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Abstract-A survey is given on condensation heat transfer inside a two-phase thermosyphon including a 
detailed description of fluid flow as well as a review of published experimental and theoretical investigations. 
A total of 2889 data points derived from 18 research works has been evaluated covering wide ranges of 
thermal and geometrical parameters: 10 different working fluids, saturation temperature 
(14°C < t, < 34o”C), pressure (0.04 <p < 39.5 bar), inside tube diameter (14 < d < 66 mm), length of 
cooling zone (102 < L < 2450 mm), and inclination angle (0” 4 cp < 85”). Correlations are proposed for 
condensation heat transfer inside a two-phase thermosyphon. Remaining deviations are due to effects of 
shear stress at the liquid-vapour interface, effects of non-condensable gases and effects of a partial flooding 

of the cooling zone in the case of superfilling the therrnosyphon. 

1. INTRODUCTION 

A CLOSED two-phase thermosyphon (wickless heat 
pipe) consists of a tube which is closed at both ends 
and filled with a certain amount of a pure fluid. 
Usually a straight circular tube is used in a vertical 
or inclined position. A natural counter-current two- 
phase flow is forced inside with evaporation and con- 
densation in the heated lower section and in the cooled 
upper section, respectively. 

Condensation heat transfer inside a two-phase ther- 
mosyphon has been studied in a large number of 
theoretical and experimental investigations (see Table 
1). Respective publications include : 

l visual observations of the fluid flow (labelled as 
‘visual’), 

l measurements of heat transfer coefficients (‘a- 
data’), 

l measurements of non-condensable gas effects 
(‘inert’), 

l correlations of heat transfer data (‘a-corr’), 
l analysis of shear stress effects due to vapour flow 

(‘theory’). 

There are two surveys which illuminate the state of 
the art in the years 1973 [7] and 1981 [16]. The great 
amount of research work which has been done since 
that time (see Table 1) asks for a critical review of 
both the heat transfer data and the correlations. 
Therefore all the material from the open literature has 
been collected and classified with the aim to provide 
correlations for practical application (GroD [57J). 

t Dedicated to Prof. Dr.-Ing. E. Hahne on the occasion of 
his 60th birthday. 

2. DESCRIPTION OF FLUID FLOW 

In the adiabatic steady state (Q = 0 W), the fluid 
inside the thermosyphon is in thermodynamic equi- 
librium with the saturation state at liquid level. The 
liquid below is subcooled to some amount due to the 
hydrostatic pressure head, whereas the vapour does 
not deviate significantly from saturation. 

2.1. Filmwise condensation 
The thermosyphon is brought into operation as 

soon as heat is removed from above, or as it is supplied 
from below. A driving temperature difference grows 
between saturation state (in the vapour space) and the 
now subcooled wall, where condensation is forced at 
nucleation sites. In the case of a wetting fluid, the wall 
will soon be covered by a thin liquid film which flows 
downwards, driven by gravity and retarded by 
viscosity. 

Vertical tube. With the thermosyphon in vertical 
position the film flow is one-dimensional. Thickness 
and velocity of the film grow to maximum values at 
the lower end of the cooling zone. At a small film 
Reynolds number 

Re = wL6Jv, = Q/(zdq ,Ah,) (< 5, roughly) (1) 

the film flow is laminar with a smooth vapour-side 
interface. Heat is transferred by pure heat conduction 
across the film, which is subcooled to some amount. 

Inclined tube. If the tube is tilted from vertical the 
liquid flow field becomes two-dimensional. Now the 
streamlines form curved paths, which discharge into 
the lower-most part of the tube’s cross section where 
a thick stream of liquid flows axially downwards to 
the heating zone. 

Wave formation. Wave formation is observed, e.g. 
refs. [13,23,36], at the interface if the film Re exceeds 
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NOMENCLATURE 

Archimedes number, equation (5~) 
inside tube diameter [m] 
Laplace constant, (o/(p, - py)g)o.5 [m] 
hydraulic diameter [m] 
dimensionless factors cf,,& ,fwaVe) 
bubbly-flow Froude number, w$/@d+,) 
vapour-flow Froude number, w$/@d) 
acceleration of gravity [m s- ‘1 
latent heat of vaporization [J kg- ‘1 
length [m] 
Nusselt number, equation (Sb) 
modified Nusselt number, equation (5a) 
pressure [bar] 
dimensionless pressure, p/pCCiti,,, 
Prandtl number 
heat flow rate Iw] 
film-flow Reynolds number, equation (1) 
modified film Reynolds number, 
equation (8) 
vapour-flow Reynolds number, wVOd/v, 
temperature [“Cl 
temperature difference [K] 
mean velocity [m s- ‘1 
superficial velocity, Q/A,,Ah,p, [m s- ‘I. 

