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RADIATIVE—-CONDUCTIVE HEAT TRANSFER
IN TEMPERATURE-WAVE CONDITIONS

S. N. Kravchun and L. P. Filippov UDC 536.37

Relations describing the radiative—conductive heat transfer in plane temperature-wave
conditions are obtained. An analysis is given of the effect of radiative transfer on the
measurement of the thermophysical properties of the material by the method of a regu-
lar thermal mode of the third kind.

In considering heat-transfer mechanisms in liquids and compressible gases, the role of the radiative
transfer is an important and little-studied problem. It is known that heat transfer by radiation may make a
notable contribution to the heat conduction of a liquid even at room temperature, and its role increases great-
ly with increase in temperature [1]. To obtain information on radiative transfer from steady-state experi-
ments, it is necessary to make measurements in cells of different size, which is very troublesome. The po-
tential of nonsteady methods of investigation is fundamentally greater. In [2, 3], the role of radiative heat
transfer in experiments on the probing of liquids by heat pulses was investigated; it was shown that in the
early stages of this process radiant energy transfer plays a small role, and suech experiments allow the pure
heat conduction of liquids to be determined. Inthe present work, the question of radiative heat transfer is
investigated in the context of liquid probing by plane temperature waves, which is the main method of mea-
suring the thermal-activity coefficient [1].

A solution is obtained for the problem of the heat transfer in a periodically heated plane layer (repre-
sented experimentally as a metal foil) situated in a semitransparent medium. The foil constitutes an infinite
plane yz, is situated at the coordinate origin (x = 0), and has a specularly reflecting surface. The heat-trans-
fer equation of the foil in the medium, taking radiation into account, is

W _m Ty, 9T(0)
S s Ot Ox

+2¢(0). @

The radiant energy flux to an absorbing, nonscattering medium whose optical properties are independent of
temperature is given by the relation [4]

[ T'® B (v +) &
0 @)
+20n% [ [ T@) Ex(a(x—B) dt— [ T'®) B2 —x) & ],

g (x) = 2 (1 — R) on?T1 E, (ox) 4- 2Ron’a.

where E;(ox) and E,(ox) are integroexponential functions [5].
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To find the radiative and conductive fluxes from the foil surface, it is necessary to know the temper-
ature distribution in the medium, which involves solving the conductive—radiative energy transfer in the
medium [4]

&T T o
A —pr, =, 0 . @)
PP e Ty SFS®

Under the action of a source with a variable component of power W =W, + Wyexp (2iwt), the temperature of
the foil and the medium contains a component that varies periodically with time; thus, for the foil Ty = Tl
T,exp (2iwt). Consider the case of small temperature pulsations. The smallness condition T «T is usually
well satisfied in the given experiment, and T is a fraction of a degree. This means that Eqs. (1) and (3) can
be linearized with respect to T (x). .

The solution for the constant component is taken in the form T (x) = 'T, = const, which satisfies the equa~
tion for the constant component of the temperature with boundary conditions T(0) = T(») =T,.

) The method of successive approximation is used to solve Eq. (3) for the amplitude of the temperature
pulsations T(x) The zero approximation adopted is the solution of Eq. (3) without taking radiation into ac-
count (a solution of temperature-wave type)

T =Teem (~ - 040, @

where ] = JW is the damping length of the temperature wave (the wave amplitude is decreased by a fac-
tor of e at x =1). The small-parameter coefficient appearing in the integral term of Eq. (3), which is neg-
lected in the zero approximation, is taken to be the Biot number Bi, which characterizes the order of magni-
tude of the ratio between the radiant and conductive energy fluxes. Inthe conditions of the given experiment,
Bi <10-%, which means that it is sufficient to consider the first approximation in the solution; the second ap-
proximation takes account in the solution of terms of higher-order smallness — of the order of (Bi)2.

Substituting Eq. (4) into the right-hand side of Eq. (3) for the pulsational component of the temperature
gives '

ET®) ey o 5y _ Son%aTt (_L 1“)
T~ 2T ) = =5 2T1exr’ 1+

—(—R) T exp(— ax)_'(l"‘—R)'T,_dx Ei(—ax)+ T, 1:1-1;' (1+R)

®)

= ol @l —1—i x .
{(— + 1 — 1+
xBi(—an + T, 1+ n'(‘al—f—l—i—i) exp( l ( l))

_7, al. exp (_,;‘_(1+i))gi(_t(f%:§x);?‘R_ﬁl_

14+ 1+
1-{-.';-*—.,“1 x)'

xexp(f—uw) i (-

where Ei(—qax) is the integral index function of [5]. In this approximation, the radiant energy flux from the
foil, given by Eq. (2), takes the form )
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Fig. 2. Dependence of F (1, 2, 3) and H (4, 5, 6) on the Knudsen num-
ber for different foil reflective indices: 1, 4) R =0; 2, 5) 0.5; 3, 6) 1.

