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Abstract—The temperature difference applied across the two ends of a horizontal duct generates a natural
counterflow in which colder fluid flows along the bottom of the duct towards the warm end while a warmer
stream flows in the opposite direction along the top. The paper presents an asymptotic solution for the
velocity and temperature distributions in the middle portion of a long horizontal pipe with conducting wall.
The influence of circumferential heat conduction through the pipe wall on the temperature distribution in the
fluid has been investigated. An analytical expression has been established for the net axial heat-transfer rate
by counterflow natural convection. The present results for the temperature distribution in the pipe wall are

compared with numerical results reported recently.

NOMENCLATURE

a,,a,, constants, equation (24);

C, wall thermal resistance parameter,
equation (12);

g gravitational acceleration [m/s?];

k, fluid thermal conductivity [W/mK];

k,,  wall thermal conductivity [W/mK];

K,,K,, constants of core solution,
equation (18);

L pipe length [m];

Nu, Nusselt number, equation (33);

Pr,  Prandtl number v/u;

P, dimensionless pressure, equation (6b);

P*  pressure [N/m?];

Q, convective heat leak [W];

r, dimensionless radial position,
equation (4a);

r*,  radial position [m];

ro»  radius [m];

Ra, Rayleigh number, equation (7);

t wall thickness [m];

T, dimensionless temperature, equation (6a);

T*,  temperature [K];

T,,  cold end temperature [K];

T,,  warm end temperature [K];

u, dimensionless radial velocity,
equation (5a);

u*,  radial velocity [m/s];

v, dimensionless circumferential velocity,
equation (5b);

v*,  circumferential velocity [m/s];

w, dimensionless axial velocity,
equation (5¢);

w*  axial velocity [m/s];

z, dimensionless axial position,
equation (4b);

z*  axial position [m].

Greek symbols

a,

B,

fluid thermal diffusivity [m?/s];
coefficient of volumetric thermal
expansion [K™'];
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0, angular position, Fig. 1;
v, kinematic viscosity [m?/s];
p,  density [kg/m’];

o, dimensionless wall temperature function,
equation (36);
v, function, equation (24);
¥, second order stream function, Fig. 4.
Subscripts
0,LII, zeroth, first, second order

approximations.

1. INTRODUCTION

THE TEMPERATURE difference applied across the ends of
a horizontal pipe filled with stagnant fluid gives rise to
a counterflow natural convection pattern of the kind
sketched in Fig. 1. The fluid motion is caused by the
axial density variation associated with the axial tem-
perature gradient. The resulting changes in the hy-
drostatic pressure gradient forces the cold fluid to flow
along the bottom towards the warm end while the
warmer stream returns along the top half of the pipe.

In spite of its common existence and relatively
simple configuration, this type of flow has received
relatively little attention. Quite recently, Hong [1]
studied the effect of this flow on the temperature
distribution in the conduit wall. His main objective
was to predict the circumferential wall temperature
gradient which is important in thermal stress analysis.
His numerical solution, however, is based on a simu-
lated forced-convection system in which there is a solid
wall across the horizontal centerplane and the warm
and cold streams flow in opposite directions in two
semi-circular tubes. The only other effort of analyzing
a related flow is also recent. In a sequence of four
articles, Cormack, Leal, Imberger, Seinfeld and Stone
[2-5] studied the natural counterflow in a horizontal
parallel-plate channel with closed ends. Their work
was inspired by the interest in the spreading of thermal
pollution by natural convection in shallow bodies of
water. Bejan and Tien [6] have recently completed a
study of the free convection heat transport through
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F1G. 1. Natural counterflow in a long horizontal pipe with ends maintained at different temperatures.

parallel-plate horizontal channels with either one end
or both ends open. The work was motivated by the
need to evaluate heat-transfer rates through horizon-
tal channels filled with liquid helium. Channels of this
type constitute a basic thermal design feature in large
superconducting winding systems [7].

The present article constitutes an analytical study of
the velocity and temperature fields in the horizontal
counterflow natural convection inside a long pipe with
the final objective of estimating the convection heat
leak carried by the two streams from the warm end to
the cold end. The pipe wall is modeled as a conducting
sheet, insulated with respect to the ambient (i.e. the
heat loss from the pipe to the ambient is assumed
negligible). The paper presents an asymptotic solution
for the velocity and temperature field valid in the limit
when the pipe is long (ro/L— 0) or the Rayleigh
number based on end-to-end temperature difference
approaches zero.

