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BHHoTaqssI-npeAnaraeTcrr Hosb~ti MeTon onpene:leekIfl xapatiTepwTkw T~~;IOBOI'O nany- 

9eHnH, no3~oacIro11@ ,qocTaTosHo tkcTp0 II T~~HO 0npe~enIrTb 0rrrwecKne xapakrrepxwn- 
KH IIOBepXHOCTeti Te.?, yqaCTByEOUaX B JIysllCTOM TeII:lOO6MeHe, yrnOBbIe KO3l#l@H~~eHTbI 

I13JIyYeHHR, nOBepXHOCTHyI0 IIJIOTHOCTb pe3yJIbTHpyIOII~erO JIyWICTOrO IIOTOKa II IIOBepX- 

HOCTHyIOElHTeHCABHOCTb aKKyMyJIH~lI&ITeIIZIa.MeToAOCHOBaHHa aHanI4THqeCtiOiiO6pa60TKe 

KP~IBOB nporpesa nccnezyeMoru o6paaua,nonyqeHaoti 113onbr~a. 

~p14onpe~ez1err~~ 0nTwsecKnx xapaKTepswTrIK nIaTepMano3 KoH+mrypaqmfl IzanyYaro~err 

CMCTeMbI CO3AaeTCS3 C 3apaHee TO=IHO R3BeCTHbIM&l 3HaqeHHRMII yNIOBbIX K03+&I~SIeHTOB 

H3JlyseHHH. 3TO IIO3BOJlHeT IIpH IIpOBeAeHElA OIIbITOB B COOTBeTCTBHLI C pa3pa60TaHHOII 

MeTOAIIKOfi MMeTb HaAexfHbIfi KpHTepAti ,?(ZIFl OJ~eHKH IIpaBH.7bHOCTH pa6OTbI 3KCnepIIMeHTa- 

.lbHOZi yCTaHOBKl1 HTO'SHOCTII IIOSyseHHbIxpe3ynbTaTOB. 
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NOMENCLATURE 

absorption coefficient (absorptivity) ; 
specific heat capacity of the material 
of the heated sample, kcal/kg degC; 
surface density of radiant flow of 
integral radiation, kcal/m2 h; 
area, m2; 
half-thickness of the heated sample, m; 
reflexion coefficient (reflectivity); 
absolute temperature, degK. 

Greek symbols 
a, coefficient of convective heat transfer, 

kcal/m2 h degC; 
Y¶ volumetric weight of the material of 

the heated sample, kg/m3; 
7, time, h; 
V, average (integral) angular radiation 

factor. 

Subscripts 
i, k, denote bodies or regions of bodies (of 

a zone) of the radiative system; 
M, N, denote points; 
m, denotes parameters of the medium 

surrounding the sample; 
0, denotes parameters of an absolute 

black body; 

res, 

1, 
2, 

3, 

4, 

5, 

shows that the resultant radiation is 
considered; 
denotes values pertaining to radiators; 
denotes values pertaining to the 
radiated sample; 
denotes values pertaining to a con- 
ventionally concave body enclosing 
the considered system (this conven- 
tional body has A, = 1 and E,, = 0); 
denotes values pertaining to bodies 
surrounding the system considered; 
denotes values pertaining to lateral 
(not radiated) surface of the heated 
body. 

INTRODUCTION 

THE method proposed is a further development 
of the works of Luikov’s school in this field 
[l, 21. It is based on modern knowledge of the 
phenomenological theory of radiation and its 
application concerning the problems of cal- 
culation of radiative heat transfer in systems of 
grey bodies [3, 41, and differs from the methods 
of a similar study previously published, in the 
following ways : 

(a) A more exact expression for determining 
surface density of resultant radiant flow of a 
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heated body is derived and applied. It takes into 
account multiple reflexions and emission of 
radiant energy into the surrounding medium. 

(b) Heat transfer from lateral surfaces of the 
heated sample and radiant energy gained from 
bodies surrounding the experimental set-up 
are taken into account. 

