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Abstract—The transfer of radiant energy in an atmosphere having spherical symmetry is discussed.
As an application, the transfer between two concentric spheres (having black surfaces) kept at different
uniform temperatures and separated by an absorbing and emitting gas with a constant absorption
coefficient is studied. The temperature in the gas along a radius satisfies a Fredholm integral equation
of the second kind. Exact solutions are obtained by a numerical method and limiting solutions
pertaining to optically thick and thin conditions are given in closed form. The temperature distri-
bution along a radius depends strongly on the temperature ratio of the two surfaces, the absorption
coefficient, and the radii of the spheres.

INTRODUCTION

THE TRANSFER of radiative epergy in plane-
parallel atmospheres has been studied in great
detail and reported in the astrophysical litera-
ture [I, 2] and in literature dealing with heat
transfer [3]. In particular, the problem of radi-
ative transfer between two infinite parallel
plates kept at two different temperatures and
separated by an absorbing and emitting gas has
recently received much attention [4-7].

Problems of transfer in atmospheres with
spherical symmetry have received compara-
tively little attention. However, certain aspects
of such problems are discussed by Chandrasekhar
{1]. Because transfer in atmospheres with spheri-
cal symmetry is important in many applications,
a brief treatment is given in the first part of this
paper to extend the theory to this case. In this
analysis, formulas are given for the specific
intensity, the rate of absorption, the rate of heat
input to the gas per unit volume, and the rate of
radiant flux. The formulas are subsequently
applied to the problem of transfer between two
concentric spheres (having black surfaces) kept
at different uniform temperatures and separated
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by an absorbing and emitting gas with a constant
absorption coefficient. The integral equation for
the temperature distribution between the two
spheres is solved numerically, and exact limiting
solutions are given in closed form.

Problems of this nature can arise in connec-
tion with the study of intense explosions. The
temperature field created by a sphere of hot gas
appearing as a black spherical body and the
associated heat-transfer rates are thus of im-
mediate interest.

Subsequent to the completion of the present
work, the author received a paper by Sparrow,
Usiskin and Hubbard [8] that does, in fact,
consider the problem of transfer between two
concentric spheres. In their analysis, the spheres
have the same temperature, and internal heat
generation is assumed in the gas. Therefore, in
the problem considered here, different boundary
conditions are used; furthermore, the methods
of the present paper are formally different from
those of Sparrow, Usiskin and Hubbard. A more
detailed analysis of the present problem is given
in reference [9].

SPECIFIC INTENSITY OF RADIATION IN A

SPHERICALLY SYMMETRIC ATMOSPHERE

Consider a spherically symmetric atmosphere
consisting of an absorbing and emitting gas
characterized by the absorption coefficient x,.
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All thermodynamic variables in the atmosphere,
such as the temperature and the density, are
functions of a single variable 7, the radius vector
measured from the center of the atmosphere. In
general, », depends on the thermal state of the
gas and is consequently also a function of r. In
dealing with the transfer of radiant energy
within such an atmosphere, the expression is
needed for the specific intensity I, (or simply,
the intensity) of the radiation at a given point r
in a given direction. If no incident radiation from
the outside falls on the atmosphere, the intensity
will be a function of r and the inclination 4 to
radius vector. In terms of these two variables,
the equation of transfer can be written [1]

oI, sinéfdl,

cos 7 — —— —~

o= g = WL 0) — B

(M

By introducing the Cartesian coordinates x and
ythe integration of equation (1) can be performed
along lines of constant y (Fig. 1). At the point r
we distinguish now between the intensity in the
positive and the negative x-direction, and denote
these two intensities by I7(r, 8) and I (r, 6),
respectively (Fig. 1). Furthermore, let us assume
that the atmosphere is bounded and does not
extend beyond a radius r = R. The nature of the
boundary need not be considered at this point.
It is sufficient only to identify the intensity in the
positive x-direction at the point

x = —[R? — r2gin? 6]}

on the boundary with IF(R, 6), and similarly,
the intensity in the negative x-direction at the
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point x = +[R2 — r2sin2 6]} on the boundary
with I>-(R, 0). The formal solution to equation (1)
for I (r, 6) can then be written