In the next section, we begin with defining the heat-
transfer problem as described in Fig. 1. In Section 3 we
present analytical expressions for the velocity and
temperature distributions inside the middle portion of
the long horizontal pipe. Based on this analysis, in
Section 4 we present the Nusselt number for axial heat
transfer, as a function of the Rayleigh number, the ratio
of pipe length to radius and the wall circumferential
thermal conductance. In Section 5 we calculate the
temperature distribution around the pipe wall, infor-
mation required by thermal stress analysis. Finally, in
Section 6 we compare our analytical expression for the
temperature distribution in the pipe wall with the
numerical results reported by Hong [1].

2. PROBLEM STATEMENT
Consider the horizontal pipe of Fig. 1. The pipe
radius r,, is much larger than the wall thickness 1 and
the pipe length L is much larger than ry. Assuming the
fluid is incompressible, the steady state equations
governing the conservation of mass, momentum and
energy in fluid are, respectively.
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The system coordinates », 0, z and the velocity
components u, v, w are clearly indicated in Fig. 1, and T
and P stand for fluid temperature and pressure,
respectively. Equations (1)—(3) have already been non-
dimensionalized by having introduced the following

dimensionless variables

F=r¥ry, z= %, (4a,b)
u=u¥ro/oa, =g w=wrrya  (5a.b.c)
T*—T, Pyl
T = ~. =2 (6a,b}
T.-T, oAy ’

The quantities denoted by an asterisk represent the
dimensional variables of the problem. These, as well as
the other symbols appearing in equations (4)-(6), are
defined in the nomenclature.

In equations (1)«3), Pr is the Prandtl number v/z,
Ra is the Rayleigh number based on the pipe radius,

_9pra(L-Ty)
%y

and V? is the Laplacian operator in cylindrical coor-

dinates,

Ra {7}

VZ = :/”2 +
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In stating the governing equation we made use of the
Boussinesq approximation,

p = po[1-B(T*-Tp)]. )

where subscript O represents properties of a reference
state.

The problem consists of determining the velocity
field u, v, w, and the temperature field T as a function of
r, 8, z, subject to equations (1)+(3) and the following
boundary conditions. First, the no-slip condition at
the wall requires

u=v=w=0 at r=1.

(10)

The temperature boundary condition atr = listied to
the presence of heat conduction in the pipe wall. Since
t « ro, we may treat the pipe wall as a conducting sheet
of zero thickness. The temperature distribution over
this surface is dictated by the heat conduction equa-
tion,

T 10*T oT

—5“2‘5‘4';555?:(:?, r=1, (11)
where C is a measure of the wall circumferential
thermal resistance relative to that of the fluid,
kro
k_‘v‘; .
In writing condition (11) we assume that the outside of
the pipe is insulated with respect to its environment.
Equation (11) constitutes the fluid temperature boun-
dary condition at the wall. If C — co the wall is
adiabatic and if C = 0 the wall is isothermal. Para-
meter C is identical to constant C, employed in Hong’s
paper [1].

A discussion of the boundary conditions in the
horizontal z direction is necessary in order to develop
an analytical solution for the velocity and the tempera-
ture. If the pipe is long and the Rayleigh number is
moderate, the end effects on the velocity and tempera-
ture fields are limited to small segments of pipe near
the two ends. The flow pattern throughout the middle
portion of the pipe—the core region—can be regarded
as fully developed, neglecting the specific conditions
imposed onu, v, wat z = 0, L/ro. The only conditionin
the z direction will be the one accounting for the
temperature difference applied across the pipe. This
particular point will be discussed in detail in Section 4
when we estimate the net heat leak convected from T,
to T;. Until then we focus on the velocity and
temperature distributions in the long middle section of
the pipe.