(c) Design formulae are derived on the 
assumption that the known values of absorption 
coefficients for the surfaces of bodies under 
investigation are not equal to unity.* 

(d) A greater number of values character- 
izing radiative heat exchange and design 
expressions is obtained : the methods are worked 
out for determining optical constants of surfaces 
of radiated bodies and radiators. 

(e) A more nearly perfect technique of treating 
experimental data is used which substitutes 
graphic differentiation for an analytical one. 

CALCULATIONS 

Consider radiation of a uniform and isotropic 
sample (a radiated body or its model) in the 
form of a plate where Bi < 0.1. 

Radiation is obtained by two metallic radiating 
panels situated symmetrically relative to the 
radiated sample,? so that the origin of co- 
ordinates of the system is in the centre of this 
sample (Fig. 1). The supposition is made that 
surfaces of radiated samples and radiators in 
the problem considered are not concave or have 
such concavity that it may be neglected.: 

During radiation, a constant temperature is 
maintained on the radiator surface. 

In the case to be discussed, the system of 
integral equations composed for the resultant 
radiation 

* Often, when smoking or colour covering is used, the 
coefficient of absorption of such bodies is supposed to 
equal unity. Sometimes, this assumption is responsible 
for perceptible errors. 

t The reduction of the problem to a symmetric one 
leads to a simpler solution. When the methods proposed 
are applied to non-symmetric heating, the structure of 
initial and design expressions vary somewhat. 

$ It is by all means possible to develop and apply the 
methods to the case of concave grey bodies. Concavities 
may be taken into account in the final stages of calcula- 
tion by substitution of eigenvalues for their effective 
quantities [4]. 

&es NJ -____ - 
Ai 

may be substituted for the system of algebraic 
equations 

(2) 
[3, 41 where dvM6Nk is the elementary angular 
radiation factor, and ~)M;F~ is the local angular 
radiation factor [the subscript shows that we 
consider the angular factor of radiation from 
an elementary platform with point M of the 
body (zone) i, incident to the whole surface F of 
the body k visible from this platform]. 

In expression (2) 

Eki = Eoli - E,+ 

The system of algebraic equations (2) exactly 
describes the state of the radiating system if the 
geometry of it satisfies the condition 

97~~~~ = psik(i, k = 1, 2 . . . n). (3) 

If condition (3) is not strictly observed, the 
system of equations (2) represents an approxi- 
mation of corresponding integral equations of 

8, 
FIG. 1. Scheme of an experimental installation. 

(1) radiators, (2) radiated sample, (3) screened ther- 
mometer, (4) radiator thermocouples, (5) screens, 
(6) thermocouple in the sample, (7) from the source of 
feeding of radiators, (8) to the potentiometer. 
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radiation. The essence of approximation lies in 
the fact that, instead of a real radiating system 
of any geometry and size with continuous Gelds 
of temperature and optical properties, a system 
is created and studied which consists of a finite 
number (n> of uniform, isothermal bodies 
(zones) having simple geometry. The degree of 
exactness of approximation is determined, on 
the one hand, by the value (n) and, on the other, 
by the degree of correspondence of the system’s 
geometry to condition (3). 

Solution of the system of equations (2) with 
respect to the particular problem considered, 
with the introduction of terms taking into 
account rad~~t~h~a~ transfer from the laterat 
surface of the heated sample and from bodies 
surrounding the experimental set-up, leads to 
an expression for the surface density of the 
resultant radiant flow of the heated sample: 

E reF32 - - A, 

The rest&ant radiant flow is used for raising 
the heat content of the irradiated sample and for 
convective heat transfer from this sample to the 
surro.unding medium. 