&_ film thickness at the lower end of the 
cooling zone [m] 

4 characteristic length, equation (Sd) [m] 
dynamic viscosity [kg m- ’ s- ‘1 

x thermal conductivity [W m- ’ IC ‘1 
V kinematic viscosity [m’ s- ‘1 

5 dimensionless friction factor, equation 

(20) 
P density [kg m- ‘1 
B surface tension [N m- ‘1 
T shear stress at the liquid-vapour interface, 

equation (20) [N m- ‘1 
z* dimensionless shear stress, equation (21) 

cp inclination angle vs vertical direction 

kkzl. 

Subscripts 
cr cross section 
flood flooding limit 
i inside 
1 liquid 
0 outside 
V vapour 
S saturation 

Greek symbols trans transition 
u heat transfer coefficient [W m- * K- ‘1 W wall. 

a limiting value of about Re = 5. Damping effects by heating zone goes dry. Large heat flow rate, small tube 
viscosity and smoothing effects by surface tension are diameter, small latent heat of vaporization (especially 
no longer able to suppress wavy structures. Heat at high pressure), and small vapour density (especially 
transfer across the, still laminar, film is improved by at extremely small pressure) yield those large vapour 
the wave formation due to a reduction of the effective velocities (w,, = Q/A,Jh,p,) which bring a thermo- 
thickness of the laminar film between the wave crests. syphon to the flooding limit. 

Turbulence. Turbulent structures within the film 
are more and more able to develop, if thickness and 
velocity of the film are further increased, or if viscosity 
is decreased. Finally the film flow becomes turbulent. 
The governing heat transfer mechanism is now due to 
turbulent exchange processes which exceed the molec- 
ular heat conduction, by far. 

Non-condensable gases. Non-condensable gases are 
collected in the most upper part of the thermosyphon, 
forming an additional transport resistance due to 
mass diffusion. Condensation heat transfer is now re- 
stricted to a, more or less, small part of the cooling 
zone surface. 

Shear stress, entrainment, flooding. Mass con- 
servation inside the thermosyphon calls for identical 
mass flow rates of liquid and vapour, with the two 
phases in counter-current flow. If shear stress at the 
liquid-vapour interface grows large, liquid particles 
may be entrained from the liquid film. These droplets 
are then transported by the vapour flow in upward 
direction and finally deposited on the film surface [53]. 
Heat transfer coefficients are caused to decrease. At 
extremely high vapour velocities the counter flow of 
liquid and vapour becomes unstable and flooding of 
the cooling zone may occur. The liquid is now com- 
pletely held in the upper part of the tube, whereas the 

2.2. Dropwise condensation 
Dropwise condensation, with its extremely favour- 

able rates of heat transfer, has been visually observed 
in a thermosyphon [3,13]. It is only found if a fluid 
with strong cohesion (e.g. water) is used in com- 
bination with a cooling surface, to which adhesion 
forces are small, and thus no wetting occurs. Such 
conditions can be favoured by gold plating the surface 
or by mixing some promotor (oil, oleic acid and 
others) with the fluid, which is thought to be held at 
the surface but not washed away. Dropwise con- 
densation inside a thermosyphon has been realized 
only exceptionally for more [37], or less [3], long times. 
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Table 1. Theoretical and experimental investigations of cooling zone heat transfer inside a two-phase thermosyphon 

1967 
1968 
1971 
1972 
1973 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 
1989 

