxecrae ofipamos IICnOJlb30BaJlllCb aozntsre
pacraopu NaMnO.. c MaKCII~laJlbllbl~1 nornourennexr npn 525 II~I , ¢a30Ball nnarpaxora II
xapaxrepacrnsu ./11l¢¢Ylllll MaCCbI }(OTOPblX ananorn-nna pacraopaxr . NaCi B BOLle. OCHOBHbI:\1
AOCTOIIIICTBO:\1 MCToAa sanserca coxerauue Koml'leCTBCIIHbIX 113:\lepellllil CBlI3yaJlbllbl:\1 nafimonennext,
n03BOJllllOIllIIM KOIITPOJlllpOBaTb ¢OP:\IY ¢poHTa ns.na II TeM caMbl~1 nepexoa OT nnocxoro ¢pOllTa
3aMopalKIIBallllllKfionee CJI0lKllblM crpyxrypaxr, c1>oToMeTpll'leCKOe cxauupoaaune npodmnelt xouueur­
paunil npomsonnnocs BTe'lClllle ozmoxsepaoro 3a:\lopaJKIIBallllllnpn CI\OPOCTII np0./1BlIlKCHlIlI rpaunuu
paanena B nnanaaoue OT 1 ./10 10 JIM C- I . Iloxaaauo, 'ITO «xpynuua» pacnpenenennti KOHUCllTpaUlI1I
YBeJIII'lIlBaJlaCb c yscnuseuuexr BpeMCllll II CKOpOCTII pOCTa nsna. B Te'lClille nasansuoro nepexonnoro
peJKIIMa peayns'rarsr XOpOWO cornacyiorcs C xrarexiaruxecxol; MO./1eJlblO, onncusaiouien '1I1CTyIO
A11¢¢Yl"1O Maccbl npn nocrcsnnon CKOpOCTIl np0./1BlllKeHIIIl ¢pollTa Jlb./1a. JJ.o YCTallaBJIIIBaHlI1l
3BTCKTlI'ICCKIIX IIJlII craunouapnux YCJIOBllii nOCTOlllIlIO nafirnonanucs lIeyCToii'lIlBOCTII nnocxoit

rpaHIIUbI paanena, npIIB0./111IllIlC K nennpurusm npopuaasr.
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