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Abstract—To develop high temperature gas turbines an advanced cooling method for turbine blades is
required. This paper reports an experimental study of mist cooling of very hot tubules using air-water mist
flows with particular reference to the through-hole cooling of blades. The experiments were carried out in
straight and coiled tubules of 1.8 mm I.D. and local wall temperatures were measured. Firstly, it is ascertained
that the heat transfer performance along the tubule axis is divided into three typical regions, namely, liquid
film region, dryout region and gas-phase forced convection region. Secondly it is found that in the liquid film
region the heat transfer coefficient is almost ten times higher than that without mist and no instability is
observed. Thirdly, the body force gives much different heat transfer performances for the outer and inner sides

of the coiled tubule.

NOMENCLATURE

thickness of tubule [m];

isobaric specific heat [Jkg™' K™!];
diffusion coefficient [m?s™*];
diameter of spiral coil [m];

tubule inner diameter [m];

mass flow rate per unit cross-sectional area

[kgm™?s7'];

gravitational acceleration [m s ?];
thickness of liquid film [m];
enthalpy [Jkg™'];

latent heat [Jkg™'];

Nusselt number, (ad)/A;

total pressure [Pa];

partial pressure [Pa];

Prandtl number, (pvC,)/4;

total heat supplied per unit mass to the point

heat flux [Wm~?];

gas constant [J kg™ ' K™'];
Reynolds number, (U, d)/v;
Schmidt number, v/Z;

Sherwood number, (o d)/Z;
absolute temperature [K];
temperature [°C];

distance in the flow direction [m].

Greek symbols

a, heat transfer coefficient [Wm™2K™'];
«,,  mass transfer coefficient [ms™'];
v, kinematic viscosity [m?s™'];
xs mass fraction;
o, surface tension [N m™'];
o, density [kgm ™).
Subscripts
f,  liquid film;
g gas

—

gas-liquid interface;

1, liquid;

m, mixed mean;

0, inlet state;

T, total of two-phase flow;
v, vapor ;

w. wall.

-

1. INTRODUCTION

IN RESEARCH and development work on higher tem-
perature gas turbine blades, various air or water
cooling methods have been proposed, investigated and
tested. Water-cooled, through-hole blades are con-
sidered more attractive and have advantages when
cycles provided with regenerators and water injection
in compressed air are adopted [1]. However, cooling
through holes by water would have problems such as
burn-out and flow instability caused by boiling.

This paper aims at an experimental investigation of
the heat transfer performance of mist cooling of very
hot small tubules with particular reference to gas
turbine blades with cooling holes. Mist cooling of
blades is similar to both air and water cooling and is
useful to cycles requiring water injection into compres-
sed air to raise the thermal efficiency of the plant. In
addition to these features, a most important feature of
mist cooling is its capability to control the temperature
distribution of the blade by providing an adequate mist
flow rate to each hole. Among mist cooling methods,
cooling the blades by use of small radial through-holes
is considered the most practical and appropriate.
Therefore, in this paper, mist cooling of blades by
through-holes is simulated by cooling very hot small
tubules (electrically heated) using a mixture of air and
water droplets. The fundamental heat transfer perfor-
mances are thent studied.

Heat transfer of two-component, two-phase flows
were reviewed by Michiyoshi [2]. Correlation equa-
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tions for heat transfer of mist two-component flow in
pipes are described by Collier [3]. Butterworth and
Hewitt [4] explain heat transfer in annular mist flows
in pipes, putting importance on the turbulent liquid
film but not on evaporation of the film. Many papers
[5] discuss cases of high heat flux and film evaporation
along the pipe inner surface for one-component, two-
phase flows, but some [6] report on two-component,
two-phase flows. Mist cooling by two-component,
two-phase flows in strongly heated pipes has scarcely
been studied.

