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Abstract-Coupled heat and mass transport phenomena occurring during the unidirectional solidification 
of a binary solution are studied utilizing a specially designed freezing stage for transmitted light microscopy. 
The apparatus provides the capability for real time direct observation of the freezing process along with 
simultaneous measurement of the time evolution of cellular-scale coupled concentration and temperature 
fields and their interaction. The experimental data provide a comprehensive specification of a freezing 
process at the microscopic level for use in developing models of the binary solidification process, including 
temporal and spatial temperature profiles, local rates of cooling and heat flux, and interface velocity and 

temperature. 

INTRODUCTION 

COUPLED heat and mass transport phenomena play a 
governing role in the solidification of binary alloys 
and solutions. A majority of the analytical studies on 
solidification have been effected on a macroscopic 
scale utilizing simplifying assumptions such as zero 
subcooling, homogeneous and instantaneous solute 
distribution within the solid and liquid phases and 
pure or eutectic chemical composition. Many of these 
assumptions may seem justifiable when the system is 
considered at the macroscopic level, but this is not the 
case when the process is evaluated on a microscopic 
scale. Nonhomogeneities occur in the system due to 
spatial distribution of boundary condition, asym- 
metrical lateral segregation, non-equilibrium freezing 
conditions at the interface, and constitutional super- 
cooling. These affect the geometry of the thermal field 
and the morphology of the interface, and thus the 
microstructure of the solid phase, all of which are 
observable only at the microscopic level. 

The importance of microstructure in determining 
the physical characteristics and properties of solid 
solutions makes it clear that a rigorous, rational 
macroscopic understanding and control of the 
solidification process would be greatly enhanced if the 
kinetics of the process were understood at the micro- 
scopic scale, given that macroscopic phenomena may 
be considered a cumulation of microscopic-scale 
events. As an example, in the cryopreservation of 
living cells and organs, the overall response of tissues 
to freezing trauma is mediated by the interaction 

between individual cells and their immediate micro- 
environment. Consequently, microscopic-scale non- 
homogeneities in the concentration and thermal fields 
may result in a large spatial differential in the survival 
of cells within a given system for a single freezing 
protocol defined at the boundary [ 1.21. Thus, quan- 
titative analysis of the governing parameters is directly 
attendant to the basic understanding of the full-scale 
freezing problem. 

Few experimental and analytical studies of freezing 
at the microscopic level have been carried out. In 
recent years a theoretical study by O’Callaghan and 
Cravalho [3,4] addressed the description of thermal 
and concentration fields for planar and cellular 
morphologies. K6rber et al. [5,6] investigated solute 
redistribution during freezing of binary aqueous salt 
solutions. Thermal and concentration fields were 
measured for planar and cellular morpholo@es. 

The objective of the present investigation was to 
study microscopically the solidification process in a 
binary mixture the thermophysical characteristics of 
which simulate those of a physiological solution. 
Transient and steady-state heat and mass transfer 
data were obtained on a special freezing stage 
mounted on a light microscope+ incorporating micro- 
thermocouples to monitor the transient tempera- 
ture field, and utilizing digital densitometric analy- 
sis to quantify the evolving two-dimensional con- 
centration field in front of the moving phase inter- 
face. Due to the extensive data acquired, numerous 
parameters that were evaluated, and unique aspects 
of the heat and mass transfer analyses, the study is 
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NOMENCLATURE 

A(t), B(t), C(r) curve-fit 
coefficients 

k thermal conductivity [w m- ’ K- ‘1 
L latent heat of fusion [J kg- ‘1 
I time [s] 
Vth theoretical interface velocity [m s- ‘1 
.Y distance in direction of freezing [ml. 

Greek symbol 

P solution density [kg m- ‘1. 

