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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. 
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constants, equation (24); 

wall thermal resistance parameter, 
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equation (18); 
pipe length [m] ; 
Nusselt number, equation (33); 
Prandtl number v/a; 

dimensionless pressure, equation (6b); 
pressure [N/m’] ; 
convective heat leak [W] ; 
dimensionless radial position, 
equation (4a); 
radial position [m] ; 
radius [m] ; 
Rayleigh number, equation (7); 
wall thickness [m] ; 
dimensionless temperature, equation (6a); 
temperature [K] ; _ 
cold end temperature [K] ; 
warm end temperature [K] ; 
dimensionless radial velocity, 
equation (5a) ; 
radial velocity [m/s] ; 
dimensionless circumferential velocity, 
equation (5b); 
circumferential velocity [m/s]; 
dimensionless axial velocity, 
equation (5~); 
axial velocity [m/s] ; 
dimensionless axial position, 
equation (4b); 
axial position [ml. 

Greek symbols 

a, fluid thermal diffusivity [m’/s] ; 

/A coefficient of volumetric thermal 
expansion [K- ‘1; 

8, angular position, Fig. 1; 

V, kinematic viscosity [m’/s] ; 

PT density [kg/m31 ; 

43 dimensionless wall temperature function, 
equation (36); 

*> function, equation (24); 

%I, second order stream function, Fig. 4. 

Subscripts 
O,I,II, 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 [l] 
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 
[2-51 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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FIG. 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 (r,/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 [ 11. 

2. PROBLEM STATEMENT 

Consider the horizontal pipe of Fig. 1. The pipe 
radius r0 is much larger than the wall thickness t and 
the pipe length L is much larger than rO. Assuming the 
fluid is incompressible, the steady state equations 
governing the conservation of mass, momentum and 
energy in fluid are, respectively. 

(1) 

= -5: sinf1+Ru(sin0)T 

The system coordinates r’. 0, : and the velocity 

components u, c, 12; are clearly indicated in Fig. 1. and T 

and P stand for fluid temperature and pressure. 
respectively. Equations (l)-(3) have already been non- 

dimensionalized by having introduced the following 

dimensionless variables 
r = r*irO, 3 = ,-*,I.(! (4a,bi 

II = f**rO.‘s(, I‘ = f.*r(, ‘2. 14’ = w*r,:a i%.b,c) 

T*-Tl 
T=-- 

P*? 

T> - T, ' 
p_____", (6a.b) 

(iX\ 

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 (l)-(3), Pr is the Prandtl number 1’;~ 
Ra is the Rayleigh number based on the pipe radius, 

Ra_~B%T,--T,) 
i’? 1 

21’ 
and V’ is the Laplacian operator in cylindrical coor- 
dinates. 



In stating the governing equation we made use of the 
Boussinesq approximation, 

P = PoCl -B(T* - Tdl. (9) 

where subscript 0 represents properties of a reference 
state. 
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Substituting expressions (13) and (14) into equations 
(l)-(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 
respect to I: 

! 

The problem consists of determining the velocity 
field u, u, w, and the temperature field T as a function of 
r, t3, z, subject to equations (l)-(3) and the following 
boundary conditions. First, the no-slip condition at 
the wall requires 

u=v=w=O at r=l. (10) 

The temperature boundary condition at r = 1 is tied to 
the presence of heat conduction in the pipe wall. Since 
t K r,,, 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, 

_vz,+:_L?! 
r2 r2 ae Ii 

= Ra 
i 

sine~-r~~s~~~ (15) 
/ 

2 2 

;+g-&cg, r = 1, (11) 

where C is a measure of the wall circumferential 
thermal resistance relative to that of the fluid, 

(12) 

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 -+ 00 the wall is 
adiabatic and if C = 0 the wall is isothermal. Para- 
meter C is identical to constant C3 employed in Hong’s 

paper PI. = RasinBg. (16) 

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 
por.tion of the pipe-the core region-can be regarded 
as fully developed, neglecting the specific conditions 
imposed on u, u, w at z = 0, L/r,. The only condition in 
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 Tr. Until then we focus on the velocity and 
temperature distributions in the long middle section of 
the pipe. 

