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Abstract—The results of an experimental investigation of the local heat transfer in a vertical gas(air)-
cooled tube with mixed turbulent convection under the conditions of codirected forced and free convection
at Re,, = (0.3-5) x 10*, buoyancy parameter K;, = (0.8~337) x 10~° and heat flux parameter g = (0.35~
2.4) x 10~ % are reported. An analysis of local heat transfer along the tube length is performed at different
degrees of the effect of buoyancy forces and different heat fluxes. Characteristic regimes of heat transfer
with a monotonous variation of the wall temperature and with non-uniform wall temperatures along the
tube length are revealed. Correlations are obtained for calculating local heat transfer along the tube in the
case of weak and strong effect of buoyancy forces. To obtain correlations for the intermediate region of
the effect of buoyancy forees, further investigations are required.
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1. INTRODUCTION

IT 18 A frequent occurrence in heat exchanging equip-
ment that the process of heat transfer is accomplished
by combined connection, i.e. heat is simultancously
transferred due to a forced flow of a coolant and due
to natural convection. For this reason, investigation
of heat transfer under such conditions is of great inter-
est, especially under a supercritical pressure of cool-
ants. The latest review of studies of heat transfer in
vertical tubes is presented in ref. [1]. In the case of a
turbulent flow in vertical tubes with oppositely
directed forced and free convections, the heat transfer
rate increases under the influence of buoyancy forces,
whereas with coinciding directions of convections, this
rate first decreases, but then, with a further increase
in the effect of free convection, it begins to increase.
Moreover, when the directions of forced and natural
convection coincide, characteristic maxima of the wall
temperature appear along the tube length. These were
observed for the first time by Shitsman in his studies
of heat transfer under the conditions of supercritical
pressures of a coolant [2]. Later, such local wall tem-
perature maxima were discovered in ref. [3] at a water
pressure of 5 bar and in ref. [4] at the atmospheric
pressure of water.

In the case of gas coolant flows with codirected
forced and natural convections, one also observes the
general laminarizing effect of buoyancy forces [5-12];
however, there is a distinct lack of systematic data on
the behaviour of local wall temperature maxima. In
these works emphasis was given to the study of heat
transfer far from the start of heating, in the region of
the so-called stabilized heat transfer. Greater attention
to the analysis of heat transfer along the tube length

was paid in refs. [6, 8, 12], however in these works
the data were obtained for short tubes, x/d < 65, and
over a limited range of the effect of buoyancy forces.

The present paper reports experimental data on
local heat transfer with mixed convection in a long
(x/d = 110) vertical tube with codirected forced and
natural convections in the cases of different heat fluxes
over a wide range of operational parameters (Re;, =
(0.3-5) x 10*, K, = (0.8-337)x107°, ¢} = (0.35-
2.4) x 10~ °). The experimental study of the processes
of heat transfer under these conditions, especially in
the presence of local drops and rises in the heat trans-
fer rates, is of great theoretical and practical import-
ance, since numerical investigations cannot as yet pro-
duce sufficiently reliable results [1].

2. EXPERIMENTAL PROCEDURE

Investigations were carried out in an open-type
wind tunnel. Under a pressure of 200 bar, the air,
cleaned of impurities and moisture, was directed from
a compressor station to high-pressure chambers and
thence, through a reducer and pressure regulator, to
a low-pressure receiver (under 8 bar), therefrom,
through one of the three parallel lines with matched
orifice plates of different clear areas, the air was sup-
plied to the test section after which it was vented to
the atmosphere through a throttle valve. The air flow
rate was determined from the pressure difference on
the orifice plates, from the static pressure and tem-
perature of air ahead of the orifice plates. At small air
flow rates (1-25 kg™ '), a flowmeter was used. Its main
element is a nozzle at the exit from which a uniform
velocity profile developed. The air flow rate was deter-
mined from ‘the measured dynamic head and tem-

2421



2422

J. V. VIiLEMAS et al.

K thermogravitational parameter, Gr,/Re*
Nusselt number

Pr Prandtl number

q specific heat flux [Wm™3]

q" heat flux parameter, ¢, /iup
Re Reynolds number
u mean mass velocity [m s7']

NOMENCLATURE
d tube diameter [m] X distance from the start of heating [m].
g free fall acceleration [ms™?]
Gr  Grashof number, gBg,.d*/iv* Greek symbols
Gr,  Grashof number based on temperature i) coefficient of volumetric expansion [K ']
gradient, Gr/4Re Pr A thermal conductivity [Wm™' K]
i enthalpy [J kg~ '] v kinematic viscosity [m? s~ ']

P density (kg m~*].