1990 

1991 

Larkin [I] 
Stoyanov [2] 
Larkin 131 
Andreev [4, 51 
GorbislSavchenkov 161 
Japiksd [7] e * survey 
Semena/Kiselev [8] 
Suematsu ef al. (91 
Alabovsky/Bezrodnyi/Moklyak [lo] 
Imura et al. [ll] 
Kiselev et al. [ 121 
Andros [13] 
Hirshberg [ 141 
Harada et al. [IS] 
ESDU [16] survey 
Ho/Tien [ 171 
Larkin [ 181 
Shiraishi/Kikuchi/Yamanishi [19] 
Spendel [20] 
Andros/Florschuetz [21] 
Mirmov/Portnov/Belyakova [22] 
Takuma/Maezawa/Tsuchida [23] 
Bezrodnyi/Moklyak [24] 
GroB [25] 
Mirmov/Belyakova [26] 
Chen/Reed/Tien [27] 
Seban/Faghri [28] 
Takuma/Maezawa/Tsuchida [29] 
Spendel [30] 
Hijikata/Chen/Tien [31] 
GroB/Hahne [32] 
Spendel[33] 
Bezrodnyi/Moklyak [34] 
GroB/Hahne [35] 
Takuma/Maezawa/Tsuchida [36] 
Xin/Xia [37] 
Appeli381 
Ma/Liu/Fung [39] 
GroB/Hahne [40.41] 
Hahne/GroB/Barthau [42] 
Kobayashi/Matsumoto [43] 
RBsler/Groll [44] 
Peterson/Tien [45] 
Faghri/Chen/Morgan [46] 
Peterson/Tien [471 
Assad/Konev [48] 
Gerner/Tien [49] 
Ma et al. [50] 
Niro/Radaelli/Andreini [51] 
Tanaka et al. [52] 
Fukano/Kadoguchi/Tien [53] 
Sun/Zhao/Zhang [54] 
Peterson et al. [55] 
Zhou/Collins [56] 
GroB [57] survey 

theory 

theory 

theory 

theory 

theory 

theory 
theory 
theory 
theory 
theory 

theory 

theory 

theory 

theory 
theory 
theory 

theory 

theory 
theory 

experi. 
experi. 
experi. 
experi 
experi. 

visual 

visual 
u-data 
a-data 
a-data 

inert 

experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 

visual 

visual 

cc-data 
a-data 
a-data 
a-data 
a-data 
a-data 
a-data 
a-data 

experi. a-data 
experi. a-data 
experi. a-data 

experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 

inert 
visual 

experi. 

inert 
inert 

inert 

inert 

a-data 
a-data 
a-data 
a-data 
a-data 
a-data 
a-data 

experi. a-data 

experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 
experi. 

a-data a-corr 
a-data a-corr 

visual 

visual 

visual 
visual 

a-data 
a-data 
a-data 
a-data 

inert 

inert 

inert 
a-data 

experi. 
experi. 
experi. 
experi. 
experi. visual 

a-data 
a-data 
a-data 
a-data 
a-data 

experi. 
experi. 

inert 
inert 

a-corr 

a-corr 

a-corr 

a-corr 

a-corr 

a-corr 

a-corr 

3. THEORETICAL APPROACH FOR LAMINAR 

FILM FLOW AND HEAT TRANSFER 

There are a number of theoretical investigations in 
which filmwise condensation heat transfer inside a 
thertnosyphon has been studied with, and without, 
consideration of effects due to the counter-current 
vapour flow. The mean heat transfer coefficient is 
defined as 

with t, as the arithmetically averaged wall tem- 
perature in the cooling zone and t, as the saturation 

temperature in the vapour space. 

3.1. Assumption of a stagnant vapour 
Vertical tube. The classical solution for laminar film 

condensation at a vertical surface has been provided 
by Nusselt [59]. He considered boundary conditions 
which are mathematically simple, but difficult to 
realize in practice. For the assumptions of negligible 
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shear stress at the liquid-vapour interface, negligible 
subcooling of the liquid film, constant temperature 
difference AT = t,-t, between saturation state and 
wall surface, and others (see ref. [59]), the mean heat 
transfer coefficient is obtained as 

01 = 0.943(g(p, -p”)Ah,iii/(~,LA~)‘~~. (3) 

Equation (3) can be brought into a dimensionless 
form (with AT = ~/(~~~~}) 

NIP = 0.925&- ‘:’ (4) 

by introducing the modified Nusselt number NM* as 

Nu’ = Nu Ar-- “3 = a&/i, Pa) 

and 

IQ.4 = c&/1, (5b) 

Ar = @@/~?)(P~-P~)/P~ (5c) 

& = t(~~~/~)~,/t~, -P”))‘,l* (5d) 

rnc~ined tube. Heat transfer outside an inclined tube 
has been first analysed by Hassan and Jakob [60] 
applying Nusselt’s assumptions. They obtained an 
expression for an infinitely long tube, which may be 
written as 

