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Abstract—The regularities of heat transfer by conduction, convection and radiation are considered

on the basis of the common law of energy transfer. An analysis of the relations obtained is given for a

number of particular cases of heat transfer. The interdependence between heat transfer processes by
conduction and radiation for the spherical layer of the medium is established.

Résumé—ILes caractéres de régularité de la transmission de chaleur par conduction, convection et

rayonnement sont considérés i partir de la loi courante de la transmission de chaleur. Une étude des

relations obtenues est faite pour un certain nombre de cas particuliers de transmission de chaleur.

L’interdépendance des phénoménes de transmission de chaleur par conduction et rayonnement est
établie dans le cas d’un milieu en couche sphérique.

Zusammenfassung—Fs werden die Besonderheiten der Wirmeiibertragung durch Leitung, Konvektion

und Strahlung auf der Grundlage des gemeinsamen Gesetzes der Energieiibertragung betrachtet. Fiir

mehrere Spezialfille der Wirmeiibertragung wird eine Analyse der erhaltenen Beziehungen gegeben.

Diese gegenseitige Abhingigkeit zwischen Warmeiibertragungsprozessen durch Leitung und Strah-
lung wird fiir die sphérische Schicht eines Mediums behandelt.

Annoramua—Ha ocCHOBe eUHOrO BaKOHA IepeHOCa BHEPruM  PacCMATPHBAOTCH

BaKOHOMEPHOCTH IIepeH0Ca Temjla KOHAYKIMell, KoHBeKUuelt u HManyueHueM. JlaH aHayiu3

MOJyYeHHKX COOTHOINEHMI JJIA PAMA YaCTHHEIX CJy4aeB TemyooOMeHa. YCTaHOBJICHA CBA3h
HPOIECCOB Iepefayun TeIa KOHIYKIMel u papuanueil ia cepuuecKOro CioA Cpemml.

By composite heat transfer one understands
simultaneous heat transfer by conduction, con-
vection and radiation in a solid medium.

The vector of heat transfer by conduction qcona
is determined on the basis of the energy trans-
fer law [1] by the following expression:

Qeond = —a grad « )

where a is the coefficient of molecular energy
transfer and e is the density of the medium’s
molecular energy.

As it is already known the density of the
medium’s molecular energy has the value:

€ = péT

where p is the mass density of the medium, ¢ is
the average heat capacity of the medium and T
is the molecular ambient temperature.

This expression at constant p and ¢ enables
equation (1) to be written as follows:

Qeond = —apc grad T.
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Let us designate the product apé by A and
call it the coefficient of thermal conductivity.
Then

Qcond = —A grad T.
It is evident that

@

A

a=—_

pC
i.e. the coefficient of molecular energy transfer is
equal to the thermal diffusivity coefficient of the
medium.

For the vector qconv Of heat transfer by con-
vection the following equation will hold true:

qconv = pCTw 3)

where w is the vector of the medium’s motion
rate.

When heat is transferred by radiation in a
grey medium photons having the velocity of
light distribution ¢ are absorbed and emitted by
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the molecules of the solid medium that causes
their irregular motion.

The law of energy transfer is applied to such a
motion and an expression analogous to equation
(1) can be written for the vector q. of heat trans-
fer by radiation:

4 = —a, grad ¢, @

where a, is the coefficient of the radiative energy
transfer, e, is the density of the radiant energy.

Close by the heat receiving surfaces the irregu-
lar motion of the photons causes the distribution
of the intensities, as shown in Fig. 1. The value

i
|

Fi1G. 1. Distribution of the radiation intensity near a
heat receiving surface.

a, for such a distribution will be approximately
equal to:

1
d, = Z ol s
where /; is the average length of free paths of the

photons.
The value /, is bound with the absorption
coefficient by the known relation:

ls = IE (5)
Therefore

lc
a,=‘—”;. (6)

The density of the radiant energy in the case
considered is:
_ ewdfrdw | [y J7 cdw 4o TE
o c + c T ¢

Q)

€r

where J§ and J; are the radiation intensities
in the corresponding semispaces, dw is the
elementary spatial angle and T, is the average
radiant temperature.