Fig. 3. Frequency dependence of the relative error in thermal-activity
calculation due to neglecting energy transfer, Ab/b, for different ab-
sorption coefficients: 1) o =3-10% m-1; 2) 10%; 3) 3-10%; 4) 105; 5) 3-10%;
6) 10%; total-reflection coefficient R =1). w/2m, Hz.

- e 1
7(0) = 40r?T3 Ty (1 —R) {1 —ol + (alp arctg —— ©)

+ifal — (@) In VY 2/(al) + 2/al - 1 ]} .

The general solution of the inhomogenous linear Eq. (5) may be written in quadratures [6]. The solution
satisfying the boundary conditions T(0) =T, and T(x) — 0 as x — « yields the following expression for the
conductive heat flux from the foil :

oT (0) = 1+ =3z | al al al+l+i) '
—a ) — _Bon2aTiT 1 —2 ] . (M)
o~ M e Y1y R +l+al-l~i 1+ . al

Note that when R =0 (an absolutely black wall) the presence of radiant energy transfer does not change '
the heat flux due to heat conduction in the first approximation.

Taking into account Eqgs. (6) and (7), the amplitude of the pulsations of the total heat flux Q is

oT(0) | - V2T . H4+F 8)
= |—A 22 ~ Y ey B LT
IQI—) B ,q(0)‘~x ; 1--Bi 5 ,
where
- : . 2al+(c!.l)2 1
H = (1 — —(@PIin Ve + 2jal + 1 —R |al ol T oy (9
(1 — R) [l — (@d)? In V' 2/(ad) ol + [a o P T oad 2 aarctgal+l},
F=(1—R) [l—al—{—(al)zarctg L + Ral 1+—L_2azarctg J (10)
14l (@) + 2al + 2 | +al

In Fig. 1, (H + F)/2 is shown as a function of ! for different values of R. Analysis of these curves
leads to the following conclusions.

1) For a wall with a reflective index greater than ~0.5, the energy flux due to radiation may exceed
the radiant flux through a transparent medium.

2) When ! ~10, the emissivity of the wall has practically no effect.

3) The radiant flux cannot exceed the radiant flux in a transparent medium from an absolutely black
wall, The upper limit on the proportion of radiation in the total heat flux is Bi/2.

Note that analogous conclusions apply to steady radiant heat transfer [1].

1437



The well-known limiting cases follow from Eqs. (8)-(10).

For a transparent medium (o =0), the radiant-flux amplitude is
g (O}l = 40n?T3 (T |(1— R) an
(this formula corresponds to the pulsations of the radiation from a foil surface in vacuum).

In the other limiting case — a medium with large absorption (@ —~») — H=F =2/3a!, and hence

@-1 L [14 2 ovri) a2
Iy 2 3 e ) .

This formula corresponds to the Rosseland approximation, for which it is possible, without the need
to solve the problem of radiative—conductive: heat transfer, to solve the problem of energy transfer by heat
conduction alone and to replace the heat conduction A by the effective value A* = A + AT, where AT =16n20T3/3q
is the so-called radiant heat conduction. It is also necessary to assume that Bi =0 in Eq. (8) and to take into
account that I ~vA. Physically, this means that at large o/ (large effective Knudsen number), radiant heat
transfer becomes a local process, and the vector q is linearly related to the temperature gradient (the gra-
dient approximation).

Taking into account Egs. (6) and (7), Eq. (1) for the foil heat balance takes the form

Wo _ oM Fi+20 voTi(l +BiH)+20VaT,(1+BiF). @1s)
S . §

Algebraic manipulations in Eq. (13) yield the amplitude of the foil temperature pulsations, which is
given by the expression

Wo2sV e 14)

= B T B M L PO T B (T B

Curves of F and H are shown in Fig. 2, Setting Bi =0 or H =F =0 reduces Eq. (14) to the formula obtained
when no account is taken of radiant energy transfer [1].

