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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
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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, 2). 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. Korber et al. [S, 6] investigated solute
redistribution during freezing of binary aqueous salt
solutions. Thermal and concentration fields were
measured for planar and cellular morphologies.

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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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.

EXPERIMENTAL APPARATUS AND PROCEDURE

Experiments were carried out on a specially-
designed low-temperature stage mounted on a Zeiss
Universal light microscope equipped for simultaneous
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
on the microscope and illuminated with transmitted
light using a halogen lamp and brightfield condenser.
Approximately 4 pl of specimen solution was de-
posited into the freezing chamber under the upper

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
view, with the temperature field symmetric about the
primary axis defined by the direction of the freeze
front, as demonstrated in ref. [8].

Four types of data were recorded as functions of
time and position during each experiment :

(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 [7). 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-

trometrically. In addition, the thermophysical prop-

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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FIG. 1. Transmitted-light microscope freezing stage and experimental system for studying binary solidi-
fication processes,

the phase diagram for sodium permanganate, adapted
from ref. [10]. The eutectic freezing point is ~15.8°C,
Table 1 gives pertinent thermophysical 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 cen-
tered within the field of view during freezing, the trans-
ducer 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 simultaneous flm and
electronic format recording of the dynamic freezing

process, primarily to be used for offfine mass transfer
and interface morphology analysis. The measurement
accuracies of the various parameters were assessed
from <calibration tests as follows: temperature,
+0.5°C; solute concentration, 0.1 wt% for nearly
pure solvent to +2.5 wt% for near-eutectic states;
and +0.01 mm for interface position for a typical
cellular length of up to 180 um and a cell spacing of
about the same order of magnitude.

DATA ACQUISITION AND ANALYSIS

Data were obtained for approximately 30 con.
{rolled experimental trials characterized by cold-end
boundary cooling ranges within the range from 0.5 to
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60°C min~"', and with overall temperature limits from
25 to —100°C. Some protocols included neriods of
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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-

haddad in ¢ H
bedded in the surface of the specimen chamber of the

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

T (6, 0) = A(D) x*+ B(1) - x+ C(1)

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 position, slope and curvature of the temperature
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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 4, B, and C are determined for the

liaunid nhase ucine that thermocounle and the two
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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

Thermat 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

D, 1.25x107°m?s™!

k  0603Wm 'K~

k, 22Wm 'K

@ 1.44x107"m?s™!

o, 1.15x10"¢m?s™!

q 4.186x10°J kg 'K™!
¢, 1.950x10*Jkg-'K™!
y  26x107!)Jm™?

L 333x10°Tkg™"

AS -122x10"*Jm~*K"!
C, 216wt%

T 2726K




Microscopic study of coupled heat and mass transport-—1 33

ratic polynomial using the interface temperature and
data from two thermocouples in the solid phase and
differentiating it with respect to x. The position
of the equilibrium freezing temperature isotherm
(—0.532°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 microthermocouple 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 microthermocouple locations in the
freezing chamber. The lowest temperature 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
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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

latent heat is teleased more rapidly than it can be
conducted away.

Local rate-of-cooling plots for these same thermo-
couple stations are shown in rxg 4. The cnaﬁge 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 experimentally 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
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separation is partly due to a depression of the equi-
librium solidification temperature caused by a higher
interface solute concentration. Another contributing
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 [7], contains a fairly
deep intercellular region, the overall dimensions of
which are of the order of 100 um long with a spacing
of about 100 um between tips. Within this intercellular
region there was no optical differential between solid
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

12~
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FIG. 5. Comparison of equilibrium 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
specimen and the stage should produce no significant
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
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FI1G. 6. Confirmation of a Neumann type of advancement
of the solid-liquid interface.
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the liquid. The velocity basically 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
values. 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

12

Temperature (°C)
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fiquid phases, which could then be compared with the
measured value. The velocity Vy, is calculated by

1
pL

oT oT
[“a“""a‘—]

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
+0.0l mms~'.

This procedure was first tested using analytical data
derived from a Neumann analysis as an experimental
data set [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 microthermocouple locations
on the cryomicroscope stage. These are plotted in Fig.
8. Curve # I 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-cooling profiles, and the interface temperature
and velocity, and the results 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-
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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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FIG. 9. Validation of the procedure for calculating the solid-
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nomial technique that adjusts A(z), is the least accur-
ate of the computed parameters. The deviation from
theory was within +0.01°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. The final 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 compari-
son, which would theoretically plot as a line 45° to the
abscissa. Deviation from the line is +2%.
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FiG. 10. Validation of the proccd‘ure for calculating the
solid-liquid interface velocity for the Neumann temperature
distribution.
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F1G. 11. Comparison of the energy-balance calculated inter-
face velocity with the experimentally determined value for
the medium-slow freezing protocol.