With the aid of equations (6) and (7) we can
rewrite equation (4) as

¢ = — 2 grad T, @®)

The molecular temperature 7 is bound with
the radiant temperature T, by the equation de-
rived in [1]:

4oe(Tt — T%) = — div q,. ©)

Taking the expression for g, into account and
considering the value k as constant enable the
above equation to be rewritten as

1
T — T = iz VT4, (10)

A consideration of equations (2, 3,.8 and 10)
gives the conclusion that the processes of heat
transfer by conduction, convection and radia-
tion are interconnected and the change of the
molecular temperature field of the medium will
cause a certain change of its radiant temperature
field.

It is known that the hydrodynamic conditions
of the process of the medium’s motion essentially
influence conduction and convection. Radiation
too will be essentially influenced by these con-
ditions.

It should be noted that till now the inter-
connection of the conduction and convection
processes on the one hand and of radiation on
the other has been insufficiently taken into ac-
count and the calculations of composite heat
transfer have usually been made without regard
for this interconnection,

We shall now consider heat transfer between
the grey medium and the heat receiving surface

'f_,et the surface H, with the constant tem-
perature T, be a plane with the normal 5 (Fig. 2).
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Fic. 2. A calculation scheme of heat transfer by
radiation from a wall into the surrounding medium.

The radiant energy in the medium close to the
wall, having a layer of thickness /; moves in the
direction s in such a way that its interaction
with the medium seems to be absent, in conse-
quence of which the radiant temperature in this
layer has a constant value.

In the medium’s kernel, which is adjacent to
the layer close to the wall, the radiant energy
interacts with the medium thus having a variable
value.

Near the surface H,, which is isothermal,
equation (10) will be of the type:

1 deTe
T =g (1)

Near the plane H,, the value T is determined
by the co-ordinate s alone.

The curvature radius of the curve T4 = ¢(s)
is equal to infinity on the boundary between the
layer close to the wall and the medium’s kernel,
since in this layer the curve turns into a straight
line parallel to the direction s.

The expression for the curvature radius of the
curve considered is:

_ [l + (@Tydsypr

(2dT4/ds?)
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If R = oo, then
d2T
e~
Thus equation (11) gives:
= T.!

This means that on the boundary between the
layer close to the wall and the medium’s kernel
there exists a layer where the radiant and
molecular temperatures are equal, i.e. a layer
which is in a radiant equilibrium state. It will
be referred to as an equilibrium layer. The
existence of the equilibrium layer has been
proved experimentally [2, 3].

Suppose the radiations in the semispaces on
the left and on the right of the equilibrium layer
to be isotropic.

Let the radiation intensity on the left of the
equilibrium layer have the value J,. Then the
radiation intensity on the right of this layer will
be equal to J,, + (I — €,)Js, where J, is the
intensity of the wall radiation which is considered
to be isotropic as well.

The vector magnitude of heat transfer by
radiation is given by:

qr = a{fs — [Ju + (1 — €u)Js]}
= 7T(€wJ5 - u')-
The equation for the radiant equilibrium layer

on the assumption that the radiation is iso-
tropic will have the form:

77___

o+ Vw4 (1 — exls] =2 7 = 2J,

bl

or
T4
@ = e+ Jp =222
where T, is the molecular temperature of the
equilibrium layer.
Solving the previous equation for J, gives:
2 €

- - 4 " 4
Js = o R T} o R a,TA

Introducing this value into the expression for

g, results in:
2 2€p T8 e T3
q, = 2 — Oy - (2~:7 € To

"
€wTol g
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We conclude from this expression that:

(12)

which determines heat transfer between the
medium and the surface H,,.

We consider now the simplest problems of
heat transfer in the immovable grey solid medium
assuming that heat transfer by conduction is
negligibly small as compared with heat transfer
by radiation.

Two solid planes are taken at constant tem-
peratures T, and T,, where T, > T, (Fig. 3). Let
the emissivities of the planes be ¢ and .
Suppose a layer of grey solid medium of thick-
ness / with a constant absorption coefficient k
and the coefficient of self-radiation n to be
between the planes.