C= (12)

3. VELOCITY AND TEMPERATURE DISTRIBUTIONS
IN THE FULLY DEVELOPED REGION
A perturbation solution in Ra as a small parameter
was carried out in order to obtain analytical ex-
pressions for the velocity and temperature in the core
region of the pipe. Power series expressions in Ra were
assumed for u, v, w, T:

(u, v, w) = (4, v, w)o + (u, v, w)Ra
+ (4, 0, w)yRa®+... (13)

T = T+ T,Ra+ TyRa*+.... (14)
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Substituting expressions (13} and (14) into equations
{1)-(3) and equating the terms containing the same
power of Ra yields the necessary systems of equations
for determining the functions appearing in expressions
(13) and (14). Before performing the analysis, the
pressure gradients appearing in the three momentum
equations were eliminated by differentiating equation
(2a) with respect to 0 and z and equating the results
with the derivatives of equations (2b) and (2¢) with

respecttor:
o[ (v, o v
|\ P\ e Ve Y
gt 2]
Vu+r2+r269_
Hé 1 6u+gav+ 6_u+y£
or FE ué; r b W&z ¥
vyl
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= Ra siné}——rcosﬁi) (15}
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{a) The zeroth order approximation of the solution
to equations (1), (3), (15) and (16) is
(u,e,wlo =0 (17)
Th=K;z+K,. (18)
Solution (17), (18} represents the state of solid body
conduction through the fluid filling the horizontal pipe
of Fig. 1. Constants K,, K, will later be determined
from the temperature conditions prevailing in the two
end regions.
(b) The first order components of u and v are

(u,0); =0 (19)

while for wy, T; we must solve the system
;—r (V*wy) = K,sin@ (20)
K,w, = VT, (1)

Equation (20) admits a particular solution of the type
wp = K sin@y(r) (22)

where ¥/(r) satisfies the linear differential equation
obtained by substituting expression (22) back into
equation (20),

Ay - =3 {23}

The general solution to equation (20} consists of the
particular solution (22) added to the solution satisfying
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F1G. 2. Pipe cross-section showing lin

the number
.......... Be

the homogeneous form of equation (20). Since the
homogeneous solution does not depend on K. only
the particular solution is retained based on the fact
that w; must vanish when the pipe is infinitely long and
the axial temperature gradient K, tends to zero.
Solving equation (23} we obtain

1 1
+ayr 4o (24)
p

(r} = u :
llf‘ ) th g

where constants «,. «, are determined from the
conditions that w, must be finite in the center of the
pipe and zero around its periphery. In conclusion, the

first order axial velocity component is

leéKl(ﬂ—r)sin() (25)

which is also plotted on Fig. 2. As expected. the

velocity is positive (from cold to warm) over the entire
bottom half of the pipe cross-section. The maximum
axial velocities occur on the vertical diameter at two
points Jocated at r = 1°/3. As shown in Fig. 2, at any
of these two locations the maximum velocity is
K,/(12/3). We see also that the shape of the first order
velocity distribution is independent of the temperature
boundary condition at r = 1. Through K, however,
the intensity of this distribution depends on the
temperature boundary conditions imposed in the axial
direction.

Combining the w, result with equation (21) leads
to an equation for T,. The solution follows a path
identical to the one outlined above for w,. Taking into
consideration the temperature boundary condition at
the pipe wall, equation (11), we obtain

)

142C

—_K?sin#
sm +C

— 2 — 26
T, = 192 (r 3+ (26)

lout\ {the first order velocny approximation);

he value of 12\’7' Wi/ 'K .

ve
th
t

Figure 3 shows a plot of the first order temperaturc
variation across the pipe cross-section, for three
important values of wall thermal resistance C. Overall,
the pattern formed by isothermal fines is identical for
both halves of the cross-section, therefore, only the top
half was drawn. The lines of Fig. 3 represent lines of
constant 967,/K{, a quantity which is always zero
along the horizontal plane separafing the two streams.

The first case, C > =, is the case of counterflow in a
horizontal pipe with a non-cohducting wall where the
heat exchange between the two streams takes place
only across the horizontal interface ¢ =0, 7. An
interesting feature of this temperature pattern is that
the hottest spot resides in the fluid and not at the top of
the cross-section as we may have been anticipating.
The top point (I, =/2) is a saddle point at the
intersection of two adiabatic surfaces, r = | and
0 =n/2. For all practical purposes, however, the
region bounded by the tear-shaped isotherm of
Fig. 3 (C — oo)is isothermal.

The third case, C = 0, shows the temperature pat-
tern in a pipe with a highly conducting wall. This time
the wall is isothermal in the 0 direction. The con-
duction around the wall does an effective job of
equalizing the temperature over the cross-section. The
middle case, C = 1, was included to show the tran-
sition from C — oo to C = 0. As the pipe wall becomes
more conducting the warmest spot migrates towards
the visual center of the semi-circular channel carrying
the warm stream. An identical set of isothermal
patterns can be constructed for the bottom half of the
channel.

