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DETERMINATION OF THE THERMOPHYSICAL PROPERTIES OF TRANSLUCENT MATERIALS

P. V. Prosuntsov and S. V. Reznik UDC 536.2.08 + (536.3:535.34)

A method is proposed for determining the thermophysical properties of translucent
scattering materials in the nonsteady heating regime.

Translucent materials capable of selectively reflecting, transmitting, absorbing, and
scattering radiation from external heat sources and background ratiation are in use in a num-
ber of thermally loaded structures and are being considered for more such applications. The
empirical literature data on the thermophysical properties (TPP) of translucent scatterers in
the high-temperature region — where radiative heat transfer is important — is of an approxi-
mate nature. Heat transfer occurs in translucent materials simultaneously by conduction and
radiation, and the temperature and radiation fields in the materials are coupled. Thus, with-
out isolation of the individual components of heat transfer — conductive and radiative — ex-
perimental data on the thermal conductivity and diffusivity of translucent materials cannot
be widely used in heat-engineering calculations because they apply only to specific empirical
conditions of heat transfer for the given specimen.

The feasibility of using well-known experimental methods of the thermophysics of the op-
tical media [1] to correctly determine TPP and to isolate the individual components of heat
transfer in translucent scattering materials is problematic for several reasons, First,
mathematical models of inverse coefficient problems of radiative—conductive heat transfer
(IPRCT) do not consider such important features of heat transfer as multiple scattering of
radiation in absorbing and radiating media. Second, translucent scatterers are generally
poor heat conductors. For these materials, as for other thermal insulators, despite the vol-
umetric character of heating it is possible to create small temperature gradients and heating
rates in the specimen only in a long experiment employing complicated equipment. We add that
determining the optical properties of translucent scatterers at high temperatures is a com-
plicated problem by itself. 1In this connection, it is important to develop new experimental
methods that will make it possible to efficiently determine the TPP of translucent scatter-
ing materials in the regime of intensive nonsteady heating.

We will examine a physical and mathematical model of heat transfer in a translucent scat-
tering material for the conditions of stand heat-engineering tests [2].

We will assume that the frontal surface of the plane specimen of isotropic translucent
scattering material is heated by a radiation flow of a known spectral composition and densi-
ty. The coefficient of heat transfer to the gaseous medium on the front surface and the tem-—
perature dependence of the optical properties of the material (absorption coefficient o, scat-
tering coefficient B, and refractive index n) are assumed to be known. The rear surface of
the specimen is thermally insulated. Experimental thermograms are taken at one or several
points of the specimen during heating. It is necessary to determine the temperature depen-
dence of the thermal conductivity and volumetric specific heat of the material.

Heat transfer in a translucent scattering material is described by a system of equations
which includes the equations of heat conduction and radiation and the corresponding boundary
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and initial conditions. Since the equation of radiative heat transfer is an integrodiffer-
ential equation and involves a great deal of difficulty for its exact solution, we will use
the approximate method of moments {3, 4}. Here, we used a binomial approximation of this
method which, according to [4], ensures an error in the calculation of all components of the
radiation field no greater than 10% with specific scattering B/a > 5.

Below is the mathematical model of heat transfer in a plane layer of a translucent scat-
tering material after transformation of the equation of radiative transfer and its boundary
conditions by the moments method

oT 3 oT .
cm 2= - 5;(\?»(&”) E“) + gy &N
qy = a(T) (M, — B*(T)) (2)
EMy 1 dw(T)  dM, Y M. —— 80 (Ty % () B* (T
e PR - 3a (T« (TY M, o (T (T) 7(“') 3
v=0 T, x) = To{x); (4)
x=0 —MT) T = g —a ()T — T, (5)
ox
2% (T) ( 3 TRH{T)) dx +"”2”‘<T+ Ry (T)> My = g0 (20mQor (T) + 16Qy (T)); (6)
or
=k —0;
g ox . ™
1 1 dM, 1 B
i (7+R,1(T>) - +(—2~—R<T))Ma—0, ®

where x(7)=a(T)-+(1—p)B(T), p 1is a parameter of the scattering function specified in the

’ 1
Heine—Creenstein form [4]; M,=2xn y I'{x, wydp 1is the zeroth-order radiation moment, which

=1
corresponds to the mean radiation intensity; B* = 4n?B(T), B(T) is the Planck radiation func-
tion; R:1(T), Ro1(T), Qo01(T), Q,(T) are integral reflection and transmission characteristics:
of the boundary surfaces, the specific form of these characteristics having been given in

[4]; ngs np are the fractions of the directional and diffusive components in the radiant heat
flux qo.

System (1)-(8) can be solved by a numerical method.

The problem of determining the TPP of the translucent material will be solved in an ex-

treme formulation. We will determine the functions A(T) and C(T) which yield the minimum of
the functional

N R
Z (TP (xi: TJ') - Te (xi: Ti))zv (9)

1 i==1

S:

e

where T, represents theoretical values of temperature found from the solution of system (1~
8); T, are experimental values.

We will approximate the sought dependences by cubic B-splines. For example, we will
represent the function A(T) in the form

mi .
M) = 3 WBy(T); By(T) = By(T — IATY;

I=—1
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Fig. 1. Results of determination of the temperature dependence of thermal conduc-
tivity for different error distribution laws in experimental thermograms: 1) ex-
act data; 2) saw-toothed law; 3) normal law; 4) uniform law. The amplitude of the
temperature perturbation AT = 0.1.

