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EVALUATION OF THE RADIATION CONTRIBUTION
IN SHORT-DURATION MEASUREMENTS OF THERMAL
CONDUCTIVITY BY A NONSTATIONARY METHOD
OF HOT FILAMENT

G. G. Spirin, E. A. Strekalova, and UDC 536.22
D. V. Vasilevskii

An analytical expression for evaluation of the effect of radiation on results of short-duration measure-
ments of the molecular thermal conductivity of semitransparent media is obtained based on the solution
of the problem of radiative-conductive heat transfer (RCHT).

The possibility of almost completely eliminating radiative heat transfer is a qualitatively new special
feature of the method of short-duration measurements of thermophysical characteristics in which, in particular,
a linear heat source is used (a nonstationary method of hot filament). The organization of the experiment under
these conditions allows one to unambiguously classify the characteristics of the transfer as molecular [1].

Improvement of the accuracy of measurements requires more specific quantitative evaluations of the
effect of radiation on the results of measuring the characteristics of heat transfer.

In [2], the problem of RCHT for the case of nonstationary heating of the linear source (in a "gray"
approximation of the studied medium, with regard to the second cylindrical boundary) was considered numeri-
cally. However, calculation even for one set of parameters is computer-time consuming and it is difficult to
make a rapid analysis of the radiation contribution under other conditions or to generalize results based on a
numerical calculation.

An analytical solution of the considered problem of RCHT obtained under a number of simplitying
assumptions is given in [3]. In particular, it is assumed that the main term that determines radiative heat trans-
fer is the radiation of a volume element. Assuming the linear heat source to be infinitely thin, the authors used
a boundary condition that fails badly to allow for radiative transfer.

The mentioned approach casts some doubt, since it is clear from physical considerations that radiation
emitted by the heat source can, in the general case, exert a larger effect on the process of RCHT than the
radiation emitted by the volume of the studied semitransparent medium.

We consider the corresponding problem in a more general formulation.

We write an equation of heat transfer in the form
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and the initial condition
M0=T,-

Using the expression for the radiation flux ¢ for the case of cylindrical symmetry of the temperature
field and the approximation of an optically thin layer [4], we obtain
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Thus, if, in measuring, the condition of an optically thin layer
Kn=xVar << 1,

is realized, then Egs. (1) and (2) can be represented in the form
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where B = 16xn26T3/(pe), € = 4(1 — pHnPeTory/A.

We solve (3) and (4) by the method of iterations.

We consider the corresponding expressions in the zeroth approximation (radiative heat transfer is ab-
sent):
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The solution of (3) is given in [5, p. 337]:
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We immediately note that
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Assuming that the contribution of radiation is small compared to that of conduction, we substitute (6)
and (7) into radiative terms (3) and (4), respectively. We obtain first-approximation equations in the form
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Transforming these equations according to Laplace, with account for (8) and (9) we have
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where A = quin\/;/ Qnug): D = Bgyn/ (211:)\1’0\/5 ).
The general solution of the inhomogeneous Bessel equation (10) has the form [6]

T, T K Bo~
0=C. K, (Br)+-2+D] #’B—[K(, Br) I, (BT) — I, (Br) K, (BO)] T, (12)

§ rS o (Pry

and we find C. by differentiating (12) and substituting d0/9r into (11). Using properties of the Bessel function,
we have

ol =5+ Giin Ko (Bro) AK; (Bro) D ]: K (BY) . (13)

T s 2K Brog B s K% Bro) B 1o o s BK% (Bro)

Omitting intermediate calculations that are associated with the use of an inverse Laplace transtorm, we
write the result for the temperature of the linear source [7]
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Fig. 1. Dependence of the temperature of a linear source on log Fo: 1) by
results of numerical calculation by formula (16); 2) solution used in the
literature (formula (15)).

Fig. 2. Graph of the function F(x, Fo), rg = 5-10°°® m. F, m™".

2q an’oT, q o
1 li . i

T (’.()' I) T() 3m # cond (FO) + (2) o 0 -‘f(K, FO) ’ ([4)
TA AT

where

-1
F(K, Fo)=(1<+p WJ—?G(FO)—KFO;

L 2ry ) T

“‘JR(H v, Fo) dudv
0o (m') Q) (v) ’

G (Fo) =

R(ll,\',Fo)zexp(jFoi’)" exp (- FO\Z’)M ey
o= Vv —u

The second term of expression (14) reflects conductive heat transfer, the third term — radiative transfer.
We consider the conductive component in the source temperature in more detail. The existing expression for
the temperature of a linear source in the form [5]

4ar
47tk ryexp (Cg)

corresponds to a source of infinitely small radius and therefore is approximate as compared to the conductive
component from (14)

2.
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The dependence of the temperature of the linear source (16) on log Fo obtained by numerical integra-
tion is shown in Fig. | (curve ). The corresponding dependence for ATy, in the coordinates adopted is shown
by straight line 2 and is the asymptote of the graph of the function AT g when log Fo — oo. They virtually
coincide when log Fo > 2.

Having rewritten (14) in the form
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Fig. 3. Graph of the function G(Fo).

Fig. 4. Comparison of the functions Ak, Fo) and #,(x, Fo): solid lines,
log Ak, Fo) (the source radius ry = 5-107° m); dashed lines, log An(x,
Fo). &, #,, m L

we have for the relative contribution of radiation
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The etfect of radiation on the measurement of the molecular thermal conductivity of semitransparent
substances can be analyzed using graphs of the function F(x, Fo) (Fig. 2). Each curve of a graph is the de-
pendence of F(x, Fo) on the Fourier number for a fixed value of the coefficient of absorption k(p* = 0.94, rq
= 5-107% m).

