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Abstract—Six thermal properties of a charring carbon—phenolic material are measured in a single experi-
ment. The experiment, performed in two hyperthermal plasma-arc facilities, is described and a heat-transfer
model is presented, an extension of the classical fusion model of Stefan. The model is solved using a method
of finite differences which has several unique features. The properties are calculated from the experimental
measurements using the model and nonlinear regression analysis. The calculated property values are shown
to be in good agreement with values from conventional tests. It is demonstrated by comparative calculations
that the modified Stefan model with nonlinear-regression properties predicts the transient thermat
behavior equally as well as a more sophisticated ablation model with conventionally measured properties.

NOMENCLATURE

C,  defined by equation (14) [J/m3 deg] ;

c, specific heat [J/kg deg] ;

AH, enthalpy increase during reaction
[J/kel;

K,  defined by equation (13) [W/m deg] ;

k, thermal conductivity [W/m deg] ;

L, initial specimen length [M];

p, property;

R, stretching ratio defined by equation
(28);

S, heat sink capacity at cooled surface
[J/m? deg] ;

T, temperature [°C] ;

TC, thermocouple;

t, time [s];

x, spatial ordinate [m] ;

v, rate of motion of char—virgin interface
(m/s];

o, thermal diffusivity [m?/s] ;

v, number of dimensions less one;

£, transformed spatial variable ;

P, material density [kg/m?3] ;

T, transformed time variable [s] ;

¢, stretched spatial variable.

* Now at Western Electric Engineering Research Center,
Princeton, N.J., U.S.A.
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Subscripts
c, charred material ;
d, decomposition (charring) process;
g, gases formed by pyrolysis of virgin
material ;
i, i=corv;
I, interface of decomposition (char front);
B, back surface;
v, virgin material ;
F, front surface;
o mitial conditions.

INTRODUCTION )
THE AUTHORS have studied the internal behavior

of charring ablators with the goal of developing
economical, mathematical models which accur-
ately describe thermal behavior. Internal be-
havior can be considered separately from
surface phenomena by using an internal tem-
perature near the heated, ablating surface as
one of the boundary conditions in the model.
The resulting problem is still a complex heat
and mass transfer problem involving the char-
ring or degradation of a polymeric resin and
subsequent high-temperature reactions with
the reinforcing agent. This problem still has
not been completely modeled. Some question
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exists concerning the degree to which a model
can be simplified without losing the ability
to predict thermal behavior with acceptable
accuracy. This question can be answered for
each particular material only by comparing
predictions with experiment for several models.
The simplest acceptable model should be used
for two reasons: (1) to simplify the solution of
the mathematical model and (2) to minimize
the number of thermal properties that must be
measured.

Conventionally one measures each required
property in a separate ‘“‘property measure-
ment” test. When using the conventional ap-
proach to measure properties for a charring
ablator model, (1) it is not always possible to
design tests to measure properties under the
desired thermal conditions, and (2) there are
some properties which are difficult to measure.
Consider an example of each situation.

{1) The chemical structure of certain charring
ablators depends both on temperature and on
the rate of heating; thus, the structure of a
material specimen charred slowly in an oven
may be different from another specimen charred
rapidly during reentry. It is therefore reasonable
to expect the thermal conductivities at a given
temperature to be different for the two speci-
mens since their chemical compositions differ;
yet it is customary practice to determine high-
temperature thermal conductivities by per-
forming measurements on specimens which
have been oven-charred, and to use these
values to describe the behavior of the material
when it is rapidly charred. (2) Properties such
as the specific heat of the gaseous products of
decomposition and reaction-rate constants are
difficult to measure, and the current practice is
to estimate them by reasonable numbers which
give good agreement between theory and
experiment.

These problems can be avoided by simul-
taneously measuring all desired properties using
nonlinear regression* to calculate the proper-
ties. Beck was the first author to apply the
procedure to thermal problems in a series of
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papers [1-4]. The mathematical details of the
technique and several variants have been dis-
cussed elsewhere by the senior author [5];
only an outline of nonlinear regression will be
presented here.