IH(r,0) = I7(R, ) exp [— 7,(x, —xR)]
+ [ 0B expl—rx, D] dF )

—em
where
F=[% + r2sin2 0}, xp = [R2 — rZsin2 6],

and 7,(x, X¥) is the optical depth along y =
r sin @ = const. between two points with co-
ordinates ¥ and x. Thus for r,, we have the
definition

z

(X, X) = j %, (r) dx’ 3

X
where #' = [x2 + r2sin? 0]t (Fig. 1). For I (r, 6)
one has a similar formula. The atmosphere is
taken to be in local thermodynamic equilibrium;
hence, the source function B,(r) in equations (1)
and (2) is the Planck function.

It is convenient to choose the radius vector as
the integration variable rather than the x-variable
occurring in equations (2) and (3). In performing
such a transformation, we can write (7, 6) in
the form

I7(r, 6) = IN(R, 0) exp [— (v + mpp)]
R s

-+ 1{ Xv(f') v(r) €Xp ["'(Thf + 7)”)] (fZ — 1"3)* (4)
r F dr

+ [ @B exp =61, ~ 7)) i1

1 T
< ’
_XP X \ X

,
[ "

FiG. 1. Definition of I *(r, 6) in the spherically symmetric atmosphere.
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It also follows that I.-(r, 6) takes the form

I7(r, 0) = I7(R, 6) exp [~ (mop — )]
+ ) B e -G G O
where

r r'e,(r") dr’
nr, ro) = J 2 =

To
Nvp = ;]y(R; ro), "_]v = 1},,(;; rO)

ro = rsiné

and

These equations represent general expressions
for the intensity in a spherically symmetric
atmosphere, which will be used in the present
study.

RATE OF ABSORPTION AND EMISSION IN THE
ATMOSPHERE
Consider next the rate of absorption at the
point r due to the surrounding atmosphere. The
rate of absorption A4, per unit volume at a point
is given by

(6)

where the integration extends over all of the
elements of solid angle df2 about the point in
question. Accordingly, a spherical polar co-
ordinate system is centered on the point r, and
the element of solid angle can be written as
dQ = 2wsin 6d6. It follows that A4, can be
expressed as

nl2
A, = 2me, [ [I+(r, ) + I-(, O] sin 06 (7)
0

4
A, =x, [ 1,42
0

The rate of emission E, per unit volume at a
point for an atmosphere in local thermodynamic
equilibrium is expressed by

E, = 4m,B,T) ®

The equation governing the radiative transport is
then

®
where Q is the net rate of heat input to the gas

per unit volume as the result of radiation.
Conservation of energy requires this quantity to

0=71~E)d =0
0
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be zero in the assumed absence of convection
and molecular transport phenomena.,

Finally, we observe that, if the boundary of
the atmosphere is a black wall, the intensities
I*(R, 0) and I (R, 6) are given by

I} (R, 6) = I7(R, 6) = B(To)

where T is the uniform temperature of the black
sphere surface with radius R.

EQUATION FOR TEMPERATURE DISTRIBUTION
BETWEEN TWO CONCENTRIC SPHERES

Consider two black concentric spheres with
radii R; and Rs, having constant and uniform
but unequal temperatures 73 and T, respectively.
We wish to determine the temperature distri-
bution in the gas between the two spheres as a
function of radius vector r. To simplify the
problem, it will be assumed at the outset that the
absorption coefficient of the gas is a constant
independent of the frequency and thermal state.
Actually, we could conceivably take =, = ar®,
where a and n are constants, and try different
values of n. However, n = 0 appears to give the
simplest formulation of the problem, which will
suffice for the present purpose.