Subscripts 
if interface 
1 liquid phase 
S solid phase. 

divided into two parts. The first, as reported herein, 
addresses the analysis of the thermal data for a typical 
experiment which produced a cellular-shaped inter- 
face, including validation of the data and the quan- 
titative relationship among the thermal parameters 
and the interface velocity and morphology. The 
second part, to be reported in a companion paper 
[7], concerns analysis of mass diffusional data and its 
relationship to the interfacial and thermal parameters, 
along with analysis of constitutional supercooling 
phenomena. 

laminated cover window, and the data acquisition 
equipment was activated. A flow of refrigerated dry 
nitrogen vapor from a shell-and-tube liquid nitrogen 
heat exchanger was directed through a manifold in 
the copper heat sink to commence cooling at one end 
of the specimen chamber. The flow was regulated 
according to a preprogrammed protocol, and the pro- 
cess was monitored and controlled either using a micro- 
processor-based temperature controller [9] or manu- 
ally. The design characteristics of the stage produced 
a solidification process that proceeded in a uni- 
directional pattern across the microscopic field of 

EXPERIMENTAL APPARATUS AND PROCEDURE 
view, with the temperature field symmetric about the 
primary axis defined by the direction of the freeze 

Experiments were carried out on a specially- front, as demonstrated in ref. [8]. 
designed low-temperature stage mounted on a Zeiss Four types of data were recorded as functions of 
Universal light microscope equipped for simultaneous time and position during each experiment: 
monitoring of image and temperature data [8]. The 
system provides capabilities for real time observation 
of the freezing process, including the temporal evol- 
ution of the interface position and its morphology, 
while simultaneously recording the time-dependent 
temperature and concentration fields. 

Design of the cryomicroscope stage and the inte- 
grated total apparatus are shown in Fig. 1, which 
depicts the side and plan views of the stage and a 
cross-section of the freezing chamber. In the freezing 
chamber a liquid specimen is solidified as a quasi one- 
dimensional sheet. The freeze front moves left to right, 
i.e. normal to the direction of the smallest specimen 
dimension, which corresponds to the optical axis of 
the microscope, between two copper blocks which 
serve as a heat sink and heat source. The upper and 
lower surfaces of the specimen are insulated by 
laminated multiple-pane window covers, thereby con- 
straining the heat flux to flow in the specimen uni- 
directionally between the source and sink. Transient 
thermal boundary conditions were modulated by 
varying the sink temperature, whereas the source tem- 
perature was fixed at near-ambient conditions. Details 
of the stage design and operating characteristics have 
been presented and discussed previously [8]. 

To execute an experiment, the stage was mounted 
.L_ -:-____^__ ^_-I : 11.. ,:..,+“A . . ..*l. ,m”..m;++aA oil L”t: m,L*“sc”pc a,,u LI,U,,,,‘,LII~U W,Ll, L‘(LIIJIIAsIIs.u 

light using a halogen lamp and brightfield condenser. 
Approximately 4 ~1 of specimen solution was de- 
posited into the freezing chamber under the upper 

(a) temperature ; 
(b) solute concentration ; 
(c) interface position ; 
(d) interface morphology. 

The temperature field was monitored by a linear array 
of seven microthermocouples embedded in the surface 
of the freezing chamber. These thermocouples are 
positioned in a staggered array at 2 mm intervals along 
the primary axis, displaced 2 mm on either side of the 
centerline of the chamber. The thermocouples were 
read sequentially at 6 s intervals and recorded on a 
Fluke Model 224 A/D Data Logger, which in turn 
formats and writes a digitized temperature record 
onto a Tektronix Model 4922 Digital Cassette Tape 
Recorder for future data analysis. 