Consider a thermal system described by a
mathematical model expressing the relationship
between a theoretical dependent variable, T,
several independent variables, x and 1. and
several properties, py, p;,...p, In particular,
let T be temperature, x be distance and r be
time. Symbolically the modelt is represented as

g (1)

Consider an experiment in which the experi-
mental dependent variable, E, is measured at
r discrete values of the independent variables,
x and t. These r measurements of the experi-
mental temperature are represented as

Ei = E(xi, t,) for i m 1, 2, ... F.

T = T(xat;pbpb"'

2

Nonlinear regression is the process of deter-
mining the value of the n properties which will
minimize the sum-of-squares function

F= 'Zl [E(xia t;) - T(xis t;';pppz,---Fn}]z- (3)

wherer 2 n

Thus, the procedure determines the property
values which will minimize the difference in a
least-squares sense between theory and experi-
ment for all available data. Equation (3) is
normally minimized by an iterative procedure,
which requires the solution of equation (1)
n + 1 times for each iteration [5]. The accuracy
of the method is dependent on the design of the
experiment. The experiment should be designed
by analytical, optimizing techniques [1-4].

* Nonlinear regression is also called nonlinear least-
squares or nonlinear estimation.

+ No restrictions are placed on the form of the model or
the techniques used to solve the model. “Nonlinear™ re-
gression implies that the dependent variable is a nonlinear
function of the properties. In this article we treat a model
consisting of two coupled nonlinear partial differential
equations.
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In the following sections the authors describe
the tests conducted to evaluate the behavior
of a carbon-phenolic ablator, introduce a
particular model selected to describe the thermal
behavior of the ablator, present the properties
for the model as determined by nonlinear
regression, and compare these properties with
conventionally measured properties, demon-
strating successful application of the nonlinear
regression techniques to a complex heat-transfer
problem.

EXPERIMENT

Tests were conducted in two hyperthermal
testing facilities to observe the thermal behavior
of a carbon-phenolic ablator. These tests were
part of other material evaluation efforts by
colleagues of the authors. The authors dis-
covered, in spite of the fact these tests had not
been designed to measure properties, the experi-
mental data could be analyzed successfully by
nonlinear regression. However, the tests were
not of optimum design.

The experiment consisted of four tests; three
were conducted in the Avco Space System
Division’s Orbital Vehicle Reentry Simulator
(OVERS) Facility [6]. This facility consists
of an electric arc heater with a supersonic
nozzle, an evacuated 0-6 m dia test chamber, a
vacuum pumping system, a 500 kW rectihed
power supply, and associated instrumentation
and data reduction facilities. The OVERS arc
is a steady-state device capable of operating
within an enthalpy range of 58465 MJ/kg
for simulated :.ir. The heated gas impinges on
the plane surface of a cylindrical specimen.
The remaining test was conducted in the Avco
Space Systems Division’s Ten Megawatt Arc
(10 MW) Facility [6]. This arc facility consists
of a 01 m dia spherical plenum chamber into
which four individual arc heads exhaust. The
four arcs are mounted in a common plane and
are spaced equally around the periphery of the
plenum chamber. The heated air mixes in the
plenum chamber and exhausts through a super-
sonic nozzle in a direction perpendicular to the
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plane of the four arc heads. The plasma then
flows through the center of a cylindrical pipe
specimen constructed from the material under
evaluation.

Figure 1 illustrates the cylindrical specimen
design of the three samples tested in the OVERS
Facility; Fig. 2 illustrates the specimen design
of the one sample tested in the 10 MW Facility.
Table 1 tabulates the dimensions and environ-
mental conditions for each sample. The heat
fluxes ranged from 045 to 158 MW/m?. The
carbon-phenolic material consisted of layers
of carbon cloth impregnated with phenolic
resin; therefore, the material was anisotropic.
As noted in Table 1, the angle between the
direction of heat flow and a normal to the plane
of the cloth layer differed in the two specimen
designs; thus, the thermal conductivity can be
expected to be somewhat different for the two
experimental configurations. Because of the
different experimental configurations, the heat
transfer in the OVERS tests was one-dimen-
sional in a Cartesian coordinate system whereas
in the 10 MW the heat transfer was one-di-
mensional in a cylindrical system. All tempera-
ture measurements were made using chromel-
alumel thermocouples installed parallel to the
heated surfaces to minimize experimental error
[7] and were recorded on magnetic tape.
Values of the temperature at desired times were
obtained on 80 column punch cards by using
a computerized data reduction facility.