If it is necessary to calculate with other values of r, and p®, then a graph of the function G(Fo), which
is a cofactor in the expression for the function Ak, Fo) and depends only on Fo, can be used (Fig. 3). Using
the curve mentioned, we can construct the dependences F(x, Fo) for the given ry and p*.

We note that the analytical expression (17), which defines the relative contribution of radiation to the
source temperature, is obtained under the following assumptions: 1) the temperature field is localized in an
optically thin layer; 2) the contribution of radiation to heat transfer is small compared to the molecular (con-
ductive) mechanism of heat transfer; 3) reflection at the boundary is close to mirror reflection (p*=1). A
physical model of measurement corresponded to its idealization: a linear source of small radius (a tilament)
placed in an infinite medium (a liquid) was heated by rectangular pulses of current. The heating of the filament
is small (AT = 1 K), which allows a linear approximation ot the radiative heat flux.

It is of interest to compare relation (17), which defines the relative contribution of radiation, with a
similar relation from [3], which, as has already been mentioned, fails to allow for radiation from the surface of
the heater. We represent the latter expression in a form similar to (17)
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Onmitting the same coefficients in (17) and (18), we compare Ak, Fo) and #A,(x, Fo) (Fig. 4). It is
seen from the graphs that for weakly absorbing media (K ~ 10~100 m™'), in studying which a method of short-
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TABLE 1. Thermal Conductivity of Fluorocarbons on the Saturation Line

— S thi 1 ial
Liquid Temperature range, K moci rﬁlvgvz(;]}-/[ré())mm
Perfluorooctane, C gF g 263-463 65.9-1.33-1071(T — 273)= 1.2-107%(T - 273)°
Perfluorodecalin, CigF 3 253-473 60.1-0.105(T - 273)
Perfluoro-4, 7, 10, 13-tetraoxa-5, 8,9
> 71,10, , 8.9, _ _ A
12-tetramethylhexadecane, CjqF3404 213-530 64.9-0.051(T - 273)
Perfluoro-4, 7, 10-trioxa-5, 8
e > O 263— _
9-trimethyltridecane, C3F>404 263-493 67.0-0.07T-273)
Perfluoro-2, 4, 6, 8, 10, 12, 15, 17, 19, 21, 213-503 86.8-0.010(T - 273)-
23, 25-dodecaoxahexacosane, C4F3002 - 0.361-1073(T - 273)*

duration measurements is most efficient, calculation by formula (18) strongly deviates from the more accurate
result of (17).

We evaluate the effect of radiation on the results of measuring the molecular thermal conductivity of
organic liquids using relation (17).

Assuming, for definiteness, that an optically thin layer is realized in the experiments at Kn = KVar =
0.1 and the measurement time is r = 5-107 sec, we can obtain the limiting value of the coefficient of absorp-
tion K*. Assuming a ~ 107 m?/sec, we have the estimate k* = 0.5-10* m™.

For liquids with x < k¥, calculation by (14) is correct. Actually, the range mentioned determines the
entire class of weakly absorbing liquids, 1.e., media where radiative transter is pronounced.

Using the limiting value of k" and (17), we can obtain the following important result: in short-duration
measurements (¢ = 5107 sec) of the thermal conductivity of semitransparent organic liquids by a nonstationary
method of hot filament (the filament radius is ~10™® m) the measurement error for the molecular thermal con-
ductivity (for temperatures lower than 500 K) due to neglect of radiation does not exceed 0.1%.

Table 1| presents the results of a study of the thermal conductivity of five fluorocarbons made accord-
ing to the technique of [§]. From the viewpoint of radiative heat transfer, the studied liquids satisty the condi-
tion k¥ < x* and, correspondingly, the measurement results can be classified unambiguously as measurements of
molecular thermal conductivity. The measurement error for the thermai conductivity did not exceed 1.5%; the
effect of radiation was no higher than 0.1%.

It should be noted that in using stationary methods, due to the relatively small values of the molecular
thermal conductivity of fluorocarbons, the effect of radiation can be apprectable. For example, when a station-
ary method of plane layer is used, a liquid layer of thickness 1 mm with a coefficient of absorption k¥ = K" =
5-10* m™! can be considered to be opticaily thick. In this case, the Rosseland relative component of the effec-
tive thermal conductivity could amount to 1% at 100°C and 4% at 300°C.

NOTATION

T, temperature, K; a, thermal diftusivity, m¥/sec: qln» heat flux per unit length of the source, W/m; r,
coordinate, m; ¢, time, sec; A, thermal conductivity, W/(m-K); q"‘d, radiative heat flux, W/m?; p, density, kg/m3;
¢, specific heat, J/(kg'K); ry, source radius, m; x, coetficient of absorption, m~!: n, dimensionless refraction
index; T, reference temperature, K; Kn, dimensionless Knudsen number; Fo = at/rj, dimensionless Fourier
number; ¢ = 5.67-107% J/(mz-sec~K4), Stefan—Boltzmann constant; p®, dimensionless coefficient of mirror reflec-
tion; Y,, J,, Bessel function [9]; L, Laplace transform operator; K, modified Bessel function of the second
kind; s, Laplace variable; Cg = 0.577, Euler constant; 9, Laplace transtorm of the function T: T(r, 1) LN o(r, s);
T;,, temperature expressed by a logarithmic function (by formula (15)); 87,4, radiation contribution to the tem-
perature (the last term in formula (14)). Subscripts: lin, linear; 0, initial value; cond, conductive.
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