Solute concentration measurements were obtained 
for a binary mixture using digital densitometric analy- 
sis of sequentially recorded micrographs, as discussed 
in detail in the companion paper [7J. The mixture used 
in the experiments was a 2.16 wt % aqueous solution 
of sodium permanganate, chosen to simulate the freez- 
ing of a physiological salt solution. The primary 
advantage of using sodium permanganate to form a 
salt solution is that it has a dark magenta color that 
enables local concentration to be measured densi- 
tmm&&-roll,, In nrl/l;t;,-.ti the th..wmnnhvr;ml nmn_ LL”LL.s,LII~~ ,.,. 1,. U.AY...“&., .a.” . ..-...*“y......--’ p---r 

erties relevant to heat and mass transport are very 
similar to those of sodium chloride, which is the solute 
of greatest physiological significance. Figure 2 shows 
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the phase diagram fat sodium permangaaate, adapted 
from ref. &3]. The eutectic fkeedng, point is - 153°C 
Table f gives pertinent the~o~hys~a~ property 
values for the solution. 

Movement of the phase interface was monitored 
with a linear position transducer mounted on the 
cryomicroscope stage. As the stage was manually 
traversed to keep the moving phase boundary ten- 
ared within the field of view during free&~ the trans- 
duccr output was recorded on the Data Logger. The 
position information was subsequently time-differ- 
entiated to determine the interface velocity. A 35 mm 
film camera and a video camera were mounted on the 
cryomicroscope to provide s~rn~‘~t~eous film and 
ekctronL format record&g of the dy~m~c freezing 

process, primarily to be used for o&&z mass transfer 
and interface mythology ana&&. The measurement 
accuracies of the various par&meters were assessed 
From caiibratian tests as foilows: temperature, 
+_0.5”C; solute concentration, kO.1 wt.% for n@ariy 
pure solvent to f 2.5 wt % for near-eutectic st&s ; 
and +0.01 mm for interface position for a typical 
ceilular length of up to IGO pm and a c&l spacing of 
about t&e same order of magnitude. 

Data were obtained for approximately 30 COYI- 
tro&d e~~~~rn~~~ trials charslcterized by cofd-end 
~~da~~ cooling ranges witbin t&z range from 05 to 
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FIG. 2. Thermodynamic liquidus curve for aqueous sodium 
permanganate solution, 

6O’C min- ‘, and with overall temperature limits from 
75 tn - InnOr Cnml= nrntnrnlr in#+trll=ri n&rulc nf a-. .” 1”” V. “I..._ Y....V’“. . .._..._“.. y-‘.““” “L 
sub-zero isothermal boundary conditions. The analy- 
sis procedure for the resulting data is presented here 
and discussed for a single representative experiment 
composed of a mixed freezing protocol, including 
both steady-state and transitory boundary conditions. 

Thermal data acquisition is accomplished by 
sequential readings of the thermocouple array em- 
l.&AJ ;n rhn a.,rf.am nf tL E~Po;..,P~ ,&oml-..w nf the ULUUbU .a1 LLLC JUL‘LICC “L .&Lb aprllllr*l ~.,~.,,“I, “1 .L,ti 

freezing stage. The temperature and position trans- 
ducer voltages are digitized together on the Data 
Logger and recorded with a common time base on a 
magnetic tape for subsequent computer analysis. The 
algorithm performs the necessary data reduction and 
presents the results in convenient tabular and 
graphical formats. 

The displacement transducer voltage, obtained at 
discrete time increments, is interpolated for 6 s inter- 
vals between consecutive readings to derive a con- 
tinuous description of the phase interface position as 
a function of time. The transient behavior of the sys- 
tem is such that the sampling period is short compared 
with significant alterations to the position and 
velocity. Duration of a typical trial run was of the 
order of 30 min or more. A scale factor defined by 
calibration tests is used to convert the transducer volt- 
age to a distance from the cold-sink end of the speci- 

men chamber. A cubic spline is then curve-fit to the 

data to produce the desired displacement function, 
which can be differentiated with respect to time to 
estimate the instantaneous local interface velocity. A 
similar curve-fit procedure is used for temperature 
data to determine its time derivative, representing the 
local rate of cooling of each thermocouple. 