In this paper, the heat transfer performance of two-
component mist flows in very hot tubules is experimen-
tally studied with particular reference to gas turbine
blade cooling. However, in order to simulate the effects
of the Coriolis force acting perpendicularly to the flow
axis, a centrifugal force in a coiled tubule is used. In
most flows, due to the body force working per-
pendicular to the flow and to the difference between
the inertial forces of gas and droplet, axisymmetry of
the flow is lost, and under these conditions heat
transfer performances are expected to be very different
from those without a body force. Considering these
situations. this paper reports experimental research on
two-component, two-phase flows in very hot, straight
and coiled tubules with reference to through-hole
cooling of high temperature gas turbine blades.

2. EXPERIMENTAL APPARATUS

In the experiments, two-phase flows of an air- water
mixture were used. Figure 1 shows the experimental
apparatus consisting of mixing tank, test part and
power source to heat up the tubules. Water was
pressurized by nitrogen at a higher pressure and
supplied to the mixing tank. The flow rate of water was
measured by three flow meters with the maximum
range of 11min~' Compressed air was led to the
mixing tank after its flow rate had been measured by
an orifice flow meter. Details of the mixing tank
(80 mm dia. and 150 mm height) are shown in Fig. 2.
Air was introduced at the side of tank and water was
led through a very small tubule of 0.4 mm 1.D. to
atomize the water. A mixture of air and water mist was
then sent to the test section which consisted of a
vertical tubule through a round nozzle. A portion of

Water
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Compressor

F : Flowmeter
P :Pressure gauge

Fii. 1. Experimental apparatus.
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FiG. 2. Details of mixing tank.

the water appeared as droplets flowing in the main
stream and the remainder as a liquid film along the
inside surface of the hot tubule (stainless steel tubule,
1.8 mm I.D. and 0. mm thick). The round nozzle
(made of copper) worked as an electrode for heating
the tubule. The other electrode was attached to the
lower, free end of the tubule. Three kinds of tubule
were used and two of them were straight and of 150
and 300 mm length. The coiled tubule had 54 mm coil
dia., 36 mm pitch and 920 mm length. Heat input to the
tested tubule was calculated from the power input
obtained from the heating current and the voltage drop
of the tested part. When the tubule temperature was
changed from 500 to 1000°C, the electric resistance
varied by 10%,. Therefore, the heat flux is not constant
along the tube axis, but was assumed constant to
simplify the experimental results.

Tubule temperatures were measured by ther-
mocouples of 0.1 mm dia. welded directly to the tubule.
The effect of the heating current on temperature
readings was checked and was found to have no
influence. The outside surface of tubule was not
thermally insulated, but the heat loss was below 2%, of
heat input. Therefore, in two-phase experiments no
correction for heat loss was made in the experimental
results.

In the experiments with helical cotls, the ther-
mocouples were welded at the inner and outer sides of
coiled tubules to measure the temperature distribution
in the circumferential direction in addition to the axial
direction.

3. EXPERIMENTAL RESULTS

3.1. Experiments using straight tubules

Figure 3 shows experimental results for temperature
distributions along the pipe axis using a straight tubule
of 320 mm length for air— water two-phase flow, when
both the air flow rate G, and the heat flux g were kept
constant and only the water flow rate was changed.
The black circles in the figure show the results for air
flow and exclude the entry region. It is observed that



Mist cooling of very hot tubules

L Ge300kgmPs  ge127110° WP
500 e g+ 0 kgsmis
e * 8.9
FoooA = 13.7 *
o = {8,1
400 o =225 /
A =28.1
S =349
300} /j
- / /
200 / / /
oof i
2 N DU ST e 1 S
Y ol 02 03
zZ, m

FiG. 3. Longitudinal wall temperature distribution.

the wall temperature linearly increases except at the
entry region. With an increase in water flow rate, the
wall temperature decreases remarkably and has a
distribution different from that for air flow. Its distri-
bution is divided into three regions, a region of slow
temperature rise, followed by one of sharp temperature
rise and one with a temperature gradient equal to that
for air flow. For different air and water flow rates and
heat fluxes, the results are also found to be divided into
three regions.