Subscripts
in at the inlet to heat transfer section
T forced turbulent convection heat transfer
W wall

20 over stabilization section.

perature in the inlet section of the nozzle. The flow
temperature ahead of the orifice plates and in the
flowmeter was measured using chromel-alumel
thermocouples made of a 0.3 mm diameter wire; the
static and dynamic pressures were measured by HBM
PDI pressure transducers.

The main element of the test section was a 6950
mm long calorimetric tube made of type 1X18H10T
stainless steel with an outer diameter of 38.5 mm and
wall thickness of 1.1 mm. The lower part of the tube
2500 mm long served as a section of hydrodynamic
stabilization while the upper part 4295 mm long was
heated by a constant electric current. The current was
regulated by changing the voltage impressed on the
excitation winding of the transformer and was deter-
mined from its drop across the shunt. The high stab-
ility of the generated current, and thus of heat release,
was achieved by a special electronic regulator with a
negative feedback.

To diminish heat losses into the surroundings, the
calorimetrically studied portion of the tube was placed
into a vacuum chamber, whereas its heated part was
surrounded by eight cylindrical reflecting screens
made of 0.2 mm thick polished sheet stainless steel.
The body of the vacuum chamber also served as the
load-carrying structure for the test section.

In order to stabilize the emissivity, the calorimetric
tube was subjected to a preliminary two-hour burning
in air at the wall temperature T, = 1090 K. At 70
cross sections on opposite sides of the outer surface
of the calorimetric tube there were resistance-welded
chromel-alumel thermocouples. They were fabricated
from a 0.3 mm diameter wire coated with heat-resist-
ant insulation and were used for measuring both the
wall temperature and voltage drop along the tube.
To determine heat losses into the surroundings, 16
thermocouples were located along the first reflecting
screen.

The air pressure, which varied from the atmo-
spheric 1 to 8 bar, was measured at the test section
inlet. A more detailed description of the test section
is given elsewhere [13].

All the electrical signals from thermocouples and
pressure transducers, as well as voltage drops across
the calorimetric tube and shunt were measured with
the aid of an automatic measuring system.

In processing the data, variations in geometric
dimensions due to thermal expansion, heat losses
through the vacuum-screen insulation, streamwise
heat overruns in the tube wall and temperature drops
across the wall were taken into account. The inves-
tigations were carried out at the boundary condition
close to ¢, = constant.

To increase the accuracy of determination of heat
losses through the vacuum-screen insulation, special
calibration tests were carried out. For this purpose,
the tube clear area was filled with electric- and heat
insulating material (asbestos cord) to prevent heat
removal by natural convection. At a certain amount
of electrical heating of the tube, the heat flux through
the insulation was determined depending on the tem-
perature difference between the tube walls and the
screen.

The entrance to the calorimetric tube was made
smooth with the profile evolving to Vitoshinskiy shape
and therefore the transition of laminar flow to tur-
bulence under isothermal conditions started at
Re,., ~ 3000 and ended at Re,., ~ 4500, as evidenced
by the measurements of the intermittency coefficient
of streamwise velocity fluctuations.

When analyzing and correlating the data in terms of
similarity numbers, the determining parameters were
taken to be the inner diameter of the tube, pressure
and temperature of air the test section inlet (labelled
‘in") or local mean mass flow temperature in the sec-
tion analyzed (x/d).