(¢) The second order solution is obtained by collect -
ing the Ra” terms resulting from substituting the series
expressions (13) and (14) into the governing equations.
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F1G. 3. Upper half of the pipe cross-section showing the first order isotherms for three different values of wall
thermal resistance C; the numbers on the figure indicate the value of 96T,/K3.

The radial and tangential velocity components u;; and
vy are found from the system provided by equations (1)
and (15), based on the method outlined for w, and T,

c0s20(2r" —15r5+24r3 —11r)  (27)

Uy =

184 320

2

T84 330 S0 20(—8r" +45r° — 481> 4 117),

(28)

Uy =

From equations (16) and (3) we obtain a system for w,
and T;,

;ir (Viwy) =0 (29)

V2T = Kywy. (30)
Using again the argument that wy and T;, must vanish
as the pipe becomes infinitely long (K ; — 0), equations

(29) and (30) yield

(w, T), =0. (31)

The second order velocity distribution, equations
(27) and (28) represents a set of four eddies, one in each
quadrant of the pipe cross-section. The streamlines of
this flow pattern have been sketched on Fig. 4, where
the stream function Wy, is defined as 8¥,/06 = —ru,
0¥, /or = v. The existence of four eddies is consistent
with the first order temperature distribution shown in
Fig. 3: at a given height, the fluid temperature near the
wall is lower than near the vertical diameter. The net
effect of this second order flow pattern is additional
heat transfer from the upper (warm) stream to the
lower (cold) stream by natural convection.

The analytical expressions derived for the velocity
and temperature fields in the horizontal pipe, equa-
tions (13) and (14), are asymptotically valid as the
product RaK tends to zero. When the horizontal pipe
is long, the axial temperature gradient constant K,
approaches zero. For cases in which the pipe is short,
and the product RaK, is not sufficiently small, the
perturbation analysis has to be carried beyond the
second order approximation presented in this section.
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F1G. 4. Pipe cross-section showing streamlines of the second order flow pattern: the numbers on the figure
indicate the value of (2.4) 107, /K3

4. THE AXIAL HEAT TRANSPORT
THROUGH THE PIPE

In certain applications it is important to know the
net rate of heat transfer through the pipe, from the hot
end to the cold end. In liquid helium-filled channels
such asin bath-cooled superconducting winding struc-
tures, a high rate of convective heat transfer is desirable
in order to enhance the system’s built-in capability of
diffusing an accidental resistive zone (local loss of
superconductivity). In other low temperature appli-
cations, horizontal fill or vent tubes connecting the
cold space with a warmer environment may leak an
undesirable amount of heat into the cold space via the
counterflow mechanism discussed here.

The net rate of axial heat transfer Q from T, to T;
through any pipe cross-section in the fully developed
region is

AEIIRE
o 1 ‘ (‘_ -wT)r drdo (32)
wok(T—=T) 7w Jo Jo \CZ /

where the LHS defines a Nusselt number for axial heat
transport, Nu. Integrating the RHS using expressions
(13) and (14) we obtain

Nu 24 7C (RaK, ) "

S SRR L O[(RaK )

K, =t Trc asoso T OLRAK

{33)

The third order temperature solution, Ty, is necessary
for estimating the third term appearing in the Nusselt
number expression (33); the third term will be negative
accounting for the increased heat transfer between the

two halves of the pipe cross-section via the eddies of

Fig. 4.
Looking at the second term in expression (33) we see
clearly the effect played by the wall resistance para-

meter Cin reducing the convective heat flow through
the pipe. A highly conductive wall (C = 0) enhances
the thermal contact between the two streams and
reduces the convective part 1o only # of the conveetive
heat leak present in exactly the same system with a
non-conducting pipe wall (¢ — 7},

The Nusselt number Nu depends strongly on the
axial temperature gradient constant K,. The two
constants K, and K, governing the velocity and
temperature distributions in the corc region can only
be determined by taking into account the flow in the
end regions. We conclude this section by presenting an
approximate, asymptotically valid. estimate of the
axial temperature gradient constant K. When the
pipe is long and the Rayleigh number is moderate.
cxperience with parallel-plate horizontal channels
shows that the core regime, equations (13) and (14), fills
almost the entire length of the pipe [2--6]. Under these
circumstances, the relative temperature difference be-
tween streams at any z is much smaller than the AT
applied across the ends of the pipe. The bulk tempera-
ture at z = 0 is close to Ty while at z = Lrg il is
approaching 7,. These conditions are sufficient lor
determining the unknown constants. The result is