MODEL

The model adopted to describe the thermal
behavior of the carbon—phenolic material is the
classical fusion model of Stefan [8], extended
by Grosh [9] and Barriault and Yos [10], in
which a virgin material decomposes endo-
thermically at a specified temperature to form a
char matrix and a gas. The evolved gas is
assumed to remain in local thermal equilibrium
as it transpires through the matrix toward the
heated surface. Figure 3 illustrates the relevant
geometry. The region of interest extends from
the forward thermocouple, which supplies a
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Table 1. Test specimen dimensions and environmental conditions

Cold wall Exposure Fabric

Inner

. e A . L TC# TC# TC# TC# TCH5
Specimen  Facility heat flux time layup radius
[MW/m?] (s] angle [cm] [cm] [cm] [cm] [cm] [cm] [cm]
1 OVERS 0-45 2400 0° — 2:858 0254 0502 1007 153 2-54
2 OVERS 103 1800 0° — 2858 — 0513 1020 153 2-53
3 OVERS 411 1200 0° — 2858 — — 1020 153 2:53
4 10 MW 15-8 412 20° 1-59 1.75 0254 0511 0760 102 —
. Thin ¢
high-conductiity X () = x[0) + [vfr)dz ®)
pla h
Virgin plastic _-Insulated
surface v; 20 9
Tx, ) < T (10)
0 0Tv 0Tv
—(Ki5—]=C,— xAt)< x < xp (11
ax v ax v at I() B ( )
0Tv oTv
—k,—=S—— x=1Xxp-. 12
v ax at B ( )

Heated
surface

Depth of forward
thermocouple

F1G. 3. Geometry for the model.

variable-temperature boundary condition, to
the rear of the virgin material, where a thin,
high-conductivity plate provides a calorimeter-
type boundary condition. The following equa-
tions de cribe the flow of heat:

T(x,0) = To(x), t=0 4
T(xp ) = THt), x = xp 6))
d dTc 0Tc 0Tc
x (’%7) G =g
Xp < X < x(1) (6)
oTv dTc
vaHdvI = kv?; kc a_x’ x = xl(t) (7)

The equations are generalized to one-dimen-
sional rotationally symmetrical flow in (v + 1)
space by defining K and C as follows for each
region:

K; = k{x/xg)" (13)
C; = pic{x/xp)* where i=corv (14)

and for the gas,
Cy = (o — po) cg[x(t)/x6]". (15)

In the four experiments reported in this
article, the entire material was initially in the
virgin state, although this is not a restriction
of the model. The initial temperature distribu-
tion, equation (4), is obtained by linear inter-
polation between the initial experimental
thermocouple readings. Initially only equations
(4), (5), (11) and (12) apply, with x; < xz. From
the time when the front-boundary temperature
first exceeds the decomposition temperature
until the entire material has charred, equations
(5)H12) are solved simultaneously. When the
material is completely charred, only equations
(5), (6) and (12) apply with x; = x5 Since, unlike
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fusion, the decomposition process is irrever-
sible, the model has a provision for temporary
halting of the char-virgin interface anywhere
between the boundaries. For such time intervals,
the interface temperature varies in such a way
that equation (7) is satisfied for v; = 0. For the
two experimental configurations presented in
the previous section, the rear surface may be
assumed to be adiabatic and therefore S = 0
in equation (12).