3. RESULTS OF EXPERIMENTAL
INVESTIGATION

Investigation of heat transfer at atmospheric air
pressure on the set-up described above showed [13}
that under these conditions the heat transfer rate is
close to that observed in the case of purely forced
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F1G. 1. Wall temperature variation along the tube length with

coinciding forced and natural convections. (a) ¢, ~ 0.000 35

and (1) Re, = 1.45x 10%, (2) 1.24x 10%, (3) 8.85x 10°, (4)

5x10%. (b) gif ~0.00236 and (1) Re,=5.29x10% (2)

3.23x 104, (3) 2.48 x 10%, (4) 2.07 x 10%, (5) 1.64 x 10*, (6)
.14 x 104,

convection. At elevated air pressure the process of
heat transfer varies drastically and the effect of buoy-
ancy forces starts to show up, so mixed convection
heat transfer takes place. It is shown in Fig. 1 how the
tube wall temperature varies at different values of Re,,
when air pressure is p = 7 bar and the heat flux is
variable. It is seen that in the case of coinciding forced
and natural convections along the tube length and
with a gaseous coolant, characteristic non-uni-
formities in the wall temperature appear that become
more and more pronounced at increased heat fluxes
(Fig. 1(b)). Although the wall temperature non-uni-
formity along the tube length at small heat fluxes is
slight, the degree of heat transfer non-uniformity
along the tube length turned out to be very appreciable
under certain operating conditions when heat fluxes
along the tube wall are correctly taken into account.
Figure 2 shows the change in the relative Nu along
the tube length at different effects of buoyancy
forces in the case of lowest heat flux. When the effect
of buoyancy forces along the entire tube length is
weak, the heat transfer rate decreases due to flow
laminarization. At the beginning of the heated section
it corresponds to forced convection heat transfer,
whereas at the end of the tube the heat transfer rate
is at a minimum (Fig. 2, curves 1 and 2). As the effect
of buoyancy forces increases, the heat transfer rate
begins to change more sharply, but in this case too its
minimum is located at the end of the tube (Fig. 2,
curves 3 and 4). With a further increase in the effect
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Fi1G. 2. Variation in the relative heat transfer rate along the
tube length at g ~0.00035. (1) Re,=2.42x10%
K,=138x107°(2) 1.94x10%,2.21 x 107, (3) 1.61 x 10%,
3.14x107°, (4) 1.45%x10%, 3.58x107°, (5 1.33x10%,
3.63x107°%, (6) 1.24x10%, 3.79x107°, (7) 1.14x10%,
485x107°, (8) 8.85x10°, 947x107° (9 5x10°
36.8 x 1072, (10) 3.7 x 10°, 7x 107 %, Nur as in ref. [14].

of buoyancy forces, the heat transfer rate over the
initial thermal length continues to decrease gradually,
but at certain distances from the start of heating its
local maxima appear subsequent to which a decrease
is again observed (Fig. 2, curves 5 and 6). The greatest
decrease in the heat transfer rate is observed precisely
in the regimes of the first manifestations of local heat
transfer non-uniformities along the tube length (Fig.
2, curve 6). With a further increase in the effect of
buoyancy forces the heat transfer minima (maxima)
begin to shift to the side of the inlet cross-section,
whereas generally its decrease slows down. This tend-
ency of the shift of heat transfer minima (maxima) is
also preserved at greater values of K, (Fig. 2, curves
7-10), with the periodicity of its variation being more
clearly expressed.

At elevated heat fluxes the process of mixed con-
vection heat transfer is somewhat different. Let us
analyze the relative heat transfer at ¢ ~ 0.00127 in
more detail (Fig. 3). In the case of a small effect of
buoyancy forces, the heat transfer rate along the tube
length decreases little with distance from the start of
heating (Fig. 3, curve 1), as was the case with constant
physical properties of a coolant (Fig. 2). As the effect
of buoyancy forces increases, the heat transfer rate
keeps decreasing, but the significant fact is that its
minimum is no longer located at the end of the tube,
but somewhere in the middle of it (Fig. 3, curve 2).
With a further increase in the effect of buoyancy forces
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F1G. 3. Variation in the relative heat transfer rate along the

tube length at ¢} ~0.00127. (1) Re, =3.33x10%

K, =228x107°(2)2.41 x 10%,4.58 x 10~°, (3) 2.14 x 10%,

5.52x107°, (4) 1.96x10% 571x107°% (5) 1.68x10%

8.06x107°, (6) 9.55x10% 29.8x107°% (7) 6.16x10°,

B8 x 1077, (8) 4.54x10°, 181 x107% Nup according to
vef, [14].