Therefore we may write: 

- Eoz 2 + A4E,, 
2 

The left-hand side of equation (5) represents 
the surface intensity of heat accumnlatio~ 
(qacc)+ The second term of the right-hand side 
takes into account convective heat transfer from 

* Since bilaterat symmetric heating is assumed, ati the 
values in expression (4) refer to only one of the halves ~,f 
the sample or system considered. 

the heated sample into the surrounding medium. 
When the tem~eratnre of the radiators is 

considerably high (which is usually the case) 
compared to the temperature change of the 
sample heated, then we may assume that Eres2 
does not change in the process of heating. Upon 
di~erentiatio~ of equation (5), it is possible to 
obtain the expression for determination of the 
coefficient of convective heat transfer: 

a 1_1~_~~~ __dr,_ _. (6) 

Assuming that T,, T4 and T*, do not change 
in the process of heating and making some simple 
transformations, we may give equation (5) in 
the following form: 

dlir, = I-P - /J Tz - v(T, - T,)] dr (7) 

where j3, p, v are constant values. 
Integrating equation (7) by the method of 

successive approximations, we obtain the equa- 
tion of the heating cnrve in the third approxi- 
mation, convenient for further treatment: 

T, = k, -t k,r + kg? 

-+- k,T3 -+- k,g4 f k,?, (8) 

Hence it is easy to obtain the expression for 
determination of the heating rate : 

and also the derivative, entering expression (6), 
which determines the value of the coefficient of 
convective heat transfer : 

WG/W -_.._- ._” 
dT, 

From this it may be concluded that if it is 
possible to obtain, from the experiment, the 
values of derivatives dT,ldr and d(dT~ldr)/dr~~ 
then from expression (6) and equalities 
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and 

we may catculate the values of the coefficient of 
convective heat transfer, surface intensity of heat 
accumulation and surface density of the result- 
ant radiant flow. 

From equation (4), expressions may also be 
obtained for experimental determination of 
angular radiation factors and optical character- 
istics of the surfaces of the radiated sample and 
radiators. 

Experiments on the determination of these 
values may be carried out under such conditions 
that the product R,R,~,,~,, from equation (5), 
when compared with unity, is equal to zero. 
Under this condition, upon some simple alge- 
braic transformations carried out with regard 
to the fact that 

and on the basis of the properties of reciprocity 
and closure 

expressions may be derived from equation (5) 
for determination of the values given above. 
They have the following form: 

where 

D = CY+: t [A&, - A,A&,, 

+ 4T2 - 7’m)lU + F,IFd 

Equations (13-15) are of a general nature. 
It is easy to obtain from them simple expressions 
for various specific cases: r ri 0 : F, z 0; 
A, cz 1; A, z 1, etc. 

Often, for example, with the aim of simpli- 
fication (without paying attention to the increase 
in the error) we assume that absorption co- 
efficients of surfaces covered with soot are equal 
to unity. For this case, when A, = A, 2 I, we 
obtain from equation (13) : 

In the case of a lateral surface of the sample 
irradiated being small, as compared with the 
total surface, its influence may be neglected, and 
the latter expression will acquire a simpler 
form : 

In all the above expressions, the surface density 
of a radiant flow may be expressed through the 
temperature. For this purpose we use the 
relation 

E,, = u,7y 

where u0 = 4.9 x 10-B kcal/m2 h deg4. Al- 
though the above expressions appear to be 
complex, they are easily solved with respect to 
the ~~0~ quantity, upon substitution of 
known values and those obtained from experi- 
ment. 

EXPERIMENTAL AND RESULTS 

The experiments for determining all the values 
given above were carried out on the installation 
shown schematically in Fig. 1. An irradiated 
sample (2) was located between the radiators (1) 
in conformity with the conditions of radiation 
formulated above. A thermocouple (6), electrode 
diameter O-I mm, was placed inside the sample 
in immediate proximity to one of the radiated 
surfaces. The temperature of the medium 
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surrounding the sample was measured either by 
a the~ometer (3), protected from the immediate 
action of radiation, or by a specially made 
thermocouple. Heated metallic panels were 
used as radiators. Heating elements were made 
of ni-chrome wire he~eti~lly sealed inside 
fire-proof plates. The feed to heating elements 
was carried out by alternating current of 127V. 
Temperature control was maintained by thermo- 
couples (4), hot junctions of which were put in- 
side the radiating panels. The diameter of 
electrodes of these thermocouples was O-15 mm. 
For controlling the temperature, specially de- 
veloped radiating and absorbing plates were 
attached to the surface of radiating panels along 
their perimeter. 