The technique developed to determine the interface 
temperature for the one-dimensional freezing process 
required that the temperature distribution within the 
solid and liquid phases be approximated by analytical 
functions. Quadratic polynomials of the form 

7-i”,(.r,f) = A(t)-x*+f3(t)-.r+C(f) 

were chosen, based on curve-fit analysis of thermo- 
couple data for times when the freeze front passed 
above the various thermocouple positions. As the 
solid-liquid interface advances into the liquid phase, 
the nnritinn <inn,= anri r~~rvat~,r~ fif fhP t,=mn,=ra+,,rP . ..V ~“Y....,.., “.“YV, . . ..I ““..1...._ “L . .._ ,‘..‘~~....U.~ 
profile change in time as a function of the boundary 
rate of cooling, but the profiles remain approximately 
parabolic. This fact was used to develop the method 
for estimating the interface temperature. Consider the 
time during the experimental trial when the interface 
is exactly above a thermocouple station. The poly- 
nomial coefficients A, B, and Care determined for the 
l;n,,;A nharn ,,r;no thnr th~rmnmwnlo canA the !WQ ,,yUaY pL,YJG U.T“‘& &1AYI .urr~I.“r”“~r” YL.U %‘A* 

immediately in front of it. With the next data scan, 
6 s later, the interface has advanced forward. The 
predicted interface temperature is obtained using a 
modified A(r) and the temperatures of the two ther- 
mocouples in the liquid phase adjacent to the inter- 
face. The value of A(f) is obtained by subtracting a 
correction factor equal to the change in the fur- 
thermost of the two thermocouples divided by the 
square of its location. If the interface is within 0.05 mm 
of the next thermocouple, the interface temperature is 
found by backward extrapolation of a polynomial 
constructed from three thermocouples in the liquid 
phase. 

The thermal gradient in the liquid phase is cal- 
culated by differentiating the quadratic temperature 
equation with respect to position and evaluating it at 
the interface position. The temperature gradient in 
the ice phase is determined by constructing a quad- 

Table 1. Physical properties of the freezing medium 

Mass diffusivity of liquid 
Thermal diffusivity of liquid 
Thermal conductivity of solid 
Thermal diffusivity of liquid 
Thermal diffusivity of solid 
Heat capacity of liquid 
Heat capacity of solid 
Surface energy 
Latent heat of fusion 
Entropy 
Initial solute concentration 
Equilibrium phase-change 

temperature of initial solution 

Di 1.25 x low9 mz s-’ 
0.603 W m-’ K-’ 

2 2.22 W m-’ K-’ 
El 1.44 x IO-’ rn? s-’ 
a, 1.15 x 10e6 m2 s-’ 
cl 4.186x 1O’J kg-’ K-’ 
CS 1.950x IO’J kg-’ K-’ 

2.6 x IO-’ J m-l 
:: 3.33 x IO5 J kg-’ 

AS -1.22x 10-6Jm-‘K-’ 
C, 2.16 wt% 

Tltl 212.6 K 
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ratic polynomial using the interface temperature dnd 
data from two thermocouples in the solid phase and 
differentiating it with respect to x. The position 
of the equilibrium freezing temperature isotherm 
(-0532°C for the 2.16 wt% aqueous solution) is 
calculated from the ice-phase polynomial. 

Data reduction procedures to determine the inter- 
face temperature were verified by two independent 
tests. First, the interface temperature was predicted 
by the model for the times that the freezing front was 
passing a microthe~~ouple location where it could 
be measured directly. Comparison of the predicted 
and measured temperature values was always within 
the temperature uncertainty estimate. The second vali- 
dation test is described in the following section. 