the bend in the heat transfer curve (Fig. 3, curve 3)
degenerates into a local maximum of heat transfer
(Fig. 3, curve 4). Afterwards the regimes with specific
minima and maxima (Fig. 3, curves 5-8) appear which
also took place in the case of the constant physical
properties of the coolant (Fig. 2). As the buoyancy
parameter grows, these minima (maxima) also shift
to the side of the flow inlet (Fig. 3, curves 5-8). Ata
higher heat flux, large values of the buoyancy par-
ameter are attained, whereas the point of the first
minimum of heat transfer rate is located near the start
of heating (Fig. 3, curves 7 and 8), i.c. the zone of
turbulent boundary layer laminarization virtually dis-
appears, and the heat transfer rate begins to increase
immediately with x/d. Having reached a certain
maximum, however, it begins to decrease, as was the
case in the previous regimes.

With a further increase in the heat flux, the quali-
tative behaviour of heat transfer varies little. There
are the same regimes with a minimum of heat transfer
rate (without its local maximum), with a characteristic
bend and with the minima and maxima of heat trans-
fer rate. Henceforth, they go over into the regimes
with the maximum of heat transfer rate when the point
of its minimum has already been shifted to the start
of heating.

In Fig. 4 the data on the relative heat transfer rate
at K, =idem but at different values of g are
compared. It is seen that with the data being rep-
resented in this fashion, the relative local heat transfer
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FiG. 4. Comparison of the relative heat transfer rate at
different heat fluxes. (1) ¢ ~ 0.00035, (2) 0.00127, (3)
0.002 36, Nur according to ref. [14].

rate in the case of a weak effect of natural convection
is virtually independent of the magnitude of heat flux
g+ (Fig. 4(a)), i.e. the effect of the change in the
physical properties of the gas is rather well taken into
account by the parameter K, and by the number Nu;
calculated for the forced coolant flow with account
for this change. With a strong effect of free convection,
the magnitude and location of characteristic minima
and maxima of heat transfer rate are also independent
of the heat flux magnitude (Fig. 4(c)). Downstream
of the maximum, however, the heat transfer rate
begins to depend to some extent on ¢;f. The greatest
effect of ¢, is observed in the case of moderate effect
of natural convection (Fig. 4(b)).

To calculate the heat transfer rate far from the start
of heating (x/d > 40) in the natural convection mode
the following relation was suggested [11}:

Stne = E'/4[1.331g(Re/8)+3.3(Pr2/3~0.7)] 1 1)

where E = Gr,/(Re* Pr). It is also shown there that
with E < 5x 1077 the experimental points obtained
by various authors for mixed convection deflect down-
wards from this relation, i.e. at such values of E the
heat transfer rate (the value of S7) is smaller than it
would have been in the natural convection mode.

In the experiments carried out by the present
authors the parameter F in a turbulent flow at the
inlet was also below this limit (ie. E<5x1077),
therefore, as is seen from Fig. 5, the heat transfer rate
at large values of x/d is smaller than in the case of
natural convection (Styc). Of interest is the fact that
at the points of local maximum the heat transfer rate
at both constant (Fig. 5(a)) and variable (Fig. 5(b))
properties of air is close to such under conditions of
natural convection. Consequently, the pattern of flow
and heat transfer typical of the natural convection
regime is first of all achieved at the points of the heat
transfer rate extrema.
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FiG. 5. Comparison of heat transfer for mixed and natural
convection (8¢t and Sn). (@) g = 000035, (1)
Re,=37%x10°, E=8x10"7-54x10"7 (the first value
corresponds to x/d ~ 3, the second value to x/d ~ 100,
(2} 885x10%, 42x107°32x107%, (3) 1.24x10%
1.26 x 1073-0.97x 1078, (b) g ~ 0.00236, n
Re,, = 4.64 < 10°, E=255x10""-3.65x 1077, 2)
7.82x10°, 4.66x1077-088x1077, (3) 1.14x10%
121 x 1073296 x 1073,  (4) 1.64x10% 337x107%
8.42x107°.