The system of equations (4)(12)is transformed
in two steps to facilitate its solution by finite-
difference methods. The first step is to apply
the Murray-Landis [11] transformation:

Ce=x—xp)g —xp), xp<x<x (16)
Co=(x—x)f(xg—x), <x<xp (17)
T =t (18)

The second step in the transformation is a
nonlinear stretching of the variable ¢ so that
more grid points can be put into regions of
higher temperature gradients without the need
for unsymmetrical difference approximations
for the gradients. The general form of the
stretched ordinate is ¢ = ¢(&), with ¢(0) =
and ¢(1) = 1 for convenience. Application of
the two-step transformation to equations (4)-
(12) yields:

T(¢,0) = To(¢), ©=0 (19)
TO,7)=Td®), ¢. or ¢,=0  (20)
P oT, (c +¢C)
G — o 00, ( A a«m) — %
xZ—f:Cc%, 0O<g.<1 (1)
_ ke, 0T,
poH 0y = Xg — X 0y|g,-0
kep. 0T,
- 2o 22
Xp — Xp0Q.|4.=1 @
1) = x40) + { uc) de 23)
0
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50 24)
T(l,7) = T(0,7) < T, (25)
o, J
oo — %7 36, ( s )
( v)vI
WL——-_TIC@,,a O<¢py<1  (26)
;mﬂ-san ¢, = 1 27)

Xg — X 09, = ot

in which ¢’ = d¢/d¢ is a function of & The
particular form of ¢ used in the model is given
implicitly by the quadratic:

& = [2¢i +(R; — 1)¢|2]/[Rz + 1],

where i=corv (28)

R equals the ratio of the extremal stretching
rates, ¢'(0)/¢'(1). Therefore, when R > 1, grid
points are more dense in the original space near
¢ = O than near ¢ = 1.

The method of numerical solution is similar
to that of Swan and Pittman [12], with the
addition of the nonlinear grid system described
above and the following refinements:

1. An implicit rather than explicit differenc-
ing scheme is used to improve stability and to
allow greater freedom in the choice of grid
spacing and time step. The degree of implicity
may be varied in the digital computer program.
Crank—Nicholson [13] differences were used for
the present study.

2. The numbers of grid points in the char
and virgin regions are increased and decreased,
respectively, as the char front moves through the
material, in such a way that the grid Fourier
numbers, o; At/(Ax)?, in these two regions never
differ by more than a factor of 2. Cubic interpola-
tion from four neighboring grid points is used
to compute temperatures at newly created
grid points in the char.

3. As a result of the variable number of grid
points, the initial char depth can be zero,
unlike references [11] and [12]. When Tg1)
first exceeds T, the char—virgin interface speed
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y; and position x; are solved from difference
equations representing (22) and (23). At this
time, the growing char layer is bounded by grid
points at known temperatures T{t)and T; = T,
but has no internal grid points. This procedure
is continued until the char grid spacing Ax, =
x[(f) — xp violates the grid Fourier-number
balance, and an internal grid point is created in
the char as explained above. A similar pro-
cedure has been developed for a heat-flux
boundary condition at xp.

The transformed system of equations (19)+27)
has been programmed in the Fortran Il language
for the IBM 7094 digital computer. The pro-
gram selects the time steps and the times at
which the numbers of grid points should be
changed to satisfy the grid Fourier-number
balance mentioned above. The procedure for
selection oftime steps is to begin with a maximum
grid Fourier number, «; At/(Ax)? equal to 0-5,
and to increase the grid Fourier number by
10 per cent after each time step.* During time
intervals when special accuracy is essential, such
as near the starting or stopping of charring,
the time step is reduced temporarily using other
criteria.

The programmed heat-transfer solution, while
complete in itself, is incorporated as a sub-
routine of the programmed nonlinear regression
calculations. This complex subroutine is repre-
sented by equation (1) in the nonlinear regression
analysis. Equation (1) is solved n + 1 times at
each iteration of the regression calculations.
The automatic process for choosing grid spacings
and time steps is necessary since the range of
properties selected during the iterations cannot
be known in advance. One feature of the com-
bined nonlinear regression-heat transfer pro-
gram is directed acceptance of the 80 column
punch cards provided by the computerized
data reduction facility. Since the accuracy of
the nonlinear regression calculations improves

* In a recent note, Weber [19] has suggested a similar
procedure for improving the accuracy of Crank—Nicolson
solutions. His note provides analytical justification for
the procedure.
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by using all of the large volume of available
data, compatibility of these systems is essential.