RESULTS AND DISCUSSION 

The measured time-temperature records of the 
microthermocouples for the representative exper- 
imental trial are presented in Fig. 3. Also depicted in 
the figure are the microthermo-couple locations in the 
freezing chamber. The lowest tem~rature curve, # 1, 
is obtained from the thermocouple embedded under 
the edge of the chamber at the thermally-controlled 
boundary, and the upper curve, #7, is measured at 
the opposite end of the chamber where there is a free- 
floating warm boundary condition. The temperature 
plot for station 1 defines the freezing protocol, which 
consisted of a combination of constant rate cooling, 
steady boundary state, and a transitory cooling mode. 
The calculated interface temperature curve is also 
chn,.m in I?;” 7 Arm;r+wl h., tha n+rlm Thea A;._ UIA”“,‘ .A, 1 .E,. a, uqJ.w..d’u “J LLIIl .TLsuU. . ,,r u.a- 

continuity in the interface temperature curve near the 
beginning of the trial results from an initially large 
supercooling of the solution prior to the nucleation 
of ice, followed by a local temperature increase as 

60 

40 

P 0 

s 
e -40 

x 
E 
c 

-80 

-fzo 

-160 

o X6 

neat A PS 

-0 + x4 

l x3 

l 12 

0 Xl 

4 Intntace , 

0 200 400 600 600 1000 1200 1400 1600 

Tlm6 (6) 

FIG. 3. Micmthe~~oupie tem~ratur~time history for a medium-slow freezing protocol. 

httent heat is r&am! niore rapidly than it can be 

conducted away. 
Local rate-of-cooling plots for these same therrno- 

coupie stations are shown in Fig. 4. The change in 
thermal boundary condition midway into the trial is 
seen as a sharp increase in cooling rate. These curves 
illustrate clearly the damping of modulations in the 
boundary condition due to increasing cumulative 
thermal capacitance at points progressively further to 
the interior of the system. 

In Fig. 5 the ex~~mental~y determined position of 
the solid-liquid interface is plotted as a function of 
time, along with the computed temporal position of 
the equilibrium phase-change isotherm for the initial 
liquid solution composition (-0.53’C). The curves 
are parabolic in shape for the initial and subsequent 
(starting at about 1200 s) constant cooling rate por- 
tions of the freezing protocol. Changes in the slope 
and curvature in the curves are correlated with tran- 
sitions in the boundary conditions. The parallel 
portions of the two curves in Fig. 5 describe regions 
of steady growth of the interface, which implies an 
approximately constant interface velocity. The sep- 
aration distance between the curves, referred to as 
constitutional supercooling, can be related to the 
solute concentration at the interface through the sys- 
tem phase diagram. At the beginning of freeze-front 
growth the separation is due to the initial solution 
subcooling, and subsequent to nucleation the inter- 
face velocity increases until a steady state is attained. 
During the transition period when the cooling rate 
at the boundary is suddenly increased, the distance 
kntr,r~~n thm +,.,a-, c.,,..,Pc konm,w lornrrr I-h:c ;.w.c~o~.d uwln”*l. L.&r LW” “UL *\r* Lm.k”Lllb,l raL&jk&. , ,,,a IIILLCcaJC” 

separation is partly due to a depression of the equi- 
librium solidification temperature caused by a higher 
interface solute concentration. Another cont~buting 
factor is a transient interface morphology for which 
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FIG. 4. Microthermocouple rate-of-cooling profiles for the medium-slow freezing protocol 

a tip of a growing cell may become thinner as it 
advances at a more rapid rate than the basal plane of 
the cells. Thus, during the transition period the latent 
heat removal associated with movement of the inter- 
face tip is less than if solidification were occurring 
uniformly throughout the two-phase region, and the 
interface velocity is temporarily increased dispropor- 
tionately to the heat flow. 

The solid-liquid interface is in the vicinity of the 
cellular tips. It should be noted that the cellular mor- 
phology, as depicted in Part II [7l, contains a fairly 
deep intercellular region, the overall dimensions of 
which are of the order of 100 pm long with a spacing 
ofabout lOOtim between tips. Within this intercellular 
n=oinn there WIP nn nntirnl differentinl h&yeen solid .-er ._.. . .._._ .._I .._ -r _.__L _..__._.__._. 
and liquid phases, nor was the eutectic temperature 
front detected. Thus it was not possible to distinguish 
the colder vitreous phase in this region to identify a 
clearly defined basal plane. 