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. [10]. 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-
cability of the first-law 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
profiles, local rates of cooling 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

Résumé—Les phénomeénes couplés de transfert de chaleur et de masse pendant la solidification unidi-
rectionnelle d’une solution binaire sont &tudiés en utilisant un stage spécial du gel pour la microscopie 4
lumiére transmise. L’appareil permet 'observation directe en temps réel du mécanisme de solidification
avec mesure simultanée de I'échelle cellulaire des champs couplés de concentration et de température, avec
leur interaction. Les données expérimentales fournissent une compréhension du processus de solidification
au niveau microscopique utile aux modéles du mécanisme de solidification binaire, en incluant les profils
temporels et spatiaux de température, les vitesses locales de refroidissement, les flux thermiques, la vitesse
et la température a I'interface.

M
S

ROSKOPISCHE UNTERSUCHUNG DES GEKOPPELTEN WARME- UND
TOFFTRANSPORTS BEI DER GERICHTETEN ERSTARRUNG BINARER
LOSUNGEN—I. UNTERSUCHUNG DES WARMETRANSPORTS

Zusammenfassung—Mit Hilfe einer speziellen Gefriereinrichtung fiir Durchlichtmikroskopie wurde der
gekoppelte Warme- und Stofftransport untersucht, der bei der gerichteten Erstarrung in biniren Lasungen
auftritt. Die Apparatur gibt die Mglichkeit 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 erméglichen eine ver-
stdndliche Beschreibung des Gefriervorgangs auf mikroskopischer Ebene, die zur Entwicklung binirer
Erstarrungsmodelle sehr nitzlich ist. Sie enthilt rdumliche und zeitliche Temperaturprofile, lokale Werte
von Kiihlgeschwindigkeit und Wirmestromdichte sowie Geschwindigkeits- und Temperaturentwicklung
der Phasengrenze.
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MUKPOCKONMHYECKOE HCCIIEAOBAHHUE CBA3AHHOIO TEIJIO- U
MACCOITEPEHOCA B NMPOLUECCE HAMPABIEHHOI'O 3ATBEPAEBAHHA BHUHAPHBIX
PACTBOPOB—I. TEPMHYECKHA AHAJIM3

Amsoraims—C HCNOMH30BAHHCM CHCLUHANLHO CKOHCTPYMPOBRHHOrO yCTpoHcTBa ANs onTHYecxol MHK-
POCKONHH MPO3PAYHBIX CPER HCCICAYIOTCA SBJICHHS CBAIAHHOIO TAMIO- H MACCOMEPEHOCA, IPOHCXOMN-
K¢ NPH HANPaBRACHHOM 33aTBEpAcBaHHH GuHApHOTO pacTBopa. YcraHosxa obecneunsaer
HETIOCPEACTBCHHOE HAO/MIOACHHE 33 OPOLCCCOM 33MOPAXHBaHHA B PeasibHOM MacwutaGe BpeMeHH ¢
ONHOBPEMCHHBIM H3MEPCHHCM 3BOJIIOLHH B3aMMOCBIAHHBIX KOHUCHTPAUHOHHOIO H TEMNCPAaTYPHOTO
nonefi. IxCNCPHMEHTANLHBE JAHHbBIC JAIOT BO3MONKHOCTD NOYTHTh HCYEPNLIBAIOWIYIO XaPaKTCPHCTHKY
npofiecca 3aMOPaXHMBAHHA HA MHKPOCKONMHYECKOM YPOBHE IR HCHO/LIOBAHHA e npH paspabGoTke
moznenell npouecca GARAPHOTO 3aTBEPACBAHHA, BKIIOYAA BDEMEHHON ¥ MPOCTPAHCTBCHHLIA TemuepaTyp-
Hble TPOQUTH, TOKANLHBIC 3HAYCHHA CKOPOCTH OXJAXACHHA H TCIUIOBOTO NOTOKA, 3 TAKXE CKOPOCTDh H
TeMnepaTypy Mex(a3Hoi rpaHuubL.