We shall determine the vector g, of heat trans-
fer by radiation assuming that the medium is in
a radiant equilibrium state, i.e. the amount of
radiant energy, absorbed by an elementary
volume of the medium.for a certain period of
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Fi1G. 3. A calculation scheme of heat transfer between
two walls with temperatures T, and T,.
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time is equal to the amount of energy emitted by
the same medium volume for the same period of
time.

The radiant equilibrium state of the medium is
determined by equation (1):

div q, = dogk(T* — T*). (13)

It follows from this equation that
r =T

i.e. the molecular and the average radiant tem-
peratures have the same value at the radiant
equilibrium of the medium.

Substituting equation (8) into the equation of
the radiant equilibrium of the medium

divg, =0
gives

Vit = 0. (14

While finding a further solution for the prob-

lem we suppose that T is a function of the co-

ordinate x only, i.e. we consider this problem
to be one-dimensional. With this assumption
47

o = 0. (15)

It should be noted that the equation will not
hold true for medium layers of thickness [, close
to the wall since the photons in these layers
do not interact on the whole with the molecular
medium and give corresponding values for
the radiation intensities.

If we assume the medium radiation in the semi-
spaces which are adjacent to the equilibrium
layers to be isotropic then the photon fluxes in
these layers give the radiation intensities shown
in Fig. 3.

The boundary conditions for the problem in
question may be written as follows:

IT| 27, = Ty |Tlomiiy = Toy

The solution for equation (15) and its agree-
ment with the formulated boundary conditions
gives:

T: _ T
T — T, T’(x—is)—i—TSl.

4
T 1=,

(16)
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For a one-dimensional problem the following
expression will hold true:

o, dT?
=T dx
and at the radiant equilibrium of the medium
o d7r*
= ""7F dx a7

Having found the derivative dT7%/dx from
equation (16) we substitute it into equation (17)
and have:

_1,—Ty,

Skl — 21)
In the equilibrium layers the following equations
are valid:

qr = (18)

qr

J— s, = e (19

oy — Jo = .

(20)

The radiant equilibrium state of the medium in
the equilibrium layers enables the following
equations to be written:

4
oy T3

277{2 U+ (1 — &) Js] —‘%’}: 420 1)
277{2[12 + (1 — &) o)) + ’fr} — 4o “"Tm 22)

From the system of equations (18-22) we get
_ oIt — T3
C e+ (te) — 14 k(I — 21
This formula is valid only when / > 2/, If
I < 2, then instead of formula (23) one should
use the known formula:
oo(Ty — T3)
T W+ {e) -1
which is a particular case of equation (23) for
: Inzfﬁe presence of equation (5) equation (23)
can be rewritten as:
a oofT3 — T3)
= W) + (M) — T+ Kl — 2y

qr (23)

(24)

(25)
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If /, < I equation (23) then becomes:
_ oo(Ty — T3
WD)+ W) — T+ R

In the literature equation (26) is given for the
problem considered but without indication of
the limits to the correctness of this solution.

Two cylindric coaxial surfaces of radii r; and
r, are taken (Fig. 4). Let the emissivities of the
internal and external surfaces have the values
¢; and e;, and their temperatures be constant and
equal to T, and T, respectively, where T} > 7.

(26)
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FI1G. 4. On the calculation of heat transfer between
cylindrical surfaces.

Suppose an absorbing grey medium with the
constant absorption coefficient k and the radia-
tion coefficient 7 to be between the cylindrical
walls.

The amount of radiant energy ¢, transferred
per unit time between unit lengths of the
cylindrical surfaces at the radiant equilibrium of
the grey medium is to be determined.

The radiant equilibrium state of the medium is
given by equation (13).

This equation for a one-dimensional problem
has the form:

d27*
dr?

1dT*
-~ =9 @7

The equation holds true in the medium cylin-
drical layer of radii 7, + /,and r, — [..
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The boundary conditions for the problem
considered are formulated as follows:

\Tlr=ris3, =To
|Tlr=ra-1, = T,

The solution for equation (27) under these
boundary conditions has the form:

T3, — T3, r—

T4 = + T4 (28
111[(’2— I/ — r)] 5 (28)

The value g, is determined from:
q, = (oo/k)2mr(dT/dr). (29)

Having found the product r(d7%/dr) from
equation (28), we substitute it into expression
(29) and get:

T}, — T}
q, = 1 82_ i (30)
In2
2m(oo/k) 1+ L

Here the molecular temperatures of the equi-
librium layers are designated by T, and Ts,.
Let the unit length of the internal cylindrical
surface have the self-radiation g;.
It is evident that

q; = o T{2ar,,

Let the radiation to the interior of the layer
through a unit length of the external boundary
surface of the internal layer close to the wall have
the value g,,.