The classical Neumann analysis of the freezing pro- 
cess predicts that under steady-state conditions the 
interface position should be a function of the square 
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FIG. 5. Comparison ofequilibrium and experimentally deter- 
mined solid-liquid interface advancement. 

root of time. The experimental data is plotted accord- 
ing to this relationship in Fig. 6 with the result that 
approximately linear behavior results for the two 
portions of the protocol having nearly steady bound- 
ary conditions. Agreement between the data and the 
simple model is surprisingly good in the light of the 
transitory nature of the trial and deviation of the 
system from ideal one-dimensionality. A prior finite 
element analysis of the temperature distribution 
through the specimen and LUCITE substrate of the 
microscope stage showed that the maximum tem- 
perature variation along the optical axis is no greater 
than a few tenths of a degree for typical cooling pro- 
tocols [8]. Thus, conjugate thermal effects between the 
qnecimen and the stage should nroduce no sienificant _=___ --._-_ ---- ~_ _______ r__---- .._ _~~~...~~.~~~ 
effect on comparison of the experimental data with 
the classical Neumann analysis. 

Figure 7 shows the experimentally determined inter- 
face velocity vs time for this medium-slow freezing 
protocol. Before solidification begins. the velocity is 
zero, and the onset of nucleation produces the largest 
velocity, partly influenced by the initial subcooling of 

0 I I I 1 I I 1 

0 200 400 600 800 1000 1200 1400 $600 

Time 1s) 

FIG. 6. Confirmation of a Neumann type of advancement 
of the solid-liquid interface. 
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FIG. 7. Velocity of the solid-liquid interface during advance- 
ment. 

the liquid. The velocity basicafly follows the boundary 
cooling rate depicted by curve # 1 in Fig. 4, with the 
velocity approaching zero as the boundary cooling 
rate drops off and the protocol becomes one of a near- 
constant sub-zero holding temperature (see Fig. 3). 
The initiation of a new boundary cooling rate, about 
1200 s into the trial, is seen in Fig. 7 as an increase in 
interface velocity. 

An assessment of the accuracy of the computa- 
tional procedure for calculating interface parameters 
can be made by comparing calculated first-law inter- 
face velocity values to the experimentally determined 
vatues. The assumption is that the analytical deter- 
mination of the temperature profiles in the solid and 
liquid phases leads to the correct temperature at the 
interface. An energy balance is applied at the phase 
boundary to predict the interface velocity based on 
the differential between heat diffusion in the solid and 

liquid phttses, which could then be compared with the 
measured value. The velocity Vu, is calculated by 

Y Ih 
dT c?T 

‘ax,,-k’dx,, 1 
where L is the latent heat of fusion, p the solution 
density, and k, and k, the thermal conductivities of the 
solid and liquid phases. The thermophysical prop- 
erties are those appropriate to the interface tem- 
perature, and thus become insensitive to variable 
property effects associated with temperature gradients 
in the solid and liquid phases. The experimental uncer- 
tainty associated with the interface velocity cal- 
culation is addressed in ref. [8] and determined to be 
+O.Ol mm s-‘. 

This procedure was first tested using analytical data 
derived from a Neumann analysis as an experimental 
data set [I 11. The analysis is that for the solidification 
of pure water resulting from a step-temperature 
change at the boundary. The analytical solution pro- 
vided temperature-time values for positions cor- 
responding to the seven microthe~o~oupIe locations 
on the cryomicroscope stage. These are plotted in Fig. 
8. Curve # 1 shows the freezing protocol, which was 
the step-change constant boundary temperature from 
4 to -4°C. These data were then processed with the 
experimental data-analysis procedure to calculate 
temperature profiles in the solid and Liquid phases, 
rate-of~ooling profiles, and the interface temperature 
and velocity, and the rest&s were compared with 
values for the exact solution. 