Nu* = 0.651Re-“3(d/(L sin p)))““. (6) 

The error due to finite tube length keeps below 10% 
for [tan cpL,/df > 2.5 (i.e. if inclination angle 9 and 
aspect ratio L/d are large). Equations (4) and (6), for 
vertical and inclined tubes respectively can be trans- 
formed into a common expression 

Nu* = 0.925Re- ‘:I (0 (7) 

if an inclination factor f+, is introduced [35,40] to 
obtain the modified Reynolds number 

with 

Re, = Re,f, (8) 

f, = 1 

for vertical tubes (9 = P) 

f, = 2.87(d/(L sin cp)) 

for inclined tubes with rp > IO” (approximately for 
aspect ratios L/d which are typical for thermo- 
syphons). 

In most practical cases Nusselt’s assumptions are 
not fully valid, due to (at least) a finite shear stress at 
the liquid-vapour interface. This has to be considered 
as a boundary condition in the solution of the differ- 
ential equation of momentum for the film flow. The 
shear stress effect is to increase film thickness and to 
decrease heat transfer coefficients. 

Spendel [ZO, 30,331 considered film condensation 
inside a thermosyphon under the effect of a variable 
shear stress along the cooling zone. The film is 
assumed to be laminar and smooth (just like in 

Nusselt’s theory) but now a two-dimensional 
(axial/radial) laminar vapour flow is superposed. 
Numerical results show that reverse flow of vapour 
(downwards) may occur at the uppermost end of the 
tube. Mean heat transfer coefficients are in reasonably 
good agreement with Nusselt’s theory. The remaining 
deviations are found to increase slightly if the vapour- 
flow Froude number (FrYO = ~~~~~~(~d)) is raised : less 
than 1% for Fr,, -=c 100 and 3% (for about Fr,, = 500) 
as the maximum in the cases considered. 

3.3. Turbuie~t~ow ~~l~a~our 
In practice, the vapour flow inside a thermosyphon 

is rather turbulent than laminar, and boundary condi- 
tions are more complicated due to wavyness of the 
phase interface and droplet deposition on the film. 

Smooth liquid-vapour interface. Takuma et al. [23], 
Chen et al. [27], Assad and Konev [48], Ma et al. [50] 
and Suematsu et al. [9] presented models for laminar 
film condensation with laminar or turbulent vapour 
flow and a smooth interface in between. Shear stresses 
are calculated from Fanning friction factors for Iami- 
nar and turbulent pipe flow respectively. A decrease 
of the axial vapour velocity due to condensation is 
under consideration. The results show diminishing 
effects on heat transfer for small vapour velocities 
(e.g. with methanol [27], ethanol [23]; Fr,, < 1). How- 
ever. a strong effect is found if the velocity is large 
(e.g. with water, especially at low temperatures) [27]. 
This has been demonstrated by differences between 
the Nusselt numbers from the measurement and from 
Nusseh’s theory: the first one is smaller by about 
10% (f, = 100°C; Fr,, = 5) and 25% (t, = 4O;C; 
Fr,, = 340). Results by Suematsu et al. show devi- 
ations between 3% (for Fr,, = 100) and 8% (for 
Fr,, = 400). 

Additional effect of waue formation. Heat transfer 
resistance across the film is reduced by wave forma- 
tion, e.g. see ref. [ 141. Seban and Faghri [28] presented 
a one-dimensional model for laminar-wavy film con- 
densation with laminar or turbulent vapour flow 
applying friction factors due to Henstock and 
Hanratty 1611. The governing equations have been 
solved numerically for operating conditions, which 
are similar to those used by Ho and Tien [17] in 
their experiments. Agreement with the simple Nusselt 
solution proves to be good (for Fr,, < 25). The com- 
parisons are supplemented by selected cases where the 
deviations grow large : 

(a) extremely small tube diameter (d = 2.4 mm), 
(b) extremely large temperature difference (AT= 

1000 K), and 
(c) extremely large liquid viscosity (100 times the 

value of methanol). 