(a) The zeroth order approximation of the solution 
to equations ( l), (3), ( 15) and ( 16) is 

(u, C, w)o = 0 (17) 

T, = 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,, Kz will later be determined 
from the temperature conditions prevailing in the two 
end regions. 

3. VELOCITY AND AMPERAGE D~T~BUTIONS 
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 Ru were 
assumed for u, u, w, T: 

T = To f T;Ra+ T,,Ra’ -6.. . . 

(b) The first order components of u and c are 

(u, v), = 0 (19) 

while for wr, T, we must solve the system 

a (v2w,) = K, sin0 (20) 

K, wr = VT,. (21) 

Equation (20) admits a particular solution of the type 

wi = K, sine $(r) (22) 

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

r$!f’+rJ/‘--jt = r3. (23) 

The general solution to equation (20) consists of the 
(14) particular solution (22) added to the solution satisfying 

(u, u, w) = (u, u, w)* + (u, 0, w)&J 
+ (u, v, w),,Ra'+ . . . (13) 
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F1c.2. Pipe a -ass-section showing lines of constant axial velocrty (the first order velocity approximation): 
the numbers on the figure indicate the value of I1 xi? w/K,. 

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 u’, must vanish when the pipe is infinitely long and 

the axial temperature gradient K, tend\ to rero. 

Solving equation (23) we obtain 

where constants 11,. U? arc determined from the 
conditions that u’, must be finite in the center of the 
pipe and zero around its periphery. In conclusion. the 

first order axial velocity component is 

\I’, = +K,(r3 -r)sinI) (25) 

which is also plotted on Fig. 2. As expected. the 
velocity is positivje (from cold to warm) over the entire 
bottom half of the pipe cross-section. The maximum 
axial velocities occur on the vjertical diameter at two 

points located at I’ = I ,‘I As shown in Fig. 2. ai any 

of these two locations the maximum velocity is 
K ,/( 12 V.i3). 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 MS, result with equation (21) leads 

to an equation for q. 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 (1 I), we obtain 

I 
T =--K2sinH 1 192 ’ 

r5-3?+2 (26) 

Figure 3 shows a plot of the first order temperature 
variation across the pipe cross-section, for three 
important values of wall thermal resistance C. Overall. 
the pattern formed by isothermal lines is identical for 
both halves of the cross-section. therefore. only the top 
half was drawn. The lines of Fig. 3 represent lines 01 

constant 96T,/K:, a quantity which is always zero 
along the horizontal plane separating the two streams. 

The first case, C --t -x. is the case of counterflow in a 
horizontal pipe with a non-conducting wall where the 
heat exchange between the two streams takes place 
only across the horizontal interface (I = 0, n. 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 (1, 7c,‘2) is a saddle point at the 
intersection of two adiabatic surfaces, I’ = 1 and 
0 = n/2. For all practical purposes, however. the 
region bounded by the tear-shaped isotherm of 
Fig. 3 (C -+ XI) 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 + IY; 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. 

(c) The second order solution is obtained by collect- 
ing the Rrr' terms resulting from substituting the series 
expressions ( 13) and (I 4) into the governing equations. 
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FIG. 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,/K:. 

The radial and tangential velocity components u,, and 

u,, are found from the system provided by equations (1) 
and (15), based on the method outlined for w, and q;, 

ur, =&cos20(2r7-15r5+24r3-Ilr) (27) 

u,,=&sin20(-8r7+45r5-48r’+llr). (28) 

From equations (16) and (3) we obtain a system for wr, 

and G, 

; (VW,,) = 0 (29) 

v2T,, = K1 w,,. (30) 

Using again the argument that w,, and T,, must vanish 
as the pipe becomes infinitely long (K, + 0), equations 
(29) and (30) yield 

(w, 7% = 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 Y’,, is defined as N’,,/%I = -ru, 
PP’,J& = u. 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 tlow 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 1 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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FIG. 4. Pipe cross-section showing streamhne~ of the second order Ilow pattern: the numbrrs on the figure 
indicate the value of (2.41 IO”Y,,~K~. 