On the practical side, it is important to know the
limits between characteristic groups of mixed con-
vection heat transfer regimes. The schematic rep-
resentation of their division is given in Fig. 6.

When K, < K,,,, the effect of free convection on
forced heat transfer can be neglected. The value of
Ky (K = (2-4) x 107 %) was determined using the
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recommendations [11] for the limited Grashof num-
ber at constant physical properties of the coolant,
however, as mentioned earlier, if there is a weak effect
of natural convection, the relative heat transfer rate
is independent of g}, and therefore it was assumed
that X,,, would also not depend on the variability of
the physical properties of the coolant.

When K, < K, < K,,,, there is a region of weak
effect of free convection. In this region, the relative
heat transfer rate decreases uniformly along the tube
length and is independent of the heat flux magnitude.
The value of K, is, therefore, also independent of the
heat flux magnitude and is equal to 2.5x 107 °.

The intermediate region spans over the range
K, < K, < K,y and its width depends on heat flux.
To determine K|, ,, the following relation is suggested

Kins = 1.5x 1073 (g) "% (2)
In the intermediate region the uniform heat transfer
rate distribution transforms into a non-uniform one
with characteristic minima and maxima. Here, as the
heat flux increases, there appear regimes with a
characteristic minimum of heat transfer rate as well
as regimes with a characteristic bend.

When K, > K., the natural convection exerts a
strong influence on the process of heat transfer, and
there are regimes with minima and maxima (or only
with the maximum) of heat transfer rate irrespective
of the heat flux magnitude.

4. CORRELATION OF TURBULENT FLOW
RESULTS

To calculate the mixed turbulent convection heat
transfer in vertical tubes with coinciding directions of
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F16G. 6. Schematic representation of the effect of buoyancy forces on the process of heat transfer at different
heat fluxes. I, region of weak effect of natural convection ; II, intermediate region ; 111, region of strong
effect of natural convection.
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F1G. 7. Relative heat transfer rate (a) at the point of its local
maximum (Nu,,,) and minimum (Nu,,,) and the location of
the extremal points of heat transfer rate (b) : local maximum
(Xmax/d) and minimum (x,/d) at different heat fluxes ¢;.
(1) ¢if =0.00035, (2) 0.00127, (3) 0.00236, (4)—(7) from
relations (4)-(7), respectively. Nup according to ref. [14].

forced and natural convections, a number of cor-
relations have been suggested [1, 11]. They are,
however, suited to application only in the so-called
region of stabilized heat transfer. Only one work [15]
is known at present which suggests a procedure for
calculating the local heat transfer rate in a water flow
through a tube. To describe the local heat transfer
rate in the regimes with the minima and maxima of
wall temperature, the following relation is used which
gives a decaying cosine curve

Nu B 7Nu ny x—xm;nxz |
Ny~ \Nug ), T8 d 2

3)

where (Nu/Nuy),, is the stabilized heat transfer; A
and T are the amplitude and the period of the cosine
curve; x and x,,;, are the distances from the start of
heating to the calculated cross-section and to the first
local minimum of heat transfer rate.

An attempt to correlate the present authors’ data
for an air flow by the technique suggested in ref. [15]
has not been successful. For such regimes (the zone of
strong effect of free convection (Fig. 6)) the technique
used in the present work employs the heat transfer
rate at the points of its local minimum and maximum
and the distances to these points as the basic ones.
When the quantity K, is taken as the determining
parameter (the physical properties of the coolant are
determined from the inlet temperature), neither the
relative heat transfer rate, nor the location of these
points virtually depend on the heat flux magnitude
(Fig. 7). The correlation of experimental data yielded
the following relations :

Nityin/Nur = 11.3KY* A =8.9%
Nty /Nty = 14.5K% A = 9.4%

5=39% (4)
§=54% (5)

J. V. VILEMAS ¢1 al.

Xmin/d = 5.19+0.0059/K)° A=97% oJ=51%
(6)

Xman/d = 8.84+0.063/K)7 A=103% J=6%
(7)

with corresponding maximum (A) and root-mean-
square (J) relative errors.