The variation between the computed and exact 
Neumann values of the interface temperature is shown 
on Fig. 8. This calculation, using the quadratic poly- 

0 67 
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FIG. 8. Validation of the data reduction procedure for determination of the solid-liquid interface time 
history using a temperature-time field generated from the classical Neumann freezing problem. 
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distribution. the medium-slow freezing protocol. 

nomial technique that adjusts A(r), is the least accur- 
ate of the computed parameters. The deviation from 
theory was within fO.Ol”C. Figure 9 shows the 
position vs time plots of the interface, from the ana- 
lytical solution, and the equilibrium isotherm, as an 
output of the data analysis procedure. Recall that the 
equilibrium isotherm is used in assessing the con- 
stitutional supercooling of the system. The close 
match of these two curves indicates that the method 
for determining the position of the equilibrium iso- 
therm is consistent with theory. Tie iinai test of the 
data-reduction procedure is to calculate the V,, dis- 
tribution from the first-law analysis described above 
and compare it with the Neumann-solution interface 
velocity distribution. Figure 10 shows the compati- 
son, which would theoretically plot as a line 45” to the 
abscissa. Deviation from the line is + 2 % . 

Actuat velocity (mm s-‘I 
. 

FIG. 10. Validation of the procedure for calculating the 
solid-liquid interface velocity for the Neumann temperature 

distribution. 

0.008 

1 

Figure 11 presents a plot of the calculated interface 
velocity for the quasi-steady-state part of the freezing 
experiment vs the actual measured velocity. Values 
for the thermophysical properties of the solution are 
given in Table 1, with the density of the sodium per- 
manganate solution obtained by interpolating values 
given in ref. [IO]. The plot does not show a slope of 
unity, but it does plot as a straight line. While this 
could be attributed to uncertainties in the measure- 
ments or the thermophysical properties, the appli- 

. . . . 
cantttty of the first-iaw equation for the case of a 
non-planar interface is also a concern. The equation 
presented above assumes latent heat is released over 
a planar interface, and the experimental interface con- 
dition is one of a cellular interface. This suggests that 
the latent heat is proportional to the ratio of the solid- 
phase area to the planar area. Multiplication of the 
planar front first-law value by an experimentally 
determined area ratio, obtained as a part of the mass 
transfer part of the experiments, results in a near- 
unity, unshifted plot of first-law velocity vs exper- 
imentally determined velocity [7]. 

SUMMARY 

An experimental facility has been designed to 
obtain data for the unidirectional solidification of 
binary solutions with solute exclusion from the solid 
phase. The system provides the capability for real time 
direct observation of the freezing process along with 
simultaneous measurements of the one-dimensional 
temperature field and the two-dimensional con- 
centration field in the vicinity of the solid-liquid inter- 
face. The overall objective of the experiments is to 
provide a data base for the development of analytical 
models for predicting the freezing process and the 
interface morphology as a function of time. The ex- 
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perimental results contained in the paper are rep- 
resentative of the data base acquired with the facility. 
The data include the temporal and spatial temperature 
profiies, iocai rates ofcooling and heat flux, and inter- 
face velocity and temperature. Internal consistency of 
the data is verified by comparing the interface velocity 
from physical measurements with an energy balance 
based on deduced temperature gradients in the vicinity 
of the solid and liquid phases at the moving boundary. 
The mass transport results and analysis of cross- 
coupling effects and constitutional supercooling are 
presented in a subsequent paper. 
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ETUDE MICROSCOPIQUE DU TRANSFERT COUPLE DE CHALEUR ET DE MASSE 
PENDANT LA SOLIDIFICATION UNIDIRECTIONNELLE DE SOLUTIONS BINAIRES- 

I. ANALYSE THERMIQUE 

Resume-Les phtnomenes couples de transfert de chaleur et de masse pendant la solidification unidi- 
rectionnelle dune solution binaire sont itudib en utilisant un stage special du gel pour la microscopic a 
lumiere transmise. L’appareil pet-met l’observation directe en temps reel du mecanisme de solidification 
avec mesure simultanQ de l’&chelle cellulaire des champs couples de concentration et de temperature, avec 
leur interaction. Les donnees exp&imentales foumissent une comprehension du processus de solidification 
au niveau microscopique utile aux modeles du mecanisme de solidification binaire, en incluant les prowls 
temporels et spatiaux de temperature, les vitesses locales de refroidissement, les flux thermiques, la vitesse 

et la temperature a I’interface. 