PROPERTY DETERMINATION BY NONLINEAR
REGRESSION

If the thermal properties are assumed to be
independent of temperature, the adopted char-
ring ablator model described by equations
(4)(15) involves nine properties; k,, ¢, P, K.
Co» Po C» AH, Careful examination of the
set of equations forming the model reveals only
seven independent parameters. Since for the
experiments performed, S = 0 in equation (12),
this number was reduced further to six. In
other words, if the model describes the thermal
behavior of a certain material, only six quan-
tities are necessary to characterize the behavior
of that material. These six quantities or thermal
parameters are functions only of the nine
properties. The selection of the six parameters
is not unique, just as the selection of dimension-
less groups is not unique in dimensional analysis.
If the experiments had been designed specifically
for nonlinear regression analysis, a calorimeter
plate would have been provided at the rear so
that § > 0; the plate would have made possible
the determination of one additional parameter
[14]. The authors chose to use the values of p,,
p. and ¢, (which were measured by conven-
tional tests) as known constants. This choice
allowed the remaining six properties (k,, k., c,,
¢, Ty, AH ) to be the six parameters determined
by nonlinear regression. They were determined
from the data of the three tests conducted in
the OVERS facility by using the combined
nonlinear regression-heat transfer computer
program. Property values were determined for
each specimen; these three sets of values were
then linearly averaged to determine the set of
values presented in the following section.

COMPARISON WITH CONVENTIONAL
MEASUREMENTS

To demonstrate the utility and accuracy of
simultaneous property measurements, nonlinear
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Table 2. Thermal properties of the carbon—phenolic ablator
Property Units Values determined by nonlinear regression Conventional measurements
k, W/m deg 0-850 0-57-1-04*
k. W/m deg 0-751 0-38-1-09%
¢ kJ/kg deg 113 0-887
AH, MIJ/kg virgin material 0711 0775
T, °C 3460 —
<, kJ/kg deg -329 +1-67
Values arbitrarily specified based on conventional measurements

¢, kJ/kg deg 1-045 1-045
Py kg/m? 1440-0 14400
Pe kg/m? 11200 960-0-14400|

* Function of temperature-continuous variation with temperature.
1 Continuous variation with temperature and charring temperature,

| Continuous variation during degradation.

regression results are compared with conven-
tionally measured values. Since the ultimate
application of the properties is prediction of
transient thermal behavior, the modified Stefan
model with nonlinear regression properties
must be able to predict thermal behavior as weli
as accepted ablation models with convention-
ally measured properties. The authors were
fortunate in having available for comparison
an earlier study [15] of a colleague, R. S. Bartle.
He studied the three tests conducted in the
OVERS Facility using the Munson—Spindler
[16] charring ablator model. This model differs
from the authors’ modified Stefan model pri-
marily by using an “nth” order reaction rate
equation with continuously variable density
as opposed to defining a decomposition tem-
perature, T;, and two discrete densities. Thus,
the property T, is not required in the Munson—
Spindler model, but two other properties,
degradation rate constants, are required. These
rate constants are difficult to measure directly;
one method is to deduce them simultaneously
by thermogravimetric analysis (TGA) of a
small specimen. |

Bartle used conventional thermal conduc-
tivity measurements made with a steady-state

1 Linear regression analysis has been introduced recently
into TGA (17, 18].

guard-ring configuration apparatus on oven-
charred specimens. The conductivity was
measured as a function of both density and
temperature. The density and specific heat
were also measured by conventional methods
on oven-charred specimens. Since AH, and c,
cannot be measured readily by conventional
tests, Bartle chose reasonable values based on
previous experience to obtain agreement between
the theory and experiment.