These results can be explained by the change of fluid
enthalpy. Denoting the mean enthalpy of the two-
phase region as i, and that at the inlet asi,,,, under the
condition of constant heat flux we have

Yz

Im tmo = dGT - Q) (1)
where Gy is the total mass flow flux and d the inner
diameter of the heated tubule. Equation (1) defines Q,
which will be used later to correlate the experimental
results. For a constant heat flux, Q is considered to be

67 = 503 ka/m®s = 0.95
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FiG. 4. Measured wall and expected mixed mean gas tem-
perature distributions as functions of Q.
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the axial distance of heating region. Defining ¢, as the
mixed mean temperature, the energy conservation
relation is expressed as

[cngg + C\(l - Xg - Xv) + va%v]
X (tm - tmo) + L(x‘a e Xv()) = sm - im(} = Q (2)

where C,, and C,, are the isobaric specific heats for air
and vapor, respectively, and C, is that for water. y, and
%, are the mass fractions of air and vapor. In a cross-
section, where two phases are uniformly mixed, vapor
is considered to be at a saturation state temperature ¢,
and we have

R, Pltn)

R [P B pv(r,,a} o
where g, < 1 — g, R and R, are the gas constants for
air and vapor, respectively. P is the total pressure and
p 1) is the saturation pressure of vapor at t,,. When P
1s given, from equations (2) and (3), ., and y, are
obtained as y, is constant. After evaporation com-
pletion in the liguid phase, we have

=1~y (4)

P decreases due to wall friction and acceleration
caused by evaporation of liquid even though the
acceleration effect is not remarkable in two-
component, two-phase flows. In Fig. 4, experimental
results for wall and mixed mean temperature distri-
butions are shown against Q for the given total flow
rate and air mass fraction with the heat flux as a
parameter. The broken line is the calculated value of t,,
for g = 1.96 x 10° W m~? and the distribution of ¢,
scarcely depends on the inlet pressure. Considering the
behavior of t,,, the small gradient region corresponds
to two-phase flow, while that of sharp gradient in-
dicates single-phase flow. Hereafter, the abrupt turn-
ing point of t is called the point of completing
evaporation, PCE. The wall temperature distribution
1s divided into three regions. In region I in Fig. 4, the
distribution with gradual slope is independent of the
heat flux and is followed by region Il showing a sharp
rise in wall temperature. In region III ¢, varies with
heat flux but has a gradient the same as that of z,,. The
state bounding regions I and II occurs at the same
value of @ and is denoted as the point of dryout PDO.
PDO does not coincide with PCE because droplets
flow with high speed gas and this causes a delay of mist
evaporation. At the end of region II evaporation of
droplets is completed.

Upstream of region I, most of the liquid phase forms
a liquid film along the inner surface of the tubule, and
the majority of heat added to the surface is used for
evaporation, resulting in a slow rise in the wall
temperature and the high heat transfer coefficient. In
region 11, droplets floating in the main stream evap-
orate by colliding with the surface or being heated by
superheated air and vapor. In the following, heat
transfer performances in these three regions are dis-
cussed in detail.



1274

1000 Gy =301 ka/m?s Xy =0.49
R
L, o g =6.0x105 wW/m
_‘? . -4.63
Eoy > -3.88 »
| \“ [ 2278 »
R
< \
5 \
d\\
00— \\:ﬁ o. 022/?908.9:"4
; c\!%%
L |
30 1 [ L [ L AL l‘ 1 J
0 5 10
x10°
Q , J/ kg

F1i. 5. Sherwood numbers in the liquid film region.