In experimental determinations of the thermal activity of a medium by electrical methods, the amplitude
of the temperature pulsations Iﬁl is measured. The thermal activity can be calculated from Eq. (14) without
taking radiation into account if the sensor (foil) properties, the power input W;, and the electric-current fre~
quency w are known.

An estimate of the contribution to the measured value of b by radiant energy transfer may be obtained by
finding the difference (denoted by Ab) between the thermal activities calculated from Eq. (14) with and without
taking account of radiation. Assuming that Ab «b, it is simple to find that

B _pb(H+F) +HA s)
b 2b+-d

To obtain a numerical estimate of the role of radiation, consider a typical case, a material with the following
thermophysical and optical properties (toluene at 30°C): A =0.13 W/m-deg, cp =1700 J/kg-deg, p =860 kg/m’,
n =1.5. The sensor is assumed to be inertialess (d =0).

Results of the calculations for T = 300°K are shown in Fig. 3. At higher temperatures, if the thermo-
physicaland optical properties are largely unchanged, the values of Ab/bin Fig. 3 must be multiplied by (T;/300)3.

The most notable feature of Fig. 3 is the sharp decrease in Ab/b with increase in frequency, especially
in the low-frequency region. This is valid for media that do not absorb radiation strongly (o < 10°). For
strongly absorbing media (o = 3-10%), the proportion of radiation in the low-frequency region is considerably
less than for transparent and semitransparent media, and the frequency dependence is expressed much more
weakly. Estimates of the specific values of Ab/b lead to the conclusion that, in the given method of investiga-
ting weakly absorbing and transparent media, the nonsteady method of measuring the thermal properties of
the material is considerably preferable to the steady-state method, since the correction to the radiation for
the nonsteady method in the experimentally convenient frequency range (20~1000 Hz) is one to two orders of
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magnitude less at the same temperatures. Physically, this means that, in periodic heating even at low fre-
quencies, temperature differences are produced close to the sensor surface at small distances, which are dif-
ficult to realize in the steady method (this requires too narrow a gap: for toluene at 30°C and 20 Hz, I =27 y).
Therefore, the heat flux is much larger with respect to the radiant flux in the nonsteady method than in the
steady-state method, and increases with frequency.

As already noted, in steady methods to determine the fraction of the energy transferred by radiation, it
is necessary to vary the gap between the plates producing the heat flux through the sample material, which in-
volves very great complication both of the apparatus and of the experiment itself in the case of experiments at
high temperatures. In the nonsteady method, the fraction of radiant energy may be determined, in principle,
by varying the frequency. This is only possible in practice in the low-IR region, where the fraction of radiant
energy is of a measurable size, Special measuring equipment must be developed for such an experiment. In
the available apparatus at frequencies above 20 Hz, radiation may only be detected at high temperatures.

NOTATION

A, heat conduction of the medium; p, density of the medium; cp, specific heat at constant pressure; b =
VAcpp, coefficient of thermal activity of medium; c, specific heat of foil material; m, foil—sensor mass; s,
foil surface area (one side); W, power input to foil by electrical heating; «w, angular frequency of a current
heating foil; x, y, z, rectangular coordinates; T(x), temperature of medium; T, mean temperature of medium;
T(x), cgmplex amplitude of temperature pulsations of medium; T,, foil temperature; Ti, mean foil temper-
ature; T,;, complex amplitude of temperature pulsations of foil; q(x), radiant energy flux in medium; Q, radia-
tive—conductive energy flux from foil surface; I, damping length of temperature wave; ¢, Stefan—Boltzmann
constant; n, refractive index of medium; «, absorption coefficient of medium; Bi = 40'nﬁ‘?l/k, Biot number; i,
imaginary unity; R, reflective index of foil surface; d = cmvw/s, parameter characterizing heat-inertia pro-
perties of foil.
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EXPERIMENTAL STUDY OF SPECIAL FEATURES OF HEAT
AND MASS TRANSFER IN A TWO-COMPONENT LOW-
TEMPERATURE HEAT PIPE

Ya. M. Baum, V. P, Sorokin,* UDC 536.27.001.5
and S. S. Yurov

This paper presents results of an experimental investigation of the characteristics of a
two-component heat pipe, operating with a mixture of water and ethanol.

A number of reports [1-7] have been published dealing with theoretical and experimental investigations
of heat pipes in which a liquid mixture is used as the heat-transfer agent. Interest in two-component heat pipes

arises mainly from the following causes:
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