Then for g, we can write the following ex-

pression.:
dr = q1 — @Pada 3D

where @3, is the angle coefficient of the external
boundary surface of the internal layer close to
the wall relative to this very wall.

Let the length unit of the external cylindrical
surface have the self-radiation g,:

Gy = €013 * 2nr,.

We shall designate the value of radiation into
the interior of the layer through a unit length
of the internal boundary surface of the external
layer close to the wall by g;,. Then

qr = €45, — qo. (32)
The conditions of radiant equilibrium for the
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medium in the equilibrium layers enable the
equations to be written as follows:

27"{2[41 + (1 - 51)‘%1%1] - qr} =

4
4 ”":"1 2n(r, + 1) (33)
2r{2[g: + (1 — e)qanlpas + 41} =
4 "‘f bty — 1. 34)

The system of equations (30-34) makes it
possible to determine the value g,.

Solving equations (31) and (32) for ¢, and
qs, gives

_th— 4
9o €195,
+
oy — dr T 42
€2

Taking into account these equalities from
equations (33) and (34) we shall have:

4t (1 — &)[(q1 — 90)/ &) — (4,/2)

T = 2naq(ry + 1))
T, — {g + (1 — &)[(gr + go)/ e} 25 + (ﬁl_r_/%)
2 2nay(r — 1)

Substituting these expressions into equation
(30) and performing simple transformations we
obtain:

92Pss

o= (o) - (2225)]/

() + ko (::%)J“

N ((1/e2 — Dgw + «s)]
rz - la
or taking into account the expressions for g; and
qs:
_ [aoTi’ * 27y _ ooT} - 21rr2(p25] /
o r + l_: Ty — l-s
1/61 - % l-
T k1
[ ey
(1/52 - 1)‘];25 + ‘l‘] (35)
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For the determination of ¢,, we shall assume that

Tl = T2.
Then g, = 0 and
o P -0
r + l-s Fg — l-s

Hence:

- (6=
s = PYA + is
Substituting this expression into equation (35)
finally gives:

q, =
oo(T} + T3)2nry
(Me +8) + (/r)(l/eg — 1) +
+k(ry + L) In [y — 1)+ 1))+
+ 3(ry + 1)/(ry —(gsg;

This formula determines heat transfer between
cylindrical walls with a grey medium between
them and which is in the radiant equilibrium
state.

This formula is valid provided that:

re > 1y 4 21,
If we suppose that
ry = ry + 2I;

then equation (36) will be of the type:
. 2ari0o(TE — T3)
"= W) + (frd@e — 1
This formula is to be used in cases when
ry << ry; + 21, It coincides with the Christiansen
formula.

With the presence of equation (5), equation
(36) can be rewritten as:

_ oo T4 — T)2nr,
" T 0 — D+ (e — D
+ (kry + ) In [(kr, — 1)/(kry + D] +
+ $[(kry + Df(kr, — 1)]
If I, is small as compared with r, and r, then
equation (36) becomes:
— ooT3 — T)2mr,
"= la— D+ (/)W — D + kryn (/1)
(39

(37)

(38)
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Let us now consider heat transfer by radiation
between concentric spheres of radii r; and r,
(Fig. 5) under conditions which are analogous
to those for heat transfer by radiation between
cylindrical surfaces.

FiG. 5. On the calculation of heat transfer between
concentric spherical walls.

The amount of radiant energy transferred per
unit time by the sphere surfaces is to be de-
termined.

Solving the one-dimensional equation for the
stationary distribution of radiant-energy in the
sphere layer gives:

0, — 4moyTh — T
i 1/(r1+l-s)_’1/(r2_l-s).

The self-radiations of the spherical surfaces are:

O, = o Ti4nr}

(40)

Q, = o T34nrs.