4. THE AXIAL HEAT TRANSPORI 
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 as in bath-cooled superconducting winding struc- 

tures, a high rate ofconvective heat transfer is desirable 

in order to enhance the system’s built-in capability of 
diffusing an accidental resistive zone (local loss 01 

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 r, to 7, 
through any pipe cross-section in the fully dekcloped 
region is 

where the LHS defines a Nusselt number for axial heat 
transport. IVU. Integrating the RHS using expressions 

( 13) and (14) we obtain 

NU 2+7C (RaK,)' -= l+TTc46080 fO[(RclK,~"]-t.... 
K, 

(33) 

The third order temperature solution. T,,,, 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 01 
Fig. 4. 

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

mctcr C‘ in reducing the con\ectl\e heat tlow through 
the pipe. A highly conducti\je \vall iI‘ =: 0) enhances 
the thermal contact between the two stream\ and 
reduces the convective part to only z of the con\cctivc 
heat Icak present in exactl! the same system with a 
non-conducting pipe wall ((‘ --t I I 

The Nusselt number 5’~ depends 3trongll on tlic 

axial temperature gradient constant K ,, The tno 
constants K , and KL go\erninp the velocity and 
tcmpcraturc distributions in the core region can onl! 
be determined by taking into account the Ilo\+ in the 
end regions. We conclude this section by presenting an 
approximate. asymptoticall! \ alid. cstimatc of the 
axial temperature gradient constant K ,, When the 
pipe is long and the Rayleigh number is moderate. 
experience with parallel-plate horizontal channels 

\how\ that the core regime. equations ( 13) and (14). fills 
almost the entire length of the pipe [Z 61. IJnder thcsc 
circumstances. the relative temperature difference he- 
tween streams at any -_ is much smaller than the A7 
applied acro~ the ends of the pipe. The bulk tempera- 
lure at ; := 0 is close to T, while a~ z = I, I’(, it ih 
approaching 1;. These conditions are sufficient Tot- 
detcrmininp the unknown constant>. ‘The result I\ 

k , 2 I’<) L. K2 : 0. (14, 

Approximation (34) is valid as r. I. -+ 0. For cc)~l- 
stant r. ‘L and increasing Rrr. K, decreases gradual11 
on account of the widening temperature difference 
between streams. The function d’escribing the dc- 
pendencc of K ,, Kz on Rn and rO, L can be derived b) 
applying the end-integral technique used by Bejan and 
Tien for parallel-plate channels [6]. According to this 
procedure, the momentum and energy equations arc 
first integl-ated 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,, 
K2, Ra and ro/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), 

KfRa C 
T(l,Q,z)= K,~+K,+~~smB+...(35) 

showing that the maximum circumferential tempera- 
ture gradient occurs at 0 = 0, 71. The dependence of 

2T/iM on C is of special interest. Keeping everything 
else constant, a non-conducting wall (C + x ) 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 f3 = 0, n 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 
[ 11. 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 w and Tis equivalent 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 &J 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 4 becomes 

4=321+c 
ji7 C sin 8. 

Comparing the analytical result (36) with the com- 
puted 4(e) as reported by Hong [l], 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 
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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 0 = 0, 71 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/r,. 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 [l]. 
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~COULEMENT NATUREL DEVELOPPE A CONTRE-COURANT DANS UN TUBE 
HORIZONTAL AVEC DIFFER~~ES TEMPERATURES AUX EXTREMITES 

R&sum&-La difference de temperature appliquee aux extremites d’un tube horizontal provoque un 
ecoulement nature1 a contre-courant darts lequel le fluide froid s’tcoule au fond du tube vers l’extremite 
chaude tandis qu’un ecoulement chaud s’opere au dessus et dans la direction opposee. L’article presente 
une solution asymptotique pour les distributions de vitesse et de temperature dans la portion centrale 
du tube avec des parois conductrices. L’influence de ia conduction circonf&entielle, darts i’ipaisseur du 
tube, sur la distribution de temperature analytique donne le transfert axial net par ta convection a contre- 
courant. On compare les rcsultats obtenus pour la distribution de temperature dans la paroi du tube 

avec des resultats numiriques recemment publies. 