When correlating the data along the tube length in
the zone with K, > K, the following division into
three groups was made :

(1) the data for 0 < x/d < xn/d;
(2) the data for x,;,/d € x/d < xp.,/d:
(3) the data for x/d > x,.../d.

The data of the first group (0 < x/d < x,,,/d) are
correlated by the following relation:

— = (539 107°

X Xmin V'
52x107*In K, [ = — -2
+ x 10 nK‘")<d d)

A=16% d=51% (8)

the data of the second group (Xpi./d < x/d < X0 /d)
by the relation

N N min
S Mein | (3865%107°
NuT

NuT

X xmin
+3.672x107*In K,,;) (d e a'>

A=12% 06=43% 9)

and the data of the third group (x/d > x.,/d) by the
relation

Nu  Nug, X X VY

DU Nmax 3 555092 (7 Tman ) g0

Nur  Nuy 3 " (d d ) (g0}
A=94% 6 =42%. (10)

As already mentioned, the heat transfer rate in the
zone of the weak effect of free convection (K, <
K., < K.,,) is independent of the heat flux magnitude.
The correlation of the data for this zone gave the
relation

Nur ~ 0.98+0.54K0%%5(x/d) "7

A=76% 06=33%. (1)

The heat transfer rate in the intermediate region
(K2 < K, < Ki»3) 1s very sensitive to the change in
the buoyancy parameter K, and in the heat flux mag-
nitude and we failed to obtain correlations for cal-
culating the local heat transfer rate in this region.

In ref. [9], a relation was suggested for calculating
stabilized heat transfer in the case of coinciding forced
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FiG. 8. Comparison of experimental data (Nu) with cor-

relation (13) for stabilized heat transfer (Nuw) (a)

gt ~0.00035, (1) Re,=37x10°, K,=77x1075 (2

5>< 10°, 368>< IO E (3)885x109 9. 5><10‘5 (4)124x104

38x1077°, (b) g ~0.00236, (1) Rem_464x109

K., =337 X 107°, (2) 7.82x 10°, 103 x 10~°, (3) 1.14 x 10%,
38x 107°, (4) 1.64 x 10%, 14.5x 10~ ?

and natural convections at different values of Pr

Nu,,

Ur

= 8.84K %7,

(12)

The analysis and generalization of the data of the
present investigation for air flow at different heat
fluxes have also yielded a relation with the same
exponent at the buoyancy parameter K = Gr,/Re?,
but with account for the effect of the heat flux mag-
nitude ¢~

Nu,,
NT

17K0 27(q+)01 (13)
As is seen from Fig. 8, stabilization of heat transfer
in regimes with wall temperature maxima is observed
only at large values of x/d. The disregard of this fact
may lead to substantial errors in determining the wall
temperature in the initial section of the tube.

11.

12.

3.

14.

15.
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TRANSFERT THERMIQUE LOCAL DANS UN TUBE VERTICAL REFROIDI PAR UN
GAZ AVEC UNE CONVECTION TURBULENTE MIXTE ET DIFFERENTS FLUX
THERMIQUES

Résumé—On donne les résultats d’une étude expérimentale du transfert thermique local dans un tube
refroidi par un gaz (air) avec une convection thermique mixte turbulente, pour des conditions de convection
forcée et naturelle dans le méme sens, avec Re, = (0,3-5) x 10*, paramétre de flottement X, = (0,8