By applying the previous formalism and the
assumption that the absorption coefficient is a
constant », we find, with the additional aid of
Stefan’s law, that the transfer equation of the
problem can be written in the form of a Fred-
holm integral equation of the second kind for the
unknown function 74:

4£T4 = THd1(én, €) + ds(&1, O] + Tilba(és, £)
£y
~ da(é2, )] + 2 3‘ T4E{Ex(|¢ - &)
— EilV(& — &) + /(&2 — D]} dE (10)

where & = ur, £&1 = xRy and &2 = »Rs. Further-
more ¢1, ¢2 and ¢3 are the functions

$1(, ) = (€ + &) Eo(€ — &) —exp[— (¢ — 9]
$2(é,8) = (£ + ) Ex(é — &) + exp[—(£ — )]
$3(, ) = [V(& — €D — V(& ~ &)
Es[v/(82 — £) + /(& — &)]
+ exp {—[V(& — &) + V(& — I}
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and Ei(f) and Es(f) are special cases of the
integro-exponential function E,(¢f) of general
order n (for the definition, see reference {1] or [2]).
The term on the left-hand side of equation (10)
represents the total rate of emission of the ele-
ment of gas at the point £, the first two terms on
the right-hand side designate surface contri-
butions, and the integral term represents the
contribution from the gas to the total rate of
absorption of the element of gas at the point §£.
Because of the nonlinear form of the arguments
in this integral equation, there is little hope of an
exact analytical solution. The kernel function
possesses a logarithmic singularity at the point
& = ¢; therefore, the equation as it stands is
unsuited for a numerical study. The singular
behavior of the kernel can be changed, however,
by performing an integration by parts under the
integral sign. In so doing, it is to be observed
that the gas temperature immediately adjacent
to the two spherical surfaces is not in general
equal to the surface temperatures themselves in
the assumed absence of molecular transport
phenomena, ie. Ty, # Ti, Tz, # T2. The
integration by parts reduces then the integral
equation of the second kind to one of first kind
for the function dT4/d¢, i.c.

0 = (T7 — T,) [$1(é1, §) + ¢a(61, €]
+ (T3 — TE,) [$a(€2, &) — ¢s(ba, §)]

- ff (dT%/dé) K(¢; ¢, 1) dé (11)
&

where
K(£; €, £1) = sgn (§ — &)(¢ + &) Ex(|¢ — &)
—exp[—(|¢ - & + V(& - &)
— V(& — D EV(E - &)
+ V(& — )]+ exp {~[V(E - &)
+ /(€2 — &)1} (12)

The kernel of equation (11) has a finite jump at
the point £ = ¢. This equation is now suited for
numerical study; results of such a study are
described subsequently.

It is clearly seen that equation (11) is satisfied
identically in the case when the temperature is
everywhere the same. Also, we note that equa-
tion (10) agrees with a similar equation derived
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in reference [8] by another method if 71 = T» in
equation (10) and if the heat generation term
included in reference [8] is added to equation (10).
Inspection of equation (10) or (11) shows
furthermore, that if we are interested in the
temperature 7 itself as a function of £, three
parameters govern the solution, namely &1, &
and T1/Ts. However, the temperature ratio of
the surfaces does not enter as a parameter, if
one chooses to consider the function

(T - THNT} = TY.
In terms of this function equation (10) can be
written as

T4 T ]
fg T 4 {Pa(é2, &) — d3(é2, O}

1 [T¢—T¢,
+ 2% J mf{&df i)
£
— Ei[/(82 — &) + V(& — ]} dE (13)

Equation (13) shows explicitly that only two
parameters, 1 and £q, influence the solution for
the function (T¢ — T9/(T'3 — T%). In this paper
we choose to discuss the temperature distribu-
tion itself rather than the function

(T* = TH/T3 — TD.