Considerations analogous to those given above
make it possible for the following equations to be
derived:

@41
(42)

0, = 0 — aps Qs
Qr = £2Q63 - Q2
27 {2[Q, + a— €1)(P¢31Q151] - Qr} =

4
an 0 e 4 Ly @)
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2r{2[Q; + (1 — €)Qsylps, + Or} =

%oTh,
o

dr(ry — 1) (44)

Solving the system of equations (40-44) for
Q, gives:
Qr = .
[(Q1/e0)/(r1 + 1)* — @os( Q] €2)/(rs — 15)?]

fer = D/(rs +1)2 + k[1(ry + 1) — 1/(ra — 1,)]
+ {lps(1/ e — 1) + 3)/(r: — )%}

or:

[(ooT34mrd)/(ry -+ is)z — .
_ (o Hmrigs)/(ry — L)
{1 e — DI+ LR+ E[(Ur 4+ 1) —
— 1(ry — 1)) + [%6_(1/52 -1+
+ /(. — 1%}

Assuming 7y = T, and taking into account
that in such a case Q, = 0 we have:

0,

(45)

2 2
ry T3Pz

[ ATRIN e A

_@ﬁ—ﬂz
Po5 = Py r1+is .

Consequently:

Hence:

oo[T4 — T§l4nr?

&= e =1 + G — 1) +
Gy L) — (g + 1)/ — 1]
3w+ 1)/ — 1))

This formula is valid provided that
rg > ry + 21,

If r, = r; + 2I, then equation (46) will be of the
type:

(46)

_ dmrey(Td — T
T e + (r/r*(1 /ey — 1)
This formula should be used when
rp<r + 2.

It coincides with the Christiansen formula.
With the help of equation (5) equation (46)
can be rewritten as:

O 47
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B oo(T¢ — Tidmrd
&= T =D T ¥l — D +
F (kry & DL — Gery + 1)f(kry — D] +
+ 3lGkra + Df(kry — DP?

(48)

If I, is small as compared with ry and r,, then
equation (46) becomes:

oo(T$ — Ti)dmr}

O =Ta=D+ e —D +
+ kr,(1 — ry/rs)

We consider now the simplest problems of
composite heat transfer in the immovable grey
solid medium, when heat transfer by con-
duction is commensurable with that by radiation.

We take again two solid planes at constant
temperatures T; and T,, where T; > T, (Fig. 6).

Let the emissivities of the planes be ¢; and ;.
Suppose a solid-medium immovable layer of
thickness / with a constant thermal conductivity
coefficient A has a constant absorption coefficient
k and a coefficient of self-radiation » between the
planes. The vector q of heat transfer is to be

(49)

T T, T

A

L |
\\\&

N

T+2. 70

L+0-g)l,

FIG. 6. A calculation scheme of the composite heat
transfer in the immovable medium (at the presence of
heat transfer by conduction and radiation).
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determined. This vector conmsists of both the
thermal conductivity vector geona and the radia-
tion vector q,, i.e.

q = Qcond + G-

or

= — A grad (T + T‘) (50)

The following equation holds true for the
stationary power state of the medium:
(51

Substituting expression (50) into this equation

gives:
) —o.

Assuming the problem considered to be one-
dimensional we get:
@[T + (oo/kA) T7]
dx?

Equation (8) with regard for equation (51)
becomes:

div ¢ = div qcona + divq, = 0.
V2 (T +

= 0. (52)

— 8k, T* + 4koyT. (53)

— div Qcond =

Equation (2) makes it possible to rewrite this
equation as follows:

4 . 2 4
T3 2o, VT + T
For the one-dimensional problem we shall have:
A adT
4 . 4
== Zkey, a2 T T (54)

Substituting equation (54) in equation (52) gives:

Q2T — (1/4k®)(d*T/dx?) + (oo/kN)T?] _

dx? 0

Or, after differentiation:
1 ao (

&
“deda T3+l)dx2+

70 7 (3—3;)a =0. (55

+12]€X
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The solution of this equation could make it
possible to find the dependence of the molecule
temperature T on the co-ordinate x.

Equation (52) will hold true at any connection
between the temperatures 7" and 7.