Development of the wavy-film model [28] has been 
carried out by Faghri ef al. 1461 by consideration of 
film condensation inside an annular thermosyphon, 
with cooling at both the inside and the outside cylin- 
dric walls. The result is the same: shear effects are 
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negligibly small in the whole range of experiments 
with RI 13 and acetone which exceed the flooding limit 

[461. 
The counteracting effects of wavyness (increase of 

heat transfer coefficient) and shear stress (decrease) 
upon each other have been studied by Takuma et al. 
[36] in a numerical study. The former effect is found 
to dominate in almost all the cases besides water at 
low temperature. 

Additional effect of’ droplet deposition. Very recently 
Fukano et al. [53] presented a semi-analytical inves- 
tigation where the effects of wavyness and shear stress 
were considered together with an additional effect due 
to the deposition of entrained droplets on the film 
surface. The latter effect is to decrease the heat transfer 
coefficients, especially in the most upper section of the 
cooling zone where film thickness is small. 

4. EXPERIMENTAL WORK 

4.1. Survey 
Lots of experimental investigations have been car- 

ried out in the course of the past twenty years (Table 
1). In almost all of the studies temperature dis- 
tributions and heat transfer coefficients have been 
determined. These are supplemented by a number of 
experimental investigations of the flow structure 
[36,42,44] and of non-condensable gas distributions 
[29,31,43,45,55,56] in the vapour space. 

Table 2 gives major parameters of the experimental 
investigations using all the published heat transfer 
data, except those where the reported material is not 
complete enough for a further evaluation of data. In 
such cases there is, typically, a lack of experimental 
details or of the definition of dimensionless numbers. 
For each of the complete data sets, Table 2 includes 
information about working fluid and number of data 
points, supplemented by the respective ranges of 
diameter and length of the cooling zone, saturation 
temperature and corresponding pressure. Most of the 
experiments have been carried out inside a vertical 
thermosyphon except those of Larkin [18] (rp = 85”) 
Hirshberg [14] (0” < cp < 90”) as well as Grog [25,32] 
(0’ < cp < 60”) and [35] (0” ,< cp < SO’). 

The last column of Table 2 is thought to give an 
idea of how close to practical operating conditions 
the experiments have been carried out. The designed 
operating point of a thermosyphyon will be as close as 
possible to the flooding limit, but keeping a sufficient 
distance to avoid flooding at small perturbations from 
the designed point. For all the data points, the actual 
vapour velocity (w,, = Q/(ACFAhVpV)) has been related 
to the velocity required for flooding as predicted from 
Imura’s equation [62] 

W ~ooc, = O.~~(P,/P,)~~‘~(~Y(P,--P~)/P,~)~~*~. (9) 

The respective ranges of w,,/w,,,,~~ given in the last 
column of Table 2 show that the flooding limit (i.e. 
w,,/wRood = 100%) has been exceeded in many 
experiments. 

4.2. Correlations 
A number of correlations for condensation heat 

transfer inside a thermosyphon have been suggested 
(see Table 1) which take into account the special 
effects of wave formation and inclination. All of them 
are based on Nusselt’s theory. 

Consideration of wave formation. Measured heat 
transfer coefficients are usually compared with pre- 
dicted ones from Nusselt’s theory (equations (3) and 
(4)) and mostly they are found to be larger due to 
wave formation. Various suggestions can be found in 
the literature for ‘wave factors’ (for this, see ref. [40]) 
which consider the observed enhancement of heat 
transfer, for example as a constant factor (&,,, = 
1.28, McAdams) or as a function of film Re (fW,,, = 
0.8Re0 ’ ‘, Zazuli ; fwaYe = 0.956Re0-“83, Uehara). 

Special wave factors for thermosyphon experiments 
have been correlated by Andros [13] to predict his 
own experimental results : 

for circular cross section 

fwave = 0.842Re0.033 with Rll3,8 < Re < 100 

(10) 
for annular cross section 

f&, = 0.895Ren.‘2X with Rl13, 10 < Re < 75 

(11) 
fW,,, = 0.960Re0.‘22 with ethanol, 2 < Re < 8. 