3.1.1. Region I (liquid film region ). A fraction of the
heat flux is used to heat the liquid film, but the
remainder is used for evaporation and to heat the gas
mixture. The liquid thickness / rapidly decreases with
the increase in Q and is estimated by the following
equation:

h = [2vG/—dP/dz)]' 2 (5)

where dP/d: is the pressure gradient along the tubule
axis. G, is the liquid film flow rate and is calculated by
subtracting the amount evaporated and the droplet
flow rate from the total liquid flow rate. By use of the
liquid thickness h calculated from equation (5), the
liquid film surface temperature t; and heat flux ¢; are
given approximately by

dC,G, /dT
=g — — = 6
4 =4 4 ( i- )w (6)

h dCG;(dT }
=011 12 \a:

The difference between the mass fraction of saturated
vapor y,; at t; and y, obtained from equations (2) and
(3) is utilized to calculate the Sherwood number Sh by
considering that all heat flux at the liquid surface is
used for evaporation. The dependence of the diffusion
coefficient on pressure and temperature is taken into
account to reduce Sh. The result of Sh thus calculated is
seen in Fig. 5 and shows the independence of heat flux.
The chain line expresses the correlation shown by the
next equation for fully developed turbulent flows. The
physical properties are calculated using the mixed
mean temperature.

Sh = 0.022 Re®® S0+ (8)

and

The fraction of heat flux used for evaporation is over
409 in the regton of Q less than 5, but decreases down
to several % in the region of Q greater than 5. In the
region of Q greater than 8.5, the liquid film along the
wall completely vanishes.
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F1G. 6. The effect of inlet gas velocity on liquid film flow rate.

3.1.2. Region 11 (mist flow region ). In this region
between the points of dryout and completed evap-
oration, droplets are dispersed in the main stream, but
the vapor near the wall is considered to be superheated.
In this region a slight wall temperature fluctuation was
observed.

The droplet flow rate in the gas phase is supposed to
vary with the inlet atomization condition ; therefore, a
swirler consisting of four small vanes was provided to
make droplets colliding with the wall form a liquid
film. However, no shifting of the dryout point by
providing the swirler was observed. This result is
understood to be due to the longer entry length of the
unheated part (about 20 pipe 1.D.’s) and to the
consequent establishment of the inlet condition to the
heating section being independent of swirling.

The distance to the dryout point is considered to
depend on the liquid film flow rate at the inlet of
heating region. Therefore, by assuming that the liquid
film flow rate G, at the inlet of heating is equal to the
total evaporated vapor flow rate, the correlation
between Gy, thus calculated and the gas velocity at the
inlet is shown in Fig. 6. The number in the figure is the
number of experimental run.

Kutateladze [7] suggested the following equation
for the critical flow rate of annular fowing-down
liquid film in a vertical pipe:

Gied ,54 ('go’plj" 25

4py, u\opl
3 00365 02473
o v
x <VYT"3"/> | > } (9)
iprg Ve

where o is the surface tension. Equation (9)is expressed
in Fig. 6 by the broken line. The left side of this line is
the stable region. The experimental points shown in
Fig. 6, excluding the runs &, 9 and 10, lic on a straight
line which has the power of —3, being the same as
equation (9), but has a liquid film flow rate larger than
that given by equation (9). In the runs 8, 9 and 10, the
dryout point and evaporation completion point coin-
cide with each other and the whole liquid flows as the
liquid film. These runs have smaller G, than other
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FiG. 7. Measured wall and expected mixed mean gas tem-
perature distributions of coiled tubule.

runs, and are in the stable region. It is concluded that
when the liquid flow rate is smaller than the critical
value, the liquid film is stable and all liquid is
considered to flow as liquid film. The experimental
results also explain that the liquid film is more stable
than expected by equation (9) due to the surface
tension effect on the film flow along the inner surface of
a smaller tubule.

3.1.3. Region III (single-phase region). Down-
stream of the evaporation completion point, fully-
developed convective heat transfer in the vapor and air
mixture is established. The correlation of Nusselt
numbers Nu obtained in this region against Reynolds
number Re,, of the air-vapor mixture agrees with the
relation reported [8], which includes the correction
term for the physical property variation with
temperature.