The property values determined by the non-
linear regression calculations and the conven-
tionally measured values used by Bartle are
tabulated in Table 2. Good agreement is noted.
The only property for which there is lack of
agreement is c,, the specific heat of the trans-
piring gas. For all of the tests the calculated
transient temperature response of the material is
quite insensitive to the value of ¢, This in-
sensitivity indicates that the experimental design
is inadequate for measuring c,. Therefore, little
significance can be attached to the value of
¢, determined by nonlinear regression. How-
ever, the negative value obtained in this case is a
physical possibility; it may indicate that an
exothermic process is occurring either in the
gas phase or between the gas phase and sur-
rounding char matrix. One possible exothermic
process would be the deposition of pyrolytic
graphite on the char matrix.
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The nonlinear regression properties were
used in the author’s model and the conventional
properties were used by Bartle in the Munson—
Spindler model to predict the thermal response
of all four specimens. The experimentally
measured temperature at the front thermo-
couple was used as the forward boundary
condition. The environmental conditions and
geometry for each specimen are presented in
Table 1. Figures 4-7 present the thermal
response predicted by the two sets of properties
as well as the experimental measurements.*

1600

-— Experiment

1a00}— © Present method
4 Munson-Spindler model [I 5]

1200 =3}

TCI\//

© 1000 A
¢ /
5 so0
= A
H / //iTC 2 X
Q
E 600 2 84
Lot A
A
400 s
a8
200
o 100 200 300 200

Time, s

Fi1G. 4. Temperature histories for specimen 1.

There is good agreement except for thermo-
couple four of specimen three (Fig. 6). Bartle and
the authors believe that the lack of agreement
between theory and experiment for this sensor
may be due to a thermocouple error. The fact
that the two theoretical predictions agree
closely supports this hypothesis. Figure 7

* Because of a noisy signal in the second thermocouple
for specimen 2, it was necessary to estimate the experimental
temperature for a portion of the test.

Temperature, °C

°C

Temperature,

2000
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——— Present author's estimation
—-— Bortle's estimation [I5]
16001 o Present method
A& Munson-Spindler model [I6]
1400 —
1200
/ TC 2
1000
/ A% TC 3
800 / / \
600
0 0 o
400 / SVt j
=]
200 g o 2 I
5 6 2" rc5
0 100 200 300 400
Time, s
Fi1G. 5. Temperature histories for specimen 2.
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FIG. 6. Temperature histories for specimen 3.
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FiG. 7. Temperature histories for specimen 4.

presents the predicted and observed tempera-
ture histories for the 10 MW arc supersonic-
pipe test; the agreement is excellent in spite of
the fact that the properties can be expected to
differ slightly from those in Table 2, because
of the different fabric layup angle. Predictions
from the Munson-Spindler model were not
available for this specimen.

One advantage of the nonlinear regression
approach is that the root-mean-square (rms)
difference between the measured and predicted
temperatures may be calculated directly from
the sum-of-squares function, equation (3). For
the four specimens these rms differences were
2722°C, 24-17°C, 60-56°C and 12:61°C re-
spectively. These numbers confirm objectively
that there was good agreement between the
experiment and the authors’ model except for
specimen three as noted above.

CONCLUSIONS
Nonlinear regression is a practical tool for
rapid, accurate, determination of the thermal
properties of a charring ablator from transient
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temperature histories. Figures 4-7 demonstrate
that the nonlinear regression properties used
in the modified Stefan model describe the
carbon—phenolic’s behavior over the range of
cold-wall heat fluxes from 0-45 to 15-8 MW/m?
as accurately as conventionally measured pro-
perties used in a more complex model. These
excellent results were obtained in spite of the
fact that the experimental data used to de-
termine the properties were gathered in tests
not designed for this purpose. By using tests
specifically designed for nonlinear regression
analysis, more precise properties could be
determined (especially the value of ¢} and the
value of ¢, would not have to be specified.
It must be realized, however, that to use the
procedure a large digital computer is required
and it is helpful to have an automatic data
reduction facility available. Nonlinear regres-
sion shows great promise for the simultaneous
determination of numerous properties required
in complex models, especially when it is dif-
ficult to design tests to measure one property
at a time. The method appears to offer many
possibilities when used with models describing
turbulent or statistical type phenomena.
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MESURE SIMULTANEE DE SIX PROPRIETES THERMIQUES D’UNE MATIERE
PLASTIQUE EN TRAIN DE SE CARBONISER