337y x 1077 et paramétre de flux thermique g

= (0,35-2,4)x 10~

?. Une analyse du transfert local ther-

mique le long du tube est conduite pour différents degrés de I'effet des forces de flottement et différents

flux thermiques. Des régimes caractéristiques de transfert de chaleur avec une variation monotone de la

température pariétale et avec des températures pariétales non uniformes le long du tube sont révélés. Des

formules sont obtenues pour calculer le transfert thermique local le long du tube dans le cas d’un effet

faible ou fort des forces de flottement. Pour obtenir des formules relatives a la région intermédiaire de
leffet de flottement, d’autres recherches sont nécessaires.
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ORTLICHER WARMEUBERGANG IN EINEM SENKRECHTEN GASGEKUHLTEN
ROHR MIT TURBULENTER MISCHKONVEKTION UND UNTERSCHIEDLICHEN
WARMESTROMDICHTEN

Zusammenfassung—Der ortliche Wirmetibergang in cinem senkrechten gas (luft)-gekiihlten Rohr mit
turbulenter Mischkonvektion wird unter den Bedingungen einer gleichgerichteten erzwungenen und freien
Konvektionsstrémung fiir folgende Parameter untersucht: Re;, = 0,3 x 10*-5 x 10*; Auftriebsparameter
K, =08x107°-337x 10"*; Wirmestromdichtenparameter g, = 0,35x10°%-2.4x 10 °. Der &rtliche
Wirmeiibergang entlang der Rohrlinge wird fiir unterschiedlich starken Einflu der Auftriebskraft und
fir unterschiedliche Wérmestromdichten untersucht. Es werden charakteristische Bereiche des Wiir-
meiibergangs fiir monotone Anderung der Wandtemperatur und fiir ungleichméBige Verteilungen der
Wandtemperatur entlang des Rohres aufgezeigt. Es ergeben sich Korrelationsgleichungen fiir den érilichen
Wirmelibergang entlang des Rohres fiir die Fille schwacher und starker Becinflussung durch Auf-
tricbskrifte. Weitere Untersuchungen sind zur Beschreibung des Gebietes mittlerer Beeinflussung durch
Auftriebskrifte erforderlich.

MECTHAS TEIUIOOTAAYA B BEPTUKAJILHON T'A300XJIAXXJAEMOH TPYEE ITPH
TYPBYJIEHTHON CMEIAHHOM KOHBEKLIMH U PA3HBIX TEILJIOBBIX HAI'PY3KAX

Ansoramus—IIpeacTaBieHb! pe3yabTaThl IKCIEPHMEHTAIBHOTO HCCIEROBAHAS MECTHOH TEIUIOOTAAYH B
BEPTHKAJILHOM razooxnaxgaeMoil (Bo3ayx) TpyOe npH cMelaHHOM TypOyJieHTHON KOHBEKLMH B YCJIO-
BHSIX COBNA/JAIOLIMX HATIDABJICHAN BBIHYXIEHHOM M cBOGOAHOM kompeximi mpH Re; = (0,3-5) x 10%,
napameTpe TepMmorpasutauud K, = (0,8-337) x 10™° u mapamerpe Temiosoro noroka q;, = (0,35-2,4)
x 1073, TIpoBeneH aHAJIA3 MECTHOM TEILIOOTAAYH 110 JUIHHE TPYObI DM pa3iMYHOM CTeNeHH BO3aeHcT-
BHsl TEPMOTPABUTALUMOHHBIX CHJI M Pa3HO#t TemioBoi Harpyske. BuisgpiieHbl XapakTepHble PEXHMBI TEll-
JIOOTAA4YM C MOHOTOHHBIM M3MEHEHHEM TEMIICPATYPhi CTCHKH H C HEPaBHOMEPHOCTAMH TEMIlepaTyphbl
creHkd o AnuHe TpyOsl Ilosyyensl o6obuarollye 3aBHCUMOCTH [UIS PacyeTa MECTHOH TEmIOOTIayH
MO MUIMHE TPYObI IIPH CJIAGOM M CHJILHOM BIIMSHHM TePMOIDaBHTAMOHHBIX cHiL s nosyveHus 0606-
[IAOLIMX 3ABHCHMOCTER B NPOMEXYTOYHOH OGJIACTH BIIMSAHHS TEPMOTPABHTAlMOHHBIX CHWJT Heobxo-
[MMBI fajibHEHILNe HCCAENOBAHHS.