VOLLSTiiNDIG AUSGEBILDETE FREIE GEGENSTRZiMUNG 1N EINEM 
LANGEN HORIZO~ALEN ROHR MIT U~ERSCHIEDLIC~~N 

~N~T~MPERATUREN 

Zusammenfasung--Die Temperaturdifferenz zwischen zwei gegeniiberliegenden Enden eines horizontalen 
Kanals erzeugt eine natiirliche Gegenstromung, in welcher kalteres Fluid entlang des Kanalbodens zum 
warmen Ende flieBt, wahrend eine warme Stromung in entgegengesetzter Richtung entlang Kanaloberseite 
fliegt. Diese Veriiffentlichung zeigt eine asymptotische Lijsung fur die Geschwindigkeits- und Temperatur- 
verteilung im mittleren Teil eines langen horizontalen Rohres mit leitenden WInden. Der Einflug radialer 
W~~elejtung in der Rohrwand auf die TemperatLl~erteilung im Fluid wird untersucht. Eine analytische Form 
wird fiir rein axialen Warmestrom bei gegeneinander stromender freier Konvektion erreicht, Die dagestellten 

Ergebnisse fur die Temperaturverteilungin der Rohrwand werden mit numerischen Liisungen verglichen, die 
kiirzlich veroffentlicht wurden. 

Y~AHOB~B~E~~~ ~BO6O~~OKOHBEKT~BHOE HPOT~BOTO~HO~ 
TEYEHHE B ~~~HHO~ ~OP~3OHTAnbHO~ TPY6E C PA3~bIM~ 

TEMl-lEPATYPAMM HA KOHLJAX 

A~~omw~r- Pa3HOCTb TeMnepaTyp Ha KOHL&LX rOpH30HTWIbHOfi T@bI CO3niieT CB060LlHOKOHBeK- 

TIiBHOe tlpOTUBOT04HOe TeYeHHe XoILIKOCTII B rpy6e: 6onee XOJIOnHaR ZWl,KOCTb Teqer EI H,,,KH& 
'IBCTII Tpy6bI II HanpaBJIeHa B CTOpOHy C 6OJIee BblCOKOR TeMtIepaTypOit, B TO BpeMIl KaK TenJIaR 
ABEiCeTCR B BepXH& YaCTiz Tpy6bI B npOT~BOnOnO~HOM HanpaBJIeHHn. Hakeno aCKMIITOTH’IeCKOe 
pemeH@e &VIII nl3OljlIiJIe8 CKOPOCTK A TeM~epaTypbi B C~nH6.!Ci ‘IaCTU ~n~H~0~ rOp~3OHTa~bHO~ 

TPy6bI C ~nnOnpOBO~~me~ CTeHKOR. kiCC,le&yeTCSI BnKRHUe uel%IIa’iU TenJIa TeI-I,IOn~OBORHOCTbIO 
B cTeHKe no nepuMeTpy rpy6bI Ha pacnpenenemie TehmepaTypbI B no.fnKocTn. Ilonyseuo auanuTn- 
XecKoe sbrpa~eswe nnn pe3ynbTnpylomero aKcnanbtior0 nepetioca renna npornnororrioA ecrecrnen- 
HOR KOHBeKLlRei?. naHHbIe II0 paCtIpe~WleHMl0 TeMIIepaTypbI El CTeHKe TPyEibI CpaBHHBaKITCR C 

OIly6JlUKOBaHHbIMH PaHee YHCJIeHHbIMU pe3yJIbTaTaMn. 