(12) 

Consideration oftube inclination. If the tube is tilted 
from the vertical position (cp = O’), film thickness is 
no longer axisymmetric and mean heat transfer 
coefficients increase. Semena and Kiselev [8] suggest 
the following empirical equation for the range 
0” < cp < 75” : 

Nu*/Nr& = 1 +O.O74(sin cp L/d)‘.‘. (13) 

Stoyanov [2] obtained an equation from his exper- 
iments with ammonia inside a thermosyphon cooled 
from the front surface (d = 30 mm, L,,,, = 5 m, 
t, = lOO”C, 0” < cp < 75”) 

Nu*/Nu,*, 4 = 1+0.26(sin ‘p)‘.‘. (14) 

Suggestion by ESDU [16]. The ESDU organization 
provided a compilation for the design of thermo- 
syphons where the following correlations are re- 
commended for prediction of the cooling zone heat 
transfer : 

(a) Laminar film flow, vertical tube (Re < 

Retran = 325, rp = 0”) (Nusselt’s equation [59] for 
mean values along a vertical surface) 

Nu* = 0.925Re-“3. (4) 

It is mentioned in ref. [16] that this equation may 
yield too small heat transfer coefficients due to wave 
formation. 

(b) Laminar film flow, inclined tube (cp = 85”) 
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Table 2. Experimental investigations of filmwise condensation inside a thermosyphon 

Fluid Author 
Number 
of points 

d 

(mm) 
L 

(mm) 

Water 

I91 
1151 
[I81 
u91 
~4, 341 
v71 
[501 

Dowtherm A 

I91 
Acetone 

1461 
Methanol 

[I71 
1271 

Ethanol 

[I31 
[I41 
iI91 
[24. 341 
[501 

Rll 

so1 
124, 341 
[381 

RI13 
1131 
113, 211 
[I41 
(191 
t341 
1461 

R22 
[I81 

R11.5 

[2X 321 
RI3BI 

[351 

21 17-22 250-290 (< 180) (< 10.0) $ 
52 45 2450 5ClOO 0.12~1.01 23-100 

4 24 575 39-94 0.06-0.8 8--17 
29 37 450 32-60 0.040.19 1-16 
71 18-66 (39G-1335) IO&165 1.g7.0 5-100 
I6 14 940 100 1.0 l-30 

138 20 588 100-l 20 1.k2.0 6-100 

36 17 250 (< 340) (G4.6) 

14 45/29t 219 

6 24 305 62-67 0.93S1.06 40-52 
16 14 940 66 1.0 2-89 

133 511357 102-191 21-58 0.0C0.42 1-14 
9 21 762 3457 0.14-0.41 38-100 

20 37 450 3245 0.1 l-O.22 lm 52 
155 18-36 (39&1335) 78-153 1.0-10.5 7-100 
20 62/56t 350 78 1.0 3677 

169 12-36 (20~1000) 23-89 1.0-6.5 3-100 
141 18-36 (39G1335) 23-105 1.G9.15 1 t-100 
23 21 400 37-120 1.62-12.22 944 

190 5 I /35t 102Z191 22-83 0.39-2.87 l-19 

62 27 762 25-88 0.44-3.25 5-100 
52 27 152-762 26-74 0.462.26 8--100 

9 37 450 32 0.58 IL25 

28 18 (390-l 335) 59-121 1 .s-7.0 23-100 

18 45/29t 219 $ : (<loo) 

24 24 515 14-68 7.83-28.54 29-92 

431 40 765 56-80 19.1C31.13 14-100 

996 40 765 l&67 13.00-39.49 7?100 

P 
(bar) 

-F Annular thermosyphon with do/d,. 
$ No information. 
( ) No detailed information, only the range has been published. 

: 

How close to 
flooding? 

~~‘,<,/%““d WI 

$ 

(< 100) 

(Nusselt’s equation for mean values along a hori- 

zontal tube) 

Nu* = 0.65l(L/d)“” Rem”‘. (15) 

(c) Turbulent film flow, vertical tube (Re > 325) 

(according to McAdams) 

NM* = 0.0134Re”.4. (16) 

5. RESULTS AND DISCUSSION 

5.1. Diagrams 
All the experimental data (Table 2) have been evalu- 

ated and plotted in double logarithmic diagrams as 
Nu* vs Re,. The results are given separately in Figs. 
l-7 for the various fluids. Three straight lines are 
included which represent correlations for heat 
transfer : 

(a) In the laminar range, Nusselt’s theory 

Nu* = 0.925Rem ‘13. ‘p (7) 

(b) In the laminar-wavy range (2 < Re, < 1333 
x Pr;’ 9h) following Uehara et al. [58] 

Nu* = 0.884Re- ‘I“. c1 (17) 

(c)In the turbulent range (1333Pr;“.96 < Re,), also 
provided by Uehara et al. 