K, =re/L. K, >0 (343

Approximation (34) is valid as r,/L - 0. For con-
stant r,’L and increasing Ra, K, decreases gradually
on account of the widening temperature difference
between streams. The function describing the de-
pendence of K, K, on Ra and ry/L can be derived by
applying the end-integral technique used by Bejan and
Tien for parallel-plate channels [6]. According to this
procedure. the momentum and energy equations are
first integrated over the two end regions in which the
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fully-developed (core) solution is not valid. Velocity
and temperature profiles which match the core so-
lution at the imaginary transition between the core
region and the end region are then substituted into the
two integral conditions. For each end, the integral
procedure yields a single implicit function relating K,
K, Ra and ry/L. As shown by Bejan and Tien [ 6], the
end-integral technique can be applied to closed ends as
well as open ends (when the pipe communicates freely
with a large reservoir).

5. THE WALL TEMPERATURE

The temperature distribution in the pipe wall is
relevant to estimating the thermal stresses induced by
the natural counterflow. This result follows im-
mediately from the temperature field derived in
Section 3, equation (14),

2

T(1,0,2) = K,z+K, +£-91—6R-‘11—+C?sin0+...(35)
showing that the maximum circumferential tempera-
ture gradient occurs at 6 = 0, z. The dependence of
0T/06 on C is of special interest. Keeping everything
else constant, a non-conducting wall (C - %) ex-
periences the maximum gradient possible. In a per-
fectly conducting wall (C = 0) the temperature is the
same over the entire circumference and the gradient is
zero. The intermediate case C = 1 is one in which the
circumferential gradient at 6 = 0, x is exactly half of
the maximum present in a non-conducting wall. This
conclusion can also be drawn from Fig. 3.

6. DISCUSSION

The wall temperature distribution derived analyti-
cally in the preceding section can now be compared
with the numerical result published recently by Hong
[1]. To begin with, Hong’s numerical solution is based
on the assumption of neither radial nor tangential
motion in the fluid. Thus, Hong’s numerical solution
for wand T isequivalent to only the first order solution
developed in Section 3. In Fig. 2 of his work, Hong
plotted the computed wall temperature as a function of
8, for five different values of wall thermal resistance.
The lowest value used was C=0.1 and the highest
C = 10. For a direct comparison, the dimensionless
wall temperature difference function ¢ employed by
Hong corresponds to the first order wall temperature
distribution, i.e. the third term of expression (35). In
terms of our notation and based on expression (35),
Hong’s function ¢ becomes

5z C
T321+C
Comparing the analytical result (36) with the com-
puted ¢(f) as reported by Hong [1], we find a
disagreement which becomes more pronounced as C
increases. Specifically, if C = 0.1, the maximum tem-
perature gradient plotted by Hong in his Fig. 2 is 4.1
times smaller than the gradient calculated using

sin 6.

¢ (36)
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equation (36). For C = 10, the gradient reported by
Hong is 32 times smaller than the analytical result.
Hong’s plot shows in effect that the temperature
distribution in a highly conducting wall, C = 0.1, is
almost the same as the distribution in a highly non-
conducting wall, C = 10. This discrepancy appears to
be due to the fact that, unlike the present analysis,
Hong’s numerical solution relies on the assumption
that a thin solid sheet placed at f = 0, = separates the
two streams of the counterflow. In other words, the
natural convection counterflow was approximated by
forced convection in two adjacent channels with semi-
circular cross-sections and prescribed axial pressure
gradients.

7. CONCLUSION

In order to understand the mechanism of axial heat
transfer through a long insulated horizontal pipe
exposed to an end-to-end temperature difference the
fully-developed natural convection in the middle por-
tion of the pipe was studied analytically. In Section 3
we presented an asymptotic solution for the velocity
and temperature distribution in the pipe cross-section,
valid for small and moderate values of the product
RaK . The Nusselt number for axial heat-transfer Nu
calculated in Section 4 was shown to depend on the
Rayleigh number Ra and on the aspect ratio L/iry. The
pipe wall thermal conductance can substantially de-
crease the net rate of axial heat transfer through the
horizontal pipe. The circumferential temperature dis-
tribution induced in the pipe wall by the natural
counterflow of Fig. 1 was derived analytically in
Section 5. The maximum circumferential temperature
gradient based on this analysis was shown to be
considerably larger than the maximum gradient sug-
gested by a published numerical analysis [1].
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ECOULEMENT NATUREL DEVELOPPE A CONTRE-COURANT DANS UN TUBE
HORTZONTAL AVEC DIFFERENTES TEMPERATURES AUX EXTREMITES