Fic. 8. Typical wall and mixed mean gas temperature
distributions showing the four regions for a coiled tubule.
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3.2. Experiments using a coiled tubule

In the radial rotating hole of a gas turbine blade, in
addition to a centrifugal force of about 10* g, there is a
large Coriolis force which works on the flow in it. In
order to study the effect of a force acting per-
pendicularly to the flow direction, such as a Coriolis
force, a centrifugal force acting on a flow in a coiled
tube can be substituted. In this simulation experiment,
acoiled tubule of 1.8 mm I.D. having a 54 mm diameter
of curvature was used. The centrifugal force is about 3
x 10°-10* g. The experimental procedure used was
the same as that for the straight tubules. Data for wall
temperature distributions are shown in Fig. 7. The
broken line expresses the mixed mean temperature and
the open and solid circles indicate the surface tempera-
tures of the inner and outer sides of the coiled tubule,
respectively. Based on data such as those shown in Fig.
7, the typical and schematic temperature distributions
of the inside and outside walls and the mixed-mean
main stream are shown in Fig. 8. The distributions are
divided into four regions, regions I, II and III having
almost similar performances to those without a body
force, but with a new region, region II', appearing in
addition expressing the effects of the body force. In
region 1, a liquid film covers the inner and outer side
walls of tubule, and consequently both wall tempera-
tures are the same. With the increase of @, at the critical
value of Q bounding regions [ and II', dryout is
considered to occur at the outer wall and in region 1T,
the outer wall temperature increases more rapidly than
that of the inner wall. The reason why the rise of the
outer wall temperature is not sharp enough is ex-
plained later. At the next critical value of Q bounding
regions II' and 11, dryout occurs even at the inner-coil
side of the tubule. The whole tubule wall is dry but
droplets exist in the main stream. In region II, the
temperature rise of the inner side is more rapid than
that of the outer. Consequently, the inner wall tem-
perature becomes higher than the outer wall tempera-
ture in the latter part of region Il and in the following
region, region I1I. In region III, the temperature rises
similarly at the inner and outer sides and single phase
flow is established. These performances differ for the
inner and outer sides of tubule due to the secondary
flow in the main stream caused by the centrifugal force.
The smaller distance between the dryout and evap-
oration completion points in the straight tubule is
explained by the violent collision of droplets in the

Two
Twi —
L ﬁ»}/
|.._—>¢z Liquid film
AN
7

19
7

38

Ly

Outer 2 inner

F1G.9. Schematic surface temperature profiles in the circum-
ferential direction of a coiled tubule.
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FiG. 10. Measured wall and expected mixed mean gas
temperatures as functions of Q for a coiled tubule.

main stream with the wall caused by the secondary
flow. The earlier dryout along the outer wall is also
reported by Kosegi [9] for one-component, two-phase
flow in coiled tubes. This phenomenon is understood
to be caused by the film thickness being thicker at the
inner side due to the film motion to the coil inner side
induced by the shearing stress of the secondary flow. In
other words, liquid uniformly covering the inside wall
of tubule at the entry region is caused to flow to the coil
inner side by the secondary flow and the former dryout
occurring at the outside.

In region 11, it should be noted that the temperature
rise of the outer wall after dryout is not so remarkable
compared with that for the straight tubule. Kosegi
explains this by the collision of droplets in the
main stream with the outer wall, but this fact is
explained here by thermal conduction in the circum-
ferential direction of the tubule. This is partly due to
the small tubule diameter and the short circumferen-
tial distance between the inner and outer sides {about
3 mm). In the upper part of Fig. 9, a wall temperature

_ Gra300ki/m%s lp-080
G =046 ~143%105 Wm?