._____^^ * _^___^__ - __----- ~__~ .__-.. _ --- --~~-~~~ ~~ 
MlKKUYKUPIXHt UNTEKSJLHUNG DES GEKOPPELTEN WARME- UND 

STOFFTRANSPORTS BE1 DER GERICHTETEN ERSTARRUNG BINARER 
LGSUNGEN-I. UNTERSUCHUNG DES WARMETRANSPORTS 

Zusammenfassung-Mit Hilfe einer speziellen Gefriereinrichtung fiir Durchlichtmikroskopie wurde der 
gekoppelte W&me- und Stofftransport untersucht, der bei der gerichteten Erstarnmg in binlren LBsungen 
auftritt. Die Apparatur gibt die Miiglichkeit der Echtzeitbeobachtung des Gefriervorgangs zusammen mit 
der gleichzeitigen Messung des zeitlichen Verlaufs der gekoppelten Mikrokonzentrations- und Tem- 
peraturfelder und deren gegenseitiger Beeinflussung. Die experimentellen Werte ermciglichen eine ver- 
standliche Beschreibung des Gefriervorgangs auf mikroskopischer Ebene, die zur Entwicklung bitrarer 
Erstarrungsmodelle sehr niitzlich ist. Sie enthllt rfiumliche und zeitliche Temperaturprofile, lokale Werte 
von Kiihlgeschwindigkeit und Wlrmestromdichte sowie Geschwindigkeits- und Temperaturentwicklung 

der Phasengrenze. 
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MMKPOCKOI-IW~ECKOE HCCJIEJJOBAHHE CBR3AHHOrO TEIlJIO- W 
MACCOI-IEPEHOCA B IIFOUECCE HAIIPABJIEHHOrO 3ATBEPiIEBAHHJi EMHAPHMX 

PACkWOB-I. TEPMHVECKHR AHAJIiii 

u HCUOJlb30BaHHeMCUW~bHO C~OHcTp)nrpOsarulOrOyCTpOkTBaAJlS OllTH'ECKOfi UEIC- 

pocKouHn llpo3paqHbIx cpen HccJtenyloTcn PBJICHXI CnfuaHHOrO Tanno- E MacCouepeHoCa,npoHcxonn- 

uule npil HanpaBllCHHOM 3anepiwa~H~ BHHB~HO~O pacnopa Ycra~osra o6ccnm~sac~ 
IiCII0CpCJlCTWElH0C HdJU0JlCl5lC 3a QIOWCCOM %WOpaXHBSGiHll B peallbHOM MaCUlTab BpeMCHH C 

oJDIospcMe- I!i3McpcHuev JBoJlJouwII rJ3aMMoca- rowelrrparuro~oro A TeMnepaypworo 

uoneii. 3KcnepHMeHTaJib H~C~C~TBO3MO~ocTanO~H~~fl~~uIylo~pa~pH~ 

npoQccca 3abfopaxHDaHHn Ha bswpocx0nHYccr0M ypoBHC Lvxx Hcn0Jlb3oBaHIu bc npIi pa3pa6OTKC 
~0~i~~1~itnp0u~6~1-1apif0~0 3a~sepncea~Ha.8~q:an~pc~e~lrolH UpOCTpaHCTBeHHbdiTehfaepa~yp- 

we n~lunl,noriu~b~are 3HaqenHn cxopocrH oxnar;peHxa H TeunoBoro noTora, a Tanre cropcxxb H 