In the particular case when T and T, are
independent, equation (52) breaks into two
independent ones:

d=r

aeT*
o =0 (57

The following equalities should be observed
in the equlibrium layers close to the wall:

Tsy, =T, ; Tey =T, (58)
Solving equation (52) and making the solution
agree with equation (58) we obtain:
T+ T0 s _
ka"r

_ T61 + (O'o/k)‘)Tal
kl — 2

— (oo/kX) T62

X (kx — 2) + T, + 2 Tot,. (59)

k)\

Differentiating this result with respect to x,
we shall have:

AT+ (eo/kNT7)
dx -
Ts, (oo/kA) Th — T, — (0o/kN)TH,
— — k. (60)

For a one-dimensional problem equations
(50) and (60) give the following expression:

T52 T51 T62

T
q = ANk -5 61 + oy == -

(61)

Equation (61) is obtained with the aid of
equation (52) which, as was mentioned above,
will be valid when there is an interdependence
between the temperatures T and 7T,. Conse-
quently, equation (61) will hold true as well for
any interdependence between these temperatures.

Equation (61) shows that the specific heat flux
g consists out of the conductive flux geona and
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the radiative flux g,, which are equal to:

Tsy — T

geona = Ak H (62)
T4 — T3,

9r =% 37 -3 (63)

It should be noted that the values geona and
g, are the specific heat fluxes which have gone
through a medium layer and they cannot, there-
fore, be functions of the co-ordinate x.

1t follows from equation (61) that the specific
heat fluxes gcona and ¢, are interconnected since
they are both determined by the equilibrium
temperatures T, and T, other conditions being
equal.

Let us formulate the boundary conditions
for our problem. The following equations are
valid for the equilibrium layers:

= aly =2 64)
€T, — Jp = %. (65)

For these layers the equations of radiant
equilibrium will hold true as well:

4
277{2[11 (1 — )] — q—”} 4n°°TT51 (66)

4
27r{2[12+ (1 — e)Js,) +q’2} 4rr ”f"”. (67)

Solving equations (64) and (66) for ¢, and
equations (65) and (67) for g,, gives the following
expressions:

To
qr = 1/61—31_7(T: - Tgl)

4
qry = 1/62 % (T52 Tz)
As was already mentioned the radiant energy
in the layers close to the wall almost does not
interact with the medium, in consequence of

which we can write:
Me(Ty — Ts,)
Ae(T sy, — Tp).

Gcond, =

Geondy =
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The boundary conditions for our problem can
be finally formulated as

g = (T, — Ts) + 5) (68)

e pTi-

g = M(Tsy — To) + 37— )(T52 T3). (69)

a / — 3

The system of equations (61, 68 and 69)
determines the composite heat transfer in a flat
layer of the medium. This system is valid pro-
vided that [ > 2/k. It can be solved exactly by the
method of successive approximations. It shows
that the processes of heat transfer by conduction
and radiation are interconnected.

We shall adduce one of the approximate
solutions of the system considered.

Using the Lagrange formula equations (61),
(68) and (69) can be rewritten:

L Ty—Ts , 4o

=Myt g s T — Tl
4o,

4 = (T, = To) (s (T — To)TH,
4

q = Me(Ts, — Tp) + i (Tsy — T)TS,

(1/ez — 4)

where T, T,, and T, are some temperatures of
the layers close to the wall and of the medium’s
kernel.

Solving the written system of equations for ¢
gives:

X (kI F Gograhidje— i+ 70

+ {(kl — 2)[kl + (40, T2H/(N]} +
+ {1/lkl + (400T2,D)/(1/ e — HAT}

If the temperature 7, and T, slightly differ
from each other, then it can be assumed that:

;=1

s -Gt D (1)
2

T, =T;
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With the help of equation (71), equation (70)
enables the value g to be calculated approxi-
mately.

Now we shall briefly consider particular
cases of our problem.

If | = 2/k then the conductive and radiative
fluxes move in the layer independently of each
other.

The value geona is determined by the formula:

Jeond == )‘k 2 T2
Since Ts, =T5, =715 and g, =¢,, =4, then
gr = s (T4 — T9)
(e —H 1
# = g T TY
Hence:
oo(T1 — T7)
"W+ W) — T
Consequently:
T oo(T2 — T?
0= e

Equation (72) should be used when / << 2/k.
If the medium is too solid, then k — co, T5, > T
and Ts, ~ To.