© inner side
» Qufer side
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Fii. 11. Effective heat transfer coefficient of mist cooling in a
coiled tubule.
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distribution is shown against the circumference dis-
tance from the outer side where 1, is the outer wall
temperature and f,; is that of the inner wall. In the
lower part the liquid film along the thermally con-
ductive wall is schematically shown. The part covered
by the liquid film is maintained at temperature ¢, and
heat flux ¢ is apphied at the wall. The solution of the
conduction equation gives the following relation by
assuming the difference between the film surface
temperature and the mixed mean temperature of the
main stream to be very small in comparison with g/a:

[(rw)y—o — twi = At[1 — {cos h[(al)/(B4,)]; ']

(1)
where B and 1, are the thickness and the thermal
conductivity of the wall, respectively. « is the heat
transfer coefficient of the dry surface. The numerical
value by equation (11) for Fig. 7 at the dryout point of
the inner wall, thatis, Q ~ 11.5 x 10° Jkg 'and/ =
(nd)/2 in equation (11) is about 120°C and well
explains the result shown in Fig. 7.

Figure 10 shows the experimental results for the
temperature distributions for the smaller liquid-phase
flow rate with the same total flow rate as that of Fig. 8.
In the case of Fig. 10, as the liquid flow rate is much
smaller, region 11 shown in Fig. 8 does not exist.

The effective heat transfer coefficient is calculated by
use of the measured wall temperature and the assumed
mixed mean temperature of the main stream and is
shown in Fig 11, The broken line indicates that for
fully developed turbulent convective heat transfer of
gas flow in straight pipes {8], the solid line that for
turbulent heat transfer in coiled tubes [10]. The
physical properties are calculated using mean tem-
perature. In the smaller @ region, the heat transfer
coefficient for the outer side is higher than that for the
inner side, but decreases rapidly with the increase in Q.
On the contrary, the heat transfer coefficient of the
inside wall down to the dryout point is about ten times
higher than that for gas flows. This is due to evap-
oration of the liquid film. Nusselt numbers obtained
for alarge air flow rate after the dryout of the inner side
wall, once the fully developed state is well established,
are shown in Fig. 12, with the physical properties
corrected. The broken and solid lines are the same as
those in Fig. 11. The data for the outer side are a little
higher than those for the inner side, as predicted by
Pratap [11].

4. CONCLUSION

With reference to through-hole cooling of gas
turbine blades, experimental research on mist cooling
of hot straight and coiled tubules was conducted using
air—water mist flows, and the following conclusions
were obtained:

(1) Most of the water flows as a water film along the
inside surface when water is atomized and injected in
the air flow. Heat transfer in the region down to the
dryout point of liquid film is mainly controlled by film
evaporation.

{2) When the liquid film vanishes the dryout point is
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- nner Outer %, Consequently, the mist cooling is considered effective
o e 08 for through-hole cooling of gas turbine blades.
a = 085 e
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REFROIDISSEMENT PAR BROUILLARD DE TUBULES TRES CHAUD AVEC REFERENCE
AU REFROIDISSEMENT PAR SOUFFLAGE DES AUBES DE TURBINE A GAZ

Résumé—Pour développer les turbines 4 gaz a haute température, est nécessaire une methode performante
de refroidissement des aubes. On fait I'étude expérimentale du refroidissement par brouillard de tubules trés
chauds en utilisant des écoulement de brouillard d’eau avec référence au refroidissement par soufflage. Les
expériences sont faites avec des tubules droit ou courbes de 1,8 mm de diamétre intérieur et on mesure les
températures pariétales locales. Il est certain que le transfert thermique le long de I’axe du tubule est divisé en
trois types : la région du film liquide, celle de I'asséchement et celle de la convection forcée en phase gazeuse.
D’autre part dans la région du film liquide, le coefficient de transfert thermique est a peu prés dix fois plus
grand que celui sans brouillard et on n’observe pas d’instabilité. Enfin, la force de volume donne des
performances thermiques plus différentes pour les cotés externe et interne du tubule courbe.