RATE OF HEAT TRANSFER

Along with the temperature distribution in the
gas it is of considerable interest to determine the
net heat-transfer rate ¢, per unit frequency
through an element of area with given orienta-
tion within the gas. If we choose the normal of
the surface element in question to have the
(outward) direction of radius vector in the
atmosphere, ¢, can be written as

w2

g, =27 | I cosfsin 6do

0

/2
—2n | I7 cosOsin6do (14)
0

In this formula the first term represents the heat
flow going in the positive outward direction of
radius vector, the second term the heat flow
going in the opposite direction. By applying
equation (14) to the present problem, one
obtains the following formula for g (the integral
of g, over frequency):
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(&) = }oTiE2 (¢ + &) Ex(é — £)
— (& - BDE V(@ — &)
+ 11+ V(& — )] exp[— V(& — &)
— (1 + ¢~ &) exp[—(£ — &I}
+3oT32 [[V(E&— &) — V(& — P
EslV(8 ~ &) + V(& — &)
— (bt O Es(fa— O — [L + V(& — &)
+ V(& — e exp {~ [V(E ~ &)
+VE-BN+ U+ &~
exp [ (&2 — 9]

£
v e j ETSLGE; &, £1) dE

£ J

r (15)

where L(€; ¢, &) is given by

L ¢ 6) =sgn (6 — (¢ + 9 ]
Ex(|¢ — £) + exp[— (|¢ - €]
+[V(E - &) — V(& - )]
El V(& — &) + /(&8 ~ )]
—exp[— (V(& - &) + V(& - &) |

This result is a consequence of the previous
formulas, because the heat flux ¢ is related to the
heat input function Q defined by equation (9) as
follows

L (16)

*x 0
T e é’f_(qg) = Q = Aot — Bt (17)

Since equation (15) involves an integral over the
temperature distribution, the heat flux g is given
at any point ¢ once the temperature as a function
of ¢ is known. To calculate g it is therefore
necessary to solve equation (10) or its equivalent
f[equation (11)] first. However, equation (10) is
obtained by setting Q equal to zero. Hence, it
follows from equation (17) that

£29(¢) = const. (18)
The simplest form of the constant in equation
(18) is obtained by letting ¢ = ¢; in equation (15)
and by rewriting the integral in terms of the
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function (74 — TH/(T3 — T%. The resulting
formula can be reduced to the following form

qé) s g
ATi—TH =~ 3V - €D 1

En/(E2 — )+ (&2 + £1)2 Ex(§2 — &)

+exp[~V(E - -0+ &~ &)

exp [—(§2 — &)1} - (19)

&
T4 — T4
-2 j Ti T%l [£1E2(€ — £1)

fl
+ Erf(B — £) - EaE — )EdE |

Since the function (T4 — T%)/(T'4 — T$ contains
only ¢ and & as parameters it is seen that the
heat-transfer rate constant written in this form
depends only on £; and és.

LIMITING SOLUTIONS

Exact solutions of the equation determining
the temperature distribution between the two
spheres can only be obtained by numerical
methods. However, two exact limiting solutions
corresponding to optically thin (x —0) and
optically thick (x - o0) conditions can be ob-
tained in closed form.

(a) Optically thin gas

The temperature distribution between the
two spheres is obtained directly from equation
(10) by performing the limiting process » — 0.
This leads to the result

T _[(h\ E-vE - &)
To™ [(Tg) 2
L Er VK \/2(?_—_5_?)]* (20)

This solution is tantamount to a vanishing gas
absorption. Note that the formula predicts an
infinite temperature gradient at ¢ = £; when
T1 # Ts, but a zero gradient when 7} = Tos.