In this case we shall obtain from equation

(61):
T, — T,

g=A

(73)

i.e. heat transfer in very solid media is realized by
thermal conductivity alone.

We shall take two cylindrical coaxial surfaces
of radii r; and r,. Let the internal and external
surfaces have emissivities ¢, and e, and the
temperatures be constant and equal to 7, and
T, where Ty > T,

Suppose an immovable grey medium with a
constant absorption coefficient & and a radiation
coefficient % is enclosed between the cylindrical
surfaces. Let us determine the amount of the
energy q which goes per unit time through a
unit length of the cylindrical medium layer by
means of thermal conductivity and radiation.

P. K. KONAKOV

The stationary power state of the medium for
the one-dimensional problem is determined by
the equation:

@[T + (oo/kNT7] | 1A[T + (0o/kNT}]
dr? r dr

The following equalities should be observed in

the equilibrium layers:

T,sl:Tn .

=0 (74)

2g == Teg (75)

The solution of equation (74) and its agreement
with the equalities (75) gives:
T+ Joms
kAT
Ts, + (O'o/k)‘)Tél —T5, — (O'O/k)‘)ng
In [(kry — 1)/(kry + 1]

kr —

X In g +1+T51+k/\Tgl

The value of ¢ is determined by the expression:

dIT + (oo/kNT]
dr )

(76)

g = —\mr an

Having found the product
, 4T + (oo/kN)T?]
dr

from equation (76) we substitute it into equation
(77) and obtain:

Ts, — T,
= W20 In [thr, — DjGer, T D] +
Tm - Téz
+ [ 2nloo T (e — DiGEr D 70
We can assume that:
T61 - T52
Geond = (173 %) In [(krs — D)jGhr + 1] )
T?n - ng

9 = [[2n(oyR)]In [(kry — DJGer; T ) 0

In the equilibrium layers the relations will be:
(81)
(82)

Gr, = €0oT12mr, — €@sqs,

—_ 4
qry = €5, — 5200T22~n'r2
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2[g: + (1 — e)ps,95] — g1, =
kr; + 1

20T% 2w Z (83)
2[gs + (1 + e)qs,lps, + 47y =
20,T4,2m ’i’z};_l (84)

where g5, and s, are the angular coefficients for
the corresponding surfaces and g, and g5, are
the radiations falling upon the corresponding
surfaces.

Solving equations (81) and (83) for g,, and
equations (82) and (84) for ¢,, we get the ex-
pressions:

_ aolTt = Tytkry + k)]
In = (e, — B ik
. . PolThtkrs = Dikrs — guiT
r @ao(l/ee — 1) + }
The angular coefficient @,; is determined in

the following way. Let the conductive heat flux
in the medium be absent. Then

(85)

27ry. (86)

9r = qrg = qy.

Solving equations (80), (85) and (86) with
these approximations for ¢, we obtain:

oo {Ti[1/(kry + 1)] + Tipes X
_ X [(rofry)/(kry — D1}
o /e — Dllkr, + 1) +
“+In [(kry — D/(kr; + 1)] +
=+ [gas(l/ea — 1) + 3)/(kra — 1)}

If T, = T,, then g, = 0. From this condition we
get:

2mry

_n, kro—1
Pas = T k‘rl_—k—l
Consequently:
0o{Tss " (kry — D)fkry —
gy — = TIrIkry — Dikry + DI
" (nfr) - {ltkry — Dftkry + D] x T
X (1/eg— D} + % @7
For layers close to the wall the following ex-
pressions will hold true:
_ T, — T
feonts = (172w )y In [(kr, + D/er]

(88)
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_ Ta2 - T2
Geonds = (127N In [kryf(kry — 1)

(89)

The boundary conditions for our problem can
be finally formulated as:

— T, — Til +
T @/2e Ny In[lkr, + Djkr,]
oot} — T3, [(kry + 1)/kry]}
(/e — %)
. T52 - T2
1= (122N In [kry/(krs — 1))
oo{T3,l(kry — D)fkry] —
— Ty(ry/r)l(kry — D)/(kry + D]}
(ry/r)ltkry — D)/(kry + 1)] X
X(Ae—1)+ 4
The system of equations (78), (90) and (91)
determines the composite heat transfer in the
cylindrical medium layer. This system is valid
provided that kr, — 1 > kr; 4+ 1. It points at
an interconnection of the processes of heat
transfer by conduction and radiation and is

exactly solved by the method of successive
approximations.