Nu* = O.O44Pr*” Re’16. 1 ‘p (18) 

The figures for all the fluids, besides water, show that 
the data points follow equations (17) and (18), with a 
scatter which is pretty large in part. 

Uncertainties in measurements? Deviations may be 
due to uncertainties in the measurements. Details of 
the measuring technique are missed in most of the 
experimental publications. Nevertheless there is some 
possibility to check whether a data point is uncertain 
or not. The maximum error in condensation heat 
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FIG. 1. Reflux condensation heat transfer with water. 
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FIG. 2. Reflux condensation heat transfer with methanol, acetone and Dowtherm A. 
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FIG. 3. Reflux condensation heat transfer with ethanol. 
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FIG. 4. Reflux condensation heat transfei with RI 1. 
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FIG. 5. Reflux condensation heat transfer with RI 13. 

FIG. 6. Reflux condensation heat transfer with R22 and R115. 
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transfer measurements is usually due to uncertainties 
in the measurement of temperature differences, 
especially if they are small. All the data points have 
been scanned with respect to the driving temperature 
difference in order to check such sources of uncer- 
tainty. Some points found with AT < 0.5 K (some- 
times even AT < 0.2 K) are plotted in parentheses 
(Figs. 1, 2 and 5). No significant deviation from 
‘normal’ points can be observed. 

(c) In the intermediate range of Reynolds numbers, 
for laminar-wavy film flow, an increased heat transfer 
coefficient is obtained from equation (19) when com- 
pared with equation (7). This accounts for the wave 
effect and shows reasonable agreement with various 
wave factors from literature (see ref. [40]). 

D@rentJEuids show d@rent behaviour. In the case 
of water (Fig. 1) equation (7) seems to be an upper 
bound to the data, which are not seldom smaller than 
the predicted values by almost one order of magni- 
tude. This holds also for Dowtherm A (Fig. 2) in a 
similar way. The ethanol data (Fig. 3) prove to agree 
much better with the plotted equations, and even an 
indication for transition to turbulence can be 
observed. Rll (Fig. 4) shows a similar behaviour, 
however quite a lot of data points from refs. [24,34] 
are obtained above equation (17). The results with 
Rl13 clearly show, that most of the measured data 
follow equation (17) and exceed predicted values from 
equation (7) (Nusselt’s theory) due to wave formation. 
There are again some data points, which show an 
extremely large enhancement of heat transfer (com- 
pared to equation (17)). The R22 data (Fig. 6) have 
been obtained from experiments within an almost 
horizontal tube (cp = SS”). They are well fitted by 
equation (7) in the chosen kind of diagram with Re, 
as the abscissa. Almost all of the Rl15 and Rl3Bl 
data (Figs. 6 and 7) are found to be well above equa- 
tions (17) and (18). A deeper analysis (given in ref. 
[35]) pointed out that the deviations increase when the 
pressure is raised towards the critical point. 

(d) Averaged thickness and velocity of the con- 
densate film are smaller in an inclined, rather than in 
a vertical, thermosyphon if, e.g. Re (equation (1)) is 
kept constant. This is accounted for by application of 
the modified Reynolds number Re, (equation (8)) 
corresponding to the analytical solution for laminar 
film flow. However, Re, is also applied to turbulent 
films. The decrease of film thickness and velocity with 
increasing inclination from vertical, may yield to a 
laminarization of the film flow if Re, is not too far 
from turbulent-laminar transition. The inclination 
effect as described by equations (6~(8) has been 
experimentally confirmed by refs. [ 14,351. 

(e) It has been found from my own experiments 
[35,40,41] at high pressures (up to the critical point : 
0.4 < p* < 1.0) that condensation heat transfer 
coefficients increase for constant Reynolds number if 
the pressure is raised. This enhancement close to the 
critical point has been explained by an intensification 
of the wave formation, which is affected by viscosity 
and surface tension providing damping and smooth- 
ing effects, respectively. These effects diminish if 
the critical point is approached, as liquid viscosity 
decreases to a finite small value (neglecting critical 
anomaly) and surface tension becomes zero in the 
critical state. Wave formation is favoured by both of 
the effects yielding a complete desolution of the 
closed film structure. This has been visually observed 
[42] in a thermosyphon made from glass. 