Also by taking the limit of equation (19) as
» >0, one finds that the heat-transfer rate
constant is

£ q(€0)/o(T — T3 = & @D
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(b) Optically thick gas
For the case of an optically thick gas, the rate
of heat transfer ¢ is given by the formula [10]

d
9(&) = — § 3z (°TH 22

From equation (18) it follows then that
d A
—_ 4y . D
=g

where A is an integration constant. In the limit
as x - o0 it can be shown readily from equation
(10) that the boundary conditions are

x>0 T=T1 at &= §,
and

T=T, at &= fg.

By applying these boundary conditions we
obtain the following exact closed form solution
for the temperature distribution:

T _ [(Z})‘* & — O + &6 - &)

E
n-\n) w6 -ty T e < &)} @)

Accordingly, the heat-transfer rate constant is
3 q(€)/o(T] — T3) = 461&af3(6a — &) (29

(c) Reduction to the flat plate case

The theory developed here contains the plane-
parallel configuration as a special case. To
obtain the formulas pertaining to this case, we
substitute £, = £ + L and

E=0+x0<x<D)

into the equations and let & - co; L is the op-
tical distance between the plates and yx is the
variable optical distance. For example, by making
the indicated substitution into equations (20)
and (23) and taking the limit as £ — o0, we
obtain, after some rearrangement, the well-
known formulas for this configuration

T4 — T4
Thin Gas: I—,;:—ﬁ= 1;
, L TA-T7 _x
Thick Gas: TIoTiTL

PRESENTATION OF RESULTS
In the numerical part of the study, the method
of undetermined coefficients was selected for
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solving equation (11), and the equation was
accordingly programmed and a number of
different cases computed on an IBM 7094, In all
cases presented here, the given interval ¢ — £
was divided into a maximum of 109 equal
subintervals. To test convergence of the solution
as affected by the number of subintervals, the
problems were also solved using 82 and 55 sub-
intervals, From these additional calculations it
was concluded that the accuracy in all the
presented temperature distributions is better
than AT/T»> = 0-002.

Three parameters govern the exact solution
for the temperature distribution itself, namely,
the temperature ratio 71/T2 and the optical radit
¢, and £. In order to exhibit some of the
pertinent parametric effects, sets of temperature
profiles with different wall temperature ratios are
presented: Th/T2 = 2 (Fig.2), T1/T2 = 5(Fig. 3),
and T1/T, = 25 (Fig. 4). In each figure exact
(numerical) solutions are displayed as unbroken
lines, and the thin and thick gas limiting solu-
tions according to equations (20) and (23) are
shown as broken lines. The different solutions
shown for each combination of & and &g are to
be interpreted as follows. The temperature curves
marked ¢ correspond directly to the £-values
shown on the ¢-scale. Thus, for these solutions
&5 is held fixed at £ = 10, while ¢&; varies and
takes on the values ¢ = 5, 1, 0-1. This curve
sequence can be explained as a result of varying
R but keeping Rs and the absorption coefficient
 fixed. Then, to see what happens if x is reduced
(or increased) by a factor of ten in the cases just
described, the curves marked 0-1£ (10£) are
shown. In reducing (increasing) » by a factor of
ten, the indicated values on the £-scale are re-
duced (increased) by a factor of ten, such that &
for this sequence of exact curves is held fixed at
the value £ = 1 (100), whereas £ takes on the
values & = 05, 01, 001 (50, 10, 1). The
limiting solutions are, by definition, independent
of » and remain unchanged when the £-scale is
multiplied by factors of ten. For each fixed
geometrical arrangement the different curves
provide a direct indication of how the solution of
equation (11) is affected by changes in the
absorption coefficient. Figures 2-4 thus describe
the effects of the temperature ratio, the geometry,
and the absorption coefficient on the solution.
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2:0
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FIG. 2. Temperature curves for T1/T2 = 2.
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Temperature curves for 71/T2 = 5.
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T/T2

———

————THIN {APPROX)
—-——THICK (APPROX.)