Résumé—Six propriétés thermiques d’un matériau en résine phénolique qui se carbonise sont mesurées
en une seule expérience. L’expérience, effectuée dans deux installations hyperthermiques a arc de plasma,
est décrite et un modéle de transport de chaleur est présenté comme extension du modéle classique de
fusion de Stefan. Le modéle est résolu en employant une méthode de différences finies qui a plusieurs
caractéristiques uniques. Les propriétés sont calculées a partir des mesures expérimentales en employant
le modéle et I'analyse de la régression non linéaire. On montre que les valeurs calculées des propriétés
sont en bon accord avec les valeurs obtenues 4 partir des essais classiques. On démontre par des calculs
comparatifs que le modéle modifié de Stefan avec des propriétés de régression non linéaire prédit le
comportement thermique transitoire aussi bien qu'un modeéle d’ablation plus sophistiqué avec des propriétés
mesurées classiquement.

GLEOCHZEITIGE MESSUNG VON SECHS THERMISCHEN EIGENSCHAFTEN EINES VER-
KOHLENDEN KUNSTSTOFFS.

Zusammenfassung—In einem einzigen Versuch werden sechs thermische Eigenschaften eines verkohlenden
Kohlenstoff-Phenol-Kunststoffes gemessen. Der Versuch, der in 2 hyperthermischen Plasma-Lichtbdgen
durchgefiihrt wird, ist beschrieben. Ein Warmeiibertragungsmodell wird angegeben, eine Erweiterung des
klassischen Diffusionsmodells von Stegan. Das Modell wird durch Anwendung eines Differenzenver-
fahrens geldst, das mehrere einmalige Besonderheiten aufweist. Die Stoffwerte werden aus den experi-
mentellen Ergebnissen berechnet, wobei das Modell und cine nichtlineare Regressionsanalyse verwendet
werden. Es wird gezeigt, dass die berechneten Stoffwerte mit den Werten aus konventionellen Messungen
gut iibereinstimmen. Durch Vergleichsrechnungen wird gezeigt, dass das vereinfachte Stefan-Modell mit
nichtlinearen Regressionseigenschaften das instationdre thermische Verhalten ebenso voraussagt, wie
ein etwas mehr verflschtes Abschmelzmodell mit konventionell gemessen Stoffwerten.
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OJAHOBPEMEHHOE USMEPEHUNE HECTU TEINJOOUSUYECKHNX
XAPAKTEPUCTUK OBYTJVIEHHOTO IIJTACTUKA

AuHoTanuA—/3MepAIOTCA OJHOBPEMEHHO INECTh TENIOBHX XAPARTEPUC-TUK OOYTIEHHOTO
yraepoguo-denonsuoro marepuana. JlaHo ONMHCAHMe SKCHEPUMEHTA HA ABYX IHIIEPTEPMU-
YeCKUX [YroBHIX IJIASMEHHBIX YCTAHOBKAX, NpeACTaBIEHA MOMEIb TeIJIONepeHoca, ABIAK-
IMAACA PpasBUTHEM KIAaCCHYecKOM Mmomenu miasiaenun Credana. Mogenas peinaerca ¢
NPUMEHEHMEM METONA KOHEYHHX PpasHOCTel, KOTOPHIH uMeeT HECKOJBKO cleludHIecKux
ocoGennocreff. XapakTepUCTHKY BEIYMCIEHH, HCXOAH M3 SKCIEPHMEHTAIbHEIX M3MEDEHHUH ¢
MCIOJILBOBAHUEM MOZREJH M aHanu3a HenuHeHHOM perpeccun. Ilokasano, 4ro mosyveHHEHIe
3HAYEHHUA IIapaMeTpOB XOPOLIO COTJIACYWTCHA ¢ DPACYeTHHMHM [aHHEMHU. Ilytem cpasHu-
TeJABHBIX PACYeTOB CHEIaH BHBOJ, YTO MopuduuupoBaHHada Mojenb CrefaHa co cBotcTBaMu
HeJMHEeHHOM! perpeccun OMMCEBAET HEYCTAaHOBNBIIMACA TENJIOBOH DEKUM AHAJOrMYHO GoJjee
CIHOMHON MOTesn abIANMU C MBMEPEHHRIMH IapaMeTPaMu.