NEBELKUHLUNG VON SEHR HEISSEN ROHRCHEN IM HINBLICK AUF DIE
INNENKUHLUNG VON GASTURBINENSCHAUFELN

Zusammenfassung—Um Hochtemperatur-Gasturbinen entwickeln zu konnen, braucht man unbedingt ein
fortschrittliches Kiihlverfahren fiir die Turbinenschaufeln. In dieser Arbeit wird iiber eine experimentelle
Studie zur Nebelkiihlung sehr heiler Rohrchen mit Hilfe von Luft-Wasser-Nebelstromungen mit
besonderem Bezug auf die Innenkiihlung von Schaufeln berichtet. Die Versuche wurden mit geraden und
Spiralrhrchen von 1,8 mm innerem Durchmesser durchgefiihrt und die Grtlichen Wandtemperaturen
gemessen. Erstens wurde festgestellt, daB fiir den Warmeiibergang entlang der Achse der Rohrchen drei
typische Bereiche zu unterscheiden sind, namlich der Bereich des Fliissigkeitsfilms, der Austrocknungsbe-
reich und der Bereich erzwungener Konvektion der Gasphase. Zweitens wurde gefunden, da3 im Bereich des
Fliissigkeitsfilms der Wirmeiibergangskoeffizient ungefahr zehn mal groBer ist als ohne Nebel und daB keine
Instabilitat zu beobachten ist. Drittens zeigte sich, daB durch die Tragheitskrafte sehr unterschiedliche Werte
des Warmeubergangs an der Innen- und AuBbenseite der SpiralrGhrchen auftreten.
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UCCIEOJOBAHHUE BO3JAYUHO-KAMNEJIBHOIO OXJIAXAEHWUA CHUJIbHO
HATPETBIX OTBEPCTHI B MPUJIOXKEHWM K CKBO3ZHOMY OXJIAXAEHUIO
JTOMTATOK TFA30BbIX TYPEHH

Aunoramms—/0ns ganbHeReR pa3paloTku BLICOKOTEMIEPATYPHBIX Ta30BbIX TYPOHUH HACTOATCIBHO
Heo6X01MM HOBbIH METOI OXJaX eHHS TypOHHHBIX onaTox. B paborte 11poseieHo JkcnepuMenTanbHoe
HCCICA0BAHHE BO3AYLIHO-KAMNCILHOTO OXJAXIECHHA CHABHO HATPETHIX OTBEPCTHH B NPUIOKEHHH X
CKBOBHOMY OXJ2XICHHIO TypOWHHBIX JIOBATOK. DKCHEPUMEHTHl NPOBOJWINCH ¢ IIPAMBIMH M
CHMpasbHbiME TPYOOUKaMH ¢ BHYTpeHHUM amamerpom 1.8 mM. M3Mepasuch 10KajibHbIE 3HAYCHWS
TEMIEPaTYpbl CTEHOK. BO-NEpBLIX YCTAHOBNEHO, YTO MHTEHCHBHOCTH TEIJIONEPEHOCA BAOIL OCH
TpyGKXH  XapakTepu3yeTrcs TpeMs [MaNa3oHamu: O0JACTbI  XHIKOCTHOH ILIEHKH, 001aCThio
KPHTHYECKOFO TEII0BOro NoToKa W razodasHoll 061acThio ¢ BIHYXACHHOH Konsexumei. Bo-Bropoix,
4TO B 00JACTH C XHAOKOCTHOW TUICHKOH KO3pOUUHEHT TENJONEPEHOCA MOMTH B JECHThL Pat BbILIE,
yem 0e3 BO3AYUIHO-KANENLHOH B3BECH, M HEYCTOMYMBOCTHL OTCYTCTBYET. B-TpeThbHX, 4TO HHTEHCHB-
HOCTL TEIUIONEPEHOCE HA BHEWIHEH H BHYTPeHHEH MNOBEPXHOCTAX CHHPAILHOH TPYDOUKH CHIbHO
OT/IHYAETCH M3-33 BIIMAHHN MACCOBBIX CHIL