Fig. 2. Effect of the error of specification of the relative scattering coeffi-
cient on the results of determination of A(T): 1) 8 = 0.50; 2) 0.75; 3) 1.00; 4)
1.25; 5) 1.50.

1
By(T) = ATs(mem,73+2ATF——4nmxw,T—kATP-fGnmx@,TP——4HMXW,T——ATP%—HMXQ,72~2ATFL

where AT is the step of the spline approximation; m is the number of sections in it,

Thus, the problem of determining the functions A(T) and C(T) reduces to the problem of
finding the minimum of a function of 2m + 6 parameters S =S(A, ko, ooy Amt1, Co1, Cy, ...y Cyy)
This problem can be solved by an existing method of optimization such as the method of conju-
gate gradients [5].

A conjugate problem of the type in [6, 7] is solved to determine the components of the
vector of the gradient 485/0z; where 2zi= (A_1, Ao, ooy Amsr, C—1, Co, s Cmy1) . Calculation of the
components of the vector makes it possible to organize an iterative procedure to find the
parameters z4, 1 =1, 2, ..., 2m + 6. Here, the components of the unit vectors determining
the direction of minimization of the function S for the (k + 1)-st iteration are found from

the relations
pisy azi -

Z+ )(H” + §<k)V(k)]2 }1/2
e 0z; !

(26T
2m+6 Ry12y1/2
(2T

The iteration is stopped upon satisfaction of the condition [8] S<(8> , where §% =

’

where

N
25 [AT, (x;, w)I% AT, (x;, T), is the error of temperature measurement.
1i=1

I
=

The accuracy and stability of the above-developed method and algorithm for solving a co-
efficient IPRCT were evaluated by numerical modeling.
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Fig. 3. Effect of error of specification of the relative absorption coefficient
on the determination of A(T): 1) o = 1.00; 2) 1.25; 3) 0.75, spline approximation;
4) 0.75, tabular representation.

Fig. 4. Effect of the error of the specification of the relative refractive in-
dex on the determination of A(T): 1) n = 0.8:; 2) 1.0; 3) 1.2.

A model temperature field was obtained for a material with optical and thermophysical
properties close to those of monolithic teflon [9, 10]. The parameters of the thermal load-
ing were as follows: go = 25-10* W/m®*; qr = 2.5°10" W/m®; np = 1; ng = 03 af = 5 W/m'K;

Tg = 293°K. The boundaries of the specimen, of thickness h = 0.0l m, were assumed to be mir-
ror~reflective. The temperature field was calculated with a time step of 0.1 sec and with a

space-coordinate step of 2:107% m. The temperature functions C(T) and A(T) were approximated
by cubic B-splines with the step AT = 80°K, m = 5.

Figures 1-4 ghow the results of determination of A(T) with the use of five temperature
transducers. One of the transducers was located on the front surface of the specimen, while
the others were located 0.5, 1.0, 2.0, and 6.0 mm from this surface. The temperature func-
tion C(T) was assumed to be known.

It can be seen from Fig. 1 that the algorithm ensures good accuracy and stability with
different error distribution laws.

Since the initial data of'p%ebié;/(l)—(9) includes the optical properties of the materi-
al, we studied the effect of errors in specifying these properties on the solution of the co-
efficient IPRCT. It was found that, other conditions being equal, an understatement of the
scattering coefficient relative to its nominal value leads to greater errors than does its
overstatement (see Fig. 2). This has to do with the fact that, for the conditions examined,
the temperature field is less sensitive to an increase in the scattering coefficient.

The absorption coefficient o has an equally strong effect on the solution of the IPRCT.
It follows from Fig. 3 that a 25% error in the specification of the absorption coefficient
leads to a 20% error in the determination of A(T).

The refractive index n proves to be considerably less important. Even a 20% deviation
of its value from the nominal value leads to no more than a 37 error in thermal conductivity
(Fig. 4).

The results of the numerical modeling showed that the method places stringent demands on
the accuracy of prescription of the components qo and qr of the radiant heat flow. 1In the
case of a 10% error in the prescription of the total heat flux qy = qo + qr, there may be a
30% in X(T). Here, the error of the prescription of qr has less of an effect than for the
component qo. This result indicates the need to reliably determine the spectral dependences
of the optical properties.

We studied the effect of the number of transducers and the coordinates of their posi-
tions on the accuracy of the solution of the IPRCT. With the use of one transducer, the best
accuracy for A(T) is attained when the transducer is placed on the front surface. This con-
clusion applies to both exact and perturbed data. An increase in the number of transducers
makes the method more stable with respect to errors in the prescription of the initial data.
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NOTATION

C(T), volumetric specific heat; A(T), a(T), B(T), thermal conductivity, absorption co-
efficient, and scattering coefficient, respectively; n(T), refractive index; T, temperature;
h, plate thickness; x, coordinate; t, time; ag, heat-transfer coefficient; Ty, ambient tem-
perature; 4., heat flux on the front surface of the specimen on the nontranslucent
part of the material; qo, heat flux on the front surface of the specimen on the translucent
part of the material; qy, power of internalheat sources; To(x), initial temperature distributionin
specimen; 7, conjugation parameter; k, number of iteration; AT, error of specification ex-
perimental values of temperature; a = afop, relative absorption coefficient; B = B/By, rela-
tive scattering coefficient; n = n/ny, relative refractive index; A = A\/\paxs relative ther-
mal conductivity; T = (T — Tpin)/(Tpax — Tmin)» relative temperature; % (T), attenuation fac-
tor; AT, relative error of specification of experimental values of temperature. Indices: M,
model material.
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