I T
EXACT p

F1G. 4. Temperature curves for T3/Tz = 25,

The attempts to calculate the 10£ curves were
not always successful because, when the interval
&3 — &1 is large, the maximum number of sub-
intervals possible in the program is in general
not sufficiently large to ensure accurate data.
In Fig. 3 one accurate 10¢ curve is displayed;
extrapolated 10¢ values for the intermediate case
(&2 = 100, é1 = 10) are shown, The extrapolated
values were obtained from three different
calculations of the same profile using a different
number of subintervals (109, 82 and 55) and the
assumption, in analysing the data, that the con-
vergence to the correct temperature at a fixed ¢
is exponential with respect to the number of
subintervals.

In Fig. 4 only one set of numerical solutions
are shown. Tt is felt that in this case the assump-
tion of a constant absorption coefficient is
strongly limited, and the curves are only shown
as an indication of trends.

DISCUSSION AND CONCLUSIONS
In studying the results presented in the pre-
vious section, we notice first the apparent effect
that the optical size of the inner and hotter

sphere has on the solution. When £; is small
compared to &», the gas temperature decreases
rapidly within a narrow region close to the inner
sphere, resembling a boundary-layer effect.
Concurrent with the rapid variation in the
temperature close to the inner sphere is a large
temperature slip at the inner surface, whereas a
small slip is found at the outer surface. As the
optical size of the inner sphere becomes larger,
the gas temperature varies much more gradually
between the two spheres, and the temperature
slip at the outer sphere becomes appreciable.
These general trends in the temperature curves
can be explained as an effect of the spherical
symmetry. On the one hand, when £; is small
compared to &, we have a case that can be
represented by a radiative heat source of small
but finite dimensions inside a large spherical
container. The temperature varies rapidly only
near the source, and the temperature slip is
consequently substantial at the inner surface.
On the other hand, when £; and £; are nearly
equal, a nearly plane parallel case is obtained.
The trends in the temperature curves for these
cases can be understood by studying previous
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investigations dealing with the flat plate con-
figuration [3-6].

Next, we shall study the effect the absorption
coefficient has on any particular solution with
fixed values of R; and Rs. In the least con-
spicuous case, when £2 and £ are relatively close
together (£2/€1 = 2), the 10¢ curve is rather close
to the limiting thick gas curve, whereas the 0-1¢
curve does not come as close to the limiting thin
gas curve (see Figs. 2 and 3). The exact numerical
solutions demonstrate in these cases that the
limiting thick and the thin gas solutions differ
roughly by three orders of magnitude in the value
of the absorption coefficient. Similar results are
obtained in the flat plate case.

As we move to higher ratios of £2/¢1, the cal-
culated exact solutions tend to agree very well
with the thin gas approximation, especially when
the temperature ratio is low, see Fig. 2. Inspec-
tion of the thin gas approximation formula,
equation (2), reveals, that the temperature
distribution is independent of ¢2. Therefore, as
soon as ¢ > ¢1, the temperature is close to
the asymptotic value 7/T2 = 1. Thus the location
of the outer sphere surface plays no role for
the temperature profile in these cases, in agree-
ment with the concept of a radiative heat
source inside a large spherical container. For
a small but finite value of %, the absorption by
the large body of gas which separates the small
hotter sphere from the large cooler sphere,
does not seem to have any appreciable effect
on the exact curves in these cases.

The calculated temperature distributions can
be used to calculate the heat-transfer rate
constant, and Table 1 shows the value of
£3q(£1)/o(T% — T3) for the various cases. The

Table 1. The heat-transfer rate constant £12q(£1)]e(T14
— T2%) for various cases

&%(6)/o(Th? — TH

£ & Exact numerical

10 0-1 9-28 x 10-3
1 6:65 x 101
5 9-46

1 0-01 992 x 10-°
01 9:65 x 10-3
05 2:24 x 101
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values of the heat-transfer rate constants in the
limiting cases are not given, since very little
meaning can be attached to these values,