Before switching off, installation screens (5) 
were placed between the radiated sample and 
radiators. 

When experiments are conducted to determine 
angular radiation factors, it is necessary to 
know beforehand the value of optical character- 
istics of all the surfaces of bodies taking part in 
radiative heat exchange. The absorption co- 
efficient of the surface of a radiated sample 
should be known in order to obtain that of the 
surfaces of radiators, and vice versa. This is 
easily fulfilled, and the small value of the product 
R,Rzq+2y21 may be obtained when smoking or 
colour covering of the corresponding surfaces 
is applied. The surface density of the resultant 
radiant flow and surface intensity of heat 
accumulation are determined as intermediate 
values in all cases when experimental data are 
evaluated. 

Although values of angular radiation factors 
for any system may be calculated exactly from 
the known analytical dependences, it is, never- 
theless, desirable to determine them experi- 
mentally before conducting experiments on the 
optical characteristics. We may, by comparison, 
draw conclusions as to the correctness of the 
installation work to get an idea about possible 
error. Reproduction and accuracy of the 
methods proposed are illustrated in Table 1, 
which gives data of eight experiments, carried 
out under equivalent geometric conditions, to 
determine angular radiation factors of the 
system. In these experiments, the radiators and 
radiated sample had the form of disks which 

were placed parallel to each other on a common 
normal going through their centres. Exact 
design value of the angular coefficient 4pn was 
calculated by the known formula and was 
0.2995. 

Tuble I 
---- _____-___I__ _____ -v 

Expt. pzl obtained Deviation of the exptl. 
no. experimentally value from the talc. 

(%) 

1 O-2903 3.07 
2 0.3005 0.33 
3 0.2968 0.90 
4 0.3009 0.47 
5 0.2906 2.97 
6 0.3012 0.57 

5 
0.288 1 3.81 
0.3006 0.37 

_ ~-.- -..-.I_____ -- 

The results adduced in Table 1 accurately 
give the absorption coefficient of a number of 
rubber mixtures and rubberized fabrics used in 
the electric cable and rubber industry. The data 
obtained were then used to develop new experi- 
mental installations in industry for infra-red 
heating and vulcanization of rubber articles as 
well as of rubber coatings of electric cables. For 
application of the methods developed, it is 
necessary to follow the condition BI < 0~1 for 
a radiated sample. At the same time, it is known 
that rubber mixtures and rnbberized fabrics 
have low coefficients of heat conduction. There- 
fore, when optical characteristics of rubber 
mixtures and rubberized fabrics are determined, 
the radiated samples are prepared in a specific 
way. A tin disk (108 mm dia. and 22 mm thick) 
is glued to plates by a thin layer of rubber. 
The plates (from 0.15 to 0.3 mm thick) are 
made out of the rubber mixtures or rubberized 
fabric to be tested. A copper-constantan thermo- 
couple, with electrode dia. O-1 mm, is inserted 
into the disk at a distance of 2 mm from one of 
its radiated surfaces. For determination of the 
influence of the tin-disk surface, a number of 
experiments were carried out in which the 
absorption coefficient of the surface of the tin 
plate was changed through a wide range. It 
turned out that the state of the surface of this 
plate did not influence the value of the deter- 
mined absorption coefficient of any rubber 
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mixture or rubberized fabric. The sample was 
suspended between the radiators before the 
beginning of each experiment. Its strictly 
symmetric setting was attained with the help 
of a slide gauge and internal gauge, by displace- 
ment of the arm of a bracket on which the tested 
sample was suspended. In all cases, the installa- 
tion was heated for 2-3 h before the beginning 
of an experiment, until the temperature on the 
radiator surfaces was stabilized and levelled 
completely. Screens (5) obstructing the radiated 
sample were removed at the beginning of the 
experiment and a stopwatch was started. During 
the experiment the temperature of the heated 
sample was recorded simultaneously with time 
reading (started from the beginning of radiation), 
at first every 40-60 s and then considerably less 
frequently. In the intervals between these cal- 
culations, the temperature of the radiator and 
that of the medium surrounding the sample 
were recorded. 