Résumé--La différence de température appliquée aux extrémités d’un tube horizontal provoque un
écoulement naturel d contre-courant dans lequel le fluide froid s'écoule au fond du tube vers U'extrémité
chaude tandis qu'un écoulement chaud s’opére au dessus et dans la direction opposée. Larticle présente
une solution asymptotique pour les distributions de vitesse et de température dans la portion centrale
du tube avec des parois conductrices. L'influence de la conduction circonférentielle, dans U'épaisseur du
tube, sur la distribution de température analytique donne le transfert axial net par la convection a contre-
courant. On compare les résultats obtenus pour la distribution de température dans la paroi du tube
avec des résultats numeériques récemment publiés.

VOLLSTANDIG AUSGEBILDETE FREIE GEGENSTROMUNG IN EINEM
LANGEN HORIZONTALEN ROHR MIT UNTERSCHIEDLICHEN
ENDTEMPERATUREN

Zusammenfassung— Die Temperaturdifferenz zwischen zwei gegeniiberliegenden Enden eines horizontalen
Kanals erzeugt eine natiirliche Gegenstromung, in welcher kilteres Fluid entlang des Kanalbodens zum
warmen Ende flieBt, wihrend eine warme Strémung in entgegengesetzter Richtung entlang Kanaloberseite
fliet. Diese Verdffentlichung zeigt eine asymptotische Losung fiir die Geschwindigkeits- und Temperatur-
verteilung im mittleren Teil eines langen horizontalen Rohres mit leitenden Winden. Der EinfluBl radialer
Wirmeleitung in der Rohrwand auf die Temperaturverteilung im Fluid wird untersucht, Eine analytische Form
wird fiir rein axialen Wirmestrom bei gegeneinander stromender freier Konvektion erreicht. Die dargesteliten
Ergebnisse fiir die Temperaturverteilung in der Rohrwand werden mit numerischen Losungen verglichen, die
kiirzlich versffentlicht wurden.

YCTAHOBHUBIIEECA CBOBOJHOKOHBEKTUBHOE NMPOTUBOTOYHOE
TEYEHME B JJIMHHOMW IN'OPU3OHTAJIBHOM TPYBE C PA3ZHbIMH
TEMIIEPATYPAMUW HA KOHLIAX

AnnoTauus — Pa3HOCTL TeMIiepaTyp Ha KOHLAX TOPH30HTANLHON TPYObl CO3NAET CBOOGOAHOKOHBEK~
THBHOC NPOTHBOTOYHOE TEYCHME XHIKOCTH B Tpybe: Gonee X00OHAA KUAKOCTL TE4eT B HUXKHEIH
YacTd TpyObl M HalpasiieHa B CTOPOBY ¢ Oo0Jiee BHICOKOR TeMneparypoi, B TO Bpems Kak Teras
ABMXKETCH B BepxHel wacTH TpyObl B NPOTHBONONOKHOM HanpasieHnd. Haltneno acumartoTuyecxoe
pewieHne nna npodHieit CKOPOCTH M TEMIEPATYPH B Cpeameil 4YacTH JUTHHHOW TOpH3OHTANbHOM
TpyOet ¢ TennonpoBousieH crenkoll. VicesienyeTcs BIHAHKE NEpelady TENNa TeNNONpOBOAHOCTLIO
B CTEHKE N0 MepuMeTpy TPyObl HA pacnpedcicHHe TEMIEPaTypsl B KuakocTH. [lonyueno ananuti-
YeCKOEe BhIPAXEHHE TS PE3yIbTHPYIOUIErO AKCHAILHOTO NEPEHOCA TErla NMPOTHBOTOMHOM €CTECTBEH-
HOH KoHsexkumed. [laHHble MO pacnpenesneHqio TeMnepaTypnl B CTeHKe TpyObl CpaBHHBAIOTCH ¢
onyOIMKOBAHHLIMI PaHee YHCACHHBIMY Pe3yIbTATaAMM.