It has not been intended here to develop an
approximate theory for the correlation of the
data presented. The object has been rather to
present exact solutions of the transfer equation
in spherical symmetry, which has been obtained
by numerical and limiting processes. It is,
however, possible to develop an approximate
theory on the basis of the diffusion approxima-
tion and include temperature jumps at the
boundaries. The general background for such a
theory is contained in a paper by Deissler [11].
Another way of building an approximate theory
would be to use the theory of matched asymp-
totic expansions. The latter way is probably the
most appropriate since the approximation can
then be carried to any desired degree of accuracy,
at least in principle.
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Résumé—Le transport d’énergie sous forme de rayonnement dans une atmosphére a symétrie sphérique
est discuté. Comme application, on a étudié le transport entre deux sphéres concentriques (possédant
des surfaces noires) maintenues, a des températures uniformes et différentes et séparées par un gaz ab-
sorbant et émetteur avec un coefficient d’absorption constant. La distribution radiale de la température
du gaz satisfait & une équation intégrale de Fredholm de seconde espéce. Des solutions exactes sont
obtenues par une méthode numérique, et les solutions limites correspndant aux conditions d’une at-
mosphere optiquement épaisse et optiquement fine sont données sous forme analytique. La distribu-
tion radiale de la température dépend fortement du rapport des températures des deux surfaces, du
coefficient d’absorption et des rayons de sphéres.

Zusammenfassung—Der Austausch von Stahlungsenergie in einer Atmosphire mit Kugelsymmetrie
wird diskutiert. Als Anwendungsbeispiel wird der Austausch zwischen zwei konzentrischen Kugeln
(mit schwarzen Oberflichen) studiert, die auf verschiedenen, gleichmissigen Temperaturen gehalten
sind und deren Zwischenraum von einem absorbierenden und emittierenden Gas mit konstantem
Absorptionskoeffizienten erfiillt ist. Die Gastemperatur entlang eines Halbmessers geniigt einer Fred-
holm Integralgleichung zweiter Art. Exakte Losungen wurden mit einer numerischen Methode
erhalten und Grenzlosungen fiir optische dicke und diinne Bedingungen sind in geschlossener Form
angegeben. Die Temperaturverteilung entland eines Halbmessers hingt stark vom Temperatur-
verhiltnis der beiden Oberflichen, dem Absorptionskoeffizienten und den Halbmessern der Kugeln ab.

Anvoranua—PaccMaTpuBaeTCA MepeHoc JY4HCTON dHeprum B atMocdepe, nMemoumelt chepu-
YeCKYl0 CUMMeTpHI0. B KauecTBe nmpuMepa HCCIELyeTcA O0MeH MEIY ABYMA KOHLIEHTpHUe-
cKkuMH cdepaMy ¢ YEPHHIME IOBEPXHOCTAMM, MMEIOMHMM PA3NNYHYI0 PABHOMEPHYIO TeM-
1IepaTypy, MeRy KOTOPHIMM HAXOAMTCA MOTJIOAIONNM K M3ILydyalomwuil ra3 ¢ MOCTOAHHEIM
roaddunuenroM nordomenud. Pacnpenelenne TeMIepaTypsl Iasa BIONb pafuyca yROBIET-
BOPHUTEILHO OIMCHBAETCA MHTEIPAIbHEIM ypaBHenueM (pearoabma BTOporo poga. YucieH-
HEIMM METOJAMM HOJY4YeHHl TOUHbIe pemeHuA. B samuuyToft dopMe HAWAEHH pelieHus LA
NpefeNbHBX CIy4aeB ONTHYECKHM TOJNCTON m TOHKOIM cpemsl. Temneparyphoe pacunpepenenue
BIOJIb PAJMYCA CHIJIBHO S3BMCHT OT OTHOINEHHA TeMmeparyp Ha mosepxuoctu chep, koad-
dunueHTa MOTJIOMEHNA U paguycoB cdep.