It is sufficient to carry out the experiment for 
IO-12 min to obtain the unknown values. 
However, as was shown in practice, it is more 
expedient to conduct an experiment for 50-60 
min to simplify the calculation procedure for 
finding coefficients h- of equation (8). The 
coefficients of equation (8) were determined from 
the recorded times of an experiment, the method 
of chosen points having been applied. The 
heating curve was then obtained from this 
equation. In all cases, the coincidence of experi- 
mental points with the theoretical curve was 
quite satisfactory, which proves the correctness 

of the chosen method of treating experimental 
data. 

On verification of coincidence of empirical 
points with the theoretical heating curve, the 
values of derivatives 

and the quantities a, qacc, Eres2 were calculated. 
Further, depending on the aim of the experi- 

ment, corresponding values were determined by 
formulae (13-15). The temperature of bodies 
surrounding the experimental set-up (walls, 
ceiling, floor, etc.) was assumed equal to room- 
temperature. The average absorption coefficient 
of these same bodies (A4) was determined from. 
the tables to be usually close to 0.9. 
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Abstract-A new method is proposed, for the determination of thermal radiation properties, which 
allows prompt and exact determination of optical characteristics of the surfaces of bodies taking part 
in radiative heat exchange, as well as of angular coefficients of radiation, surface density of the 
resultant radiant flow and surface intensity of heat accumulation. The method is based on an analytical 
treatment of the curve obtained from a heated sample. 

When optical characteristics of materials are determined, the geometry of the radiative system is 
taken from the values of angular coefficients of radiation known exactly beforehand. This provides a 
reliable criterion for estimating the correctness of an experimental installation and the accuracy of 

results obtained in experiments carried out in accordance with developed methods. 

Resume-L’auteur propose une nouvelle methode de determination des proprietes du rayonnement 
thermique qui permet d’obtenir, rapidement et exactement, les caracteristiques optiques des surfaces 
qui echangent de la chaleur par rayonnement, aussi bien que les coefficients angulaires de rayonnement, 
la densite du rayonnement resultant sur la surface et l’accumulation de chaleur. Cette methode est 
fond&e sur l’etude analytique de la courbe obtenue avec un echantillon chauffe. 
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Quand les caracteristiques optiques du materiau sont determinees, la geometric du systeme rayon- 
nant est ttablie a partir des coefficients angulaires du rayonnement qui sont connus d’avance exacte- 
ment. Ceci foumit un critere pour juger une installation experimentale et l’exactitude des resultats 

obtenus dans les essais effect& avec les mtthodes ttudiees ici. 

Zusammenfassung-Zur Bestimmung der thermischen Strahlungseigenschaften wird eine neue 
Methode vorgeschlagen. Sie gestattet die sofortige und genaue Bestimmung der optischen Charak- 
teristika der am Strahlungsaustausch beteiligten Fllchen, der Strahlungszahlen fiir verschiedene 
Winkel, der resultierenden Strahlungsstromdichten und der Warmekapazitlten. Die Methode beruht 
auf der analytischen Auswertung einer Kurve, die sich fur die entsprechende Probe aus einem 
Versuch ergibt. 

Zur Untersuchung der optischen Charakteristika verschiedener Materialien wird die geometrische 
Anordnung des strahlenden Systems entsprechend den vorher genau bekannten Strahlungszahlen 
getroffen. Damit llsst sich such die Zuverllssigkeit der experimentellen Einrichtung und die Genauig- 

keit der aus Experiment und Analyse erhaltenen Werte abschatzen. 