If kry — 1 = kry + 1, then from the system
of equations (78), (90) and (91) we get the solu-
tion:

+ 27ry (90)

-+

2nry. (91)

_ =T
7= (17220 In (ryfr)
L odTE = T2,
(e + [rifr(iT = DI
The formula just written should also be used
when kry — 1 < kry + 1.
1t should be noted that for very solid media
when the products kr, and kr, become very large,
the system of equations (78), (90) and (91) gives
the following solution:
__nh-T
9= (122X n (rgfry)

92

(93)

i.e. in very solid media heat is transferred by
conduction alone.

Let us now consider heat transfer by thermal
conductivity and radiation between the surfaces
of concentric spheres of radii », and r, under
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conditions which are analogous to those of heat
transfer between the cylindric surfaces.

The amount of heat Q which is transferred per
unit time between the sphere surfaces is to be
determined.

Solving the one-dimensional equation for
stationary heat distribution in the spherical layer
gives:

_ 4@ Ty)
@ = Jthry 1] — kithr, — 1]
dm(oof )T, — T4

+ ks )] = [k tkr =1 Y

Considerations analogous to those given above
make it possible to write the following relations:

47 MTs, — Ts,)

Qeons = 7ters T 1] — [k Chrs — 1) &)
 dn(ol(TY, — TE)

O = ffler, + D] — fder, — ) 9
Q) = oy T dart — 5, Qs ©n
0, = €05, — 6200T;47Tr§ (98)

2[Q1 + (1 - €1)‘;751Q¢51] - er =
20,Th,4r (131: 1)2 (99)

2[Q2 -+ (l - €2)Q62]9762 + Qrz =
20,3 4n (k'2 — 1)2. (100)

Solving equations (97) and (99) for Q,,, and
(98) and (100) for Q,,, we obtain:

_ oolTy — T4,[(kry + D)/kr ) |

Qr1 - (1/61 - %) 47”? (101)
0, = oo{T3s[(kry — 1)/kro]* — @5, T3} 4mr2 (102)

Pogl/ea — 1) + %

If the conductive heat flux in the medium is
absent then from equations (96), (101) and
(102) we have:

oo {TH{1/(kr, + 17] —
— Tig [0frllers — 171},
(1/e,— ) [1/(kr; - 1] + :
+ {[1/Gkry + 1)] — [kr, — DI} +
+ lps(l/es — 1) + 3]1/(kry — 1)7]

Supposing that T; = T, we get:

) ()
%5_(r2 (.kr1+ 1)

Consequently:

0, =

0o{T3,[(kry — D)fkr]? —
— T(ry/r)l(kry — D)/(kr, + D} P
(ro/ra)?l(kry — Df(kry + D x :
X (/e — 1) + %

Qrz =

For layers close to the wall we have the formulae

4o XTy — Ts)

Qeonds = (11— kfGer, + 1] 1O
4Ty — Ty
Ceonts = [kjhr, — 11 — iy 109
Finally it can be written:
 4nNT,— Ty
Q= W)~ + 1) —
Zoili = (Tlile[l(]il ; DIRRES 4o (105)
_ 4nA(Ty, — Ty
Q= efter, — 1] — (ijry T
T4°'o{T§%[(kr2 — 1)/k"2]2 - ,
B G R VI 3 DA

(r/ro)?[(kry — 1)/(kry + DF
(Jee— 1)+ + %

The system of equations (94), (105) and (106)
determines the composite heat transfer in a
sphere layer thus giving an indication as to the
connection between the processes of conduction
and radiation.

This system is valid provided that kr, — 1 >
kry -+ 1 and is exactly solved by the method of
successive approximations. If kry, — 1 == kr; 4 1,
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then the following formula holds true: REFERENCES
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