5.2. Recommendation for a prediction scheme 
All the numerous experimental results can be cor- 

related by an equation, which is based on relations 
well known from literature 

Nu* = (Cr, N~,*q.,)*+(N~,*q.,~)*)“* (19) 
with 

Nu,*q., = 0.925Re; ‘I’ 

Nu,*,. IS = 0.044Pr2” Re’16 1 ‘p 

f, = l/[l -0.63p*‘-‘1 

(f, approaches unity for p* < 0.3). 

This correlation has been published previously by the 
present author in a modified form [35,40,41]. It is 
able to meet the following limiting cases : 

The agreement between experimental (Table 2, Figs. 
l-7) and predicted heat transfer coefficients (equation 
(19)) is shown in Table 3 which also includes the 
respective information for the correlations recom- 
mended by ESDU [16] and by Uehara et al. [58]. 
Equation (19) is found to correlate almost 50% of all 
the data within deviations of + lo%, whereas the 
number of data points outside f30% is very small. 
The success of the ESDU correlation is worse, by far. 
This keeps true, if the high pressure data from refs. 
[32,35] are cancelled and only data points at pressures 
p < 13 bar are evaluated (see the last three columns 
of Table 3). 

(a) At a very small Reynolds number (order of 
Re = 5 and below) and at a pressure which is not too 
large (jr* < 0.3) the film flow is laminar with a smooth 
interface. This is the limiting case where equation (19) 
approaches equations (7) and (4) (for a vertical tube) 
respectively. 

The remaining deviations between measured and 
predicted (equation (19)) values are still significant : 
4% of the experimental data are found to be below 
50%) i.e. measured values are much smaller than pre- 
dicted ones. It is also found that these strong devi- 
ations are restricted to a rather small number of 
experiments. There may be three main reasons for the 
deviations, namely the effects of: 

(b) At a very large Reynolds number the second l vapour shear stress at the film surface, 
term in equation (19) dominates, which represents l non-condensable gases inside the thermo- 
turbulent film condensation heat transfer [58]. syphon. 
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FIG. 7. Reflux condensation heat transfer with RI 3B1. 
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FIG. 8. Effect of the dimensionless shear stress at the liquid-vapour interface on condensation heat transfer. 
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P- 
FIG. 9. Pressure effect on measured condensation heat transfer coefficients in presence of non-condensable 

gases (water, [ 151 and [24,34]). 
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Table 3. Comparison between experimental and predicted condensation heat transfer coefficients inside a thermosyphon 

Present 
work 

ESDU 
[161 

Uehara 
[581 

Present 
work 

ESDU 
[I61 

Uehara 
P81 

equation (19) equation (4) equation (17) equation (19) equation (4) equation (17) 
equation (15) equation (18) equation (15) equation (18) 
equation (16) equation (16) 

Percent of the total number 

of all data points of data with p < 13 bar 

* 10% 46.4 18.9 28.8 26.8 19.4 29.6 
+20% 74.9 37.8 50.0 55.5 38.0 50.7 
&30% 87.1 54.6 66.7 75.8 53.7 63.8 

< - 50% 3.8 6.4 5.8 5.9 7.1 7.3 
> + 50% 1.4 14.8 7.0 2.3 15.1 2.9 

l partially flooding the cooling zone by liquid due 
to superfilling. 

This will be analysed in the next three sections. 

5.3. Effect of vapour shear stress at thejibn surface 

One reason for the deviations may be due to vapour 
flow effects. Calculations with advanced models 
[27,28,36] brought out the impeding vapour shear 
effects on laminar film condensation heat transfer. 
The most serious effects are found with water at low 
temperature due to small vapour density and thus 
high vapour velocity. Heat transfer coefficients may 
decrease by 30%, depending on the assumed exper- 
imental conditions. In ref. [33] the vapour flow Froude 
number is assumed to be the main parameter of influ- 
ence, and Fr,, = 500 seemed to be a critical value for 
sensible deviations (> 3%). Contradicting results are 
obtained from other models. In ref. [27], for example, 
deviations are obtained for Fr”,, = 5 which amount to 
10%. So the Froude number seems to be no unique 
criterium for deviations. 

The shear stress at the liquid-vapour interface plays 
the key role for vapour-flow effects on heat transfer 
coefficients. Following ref. [63], the shear stress 
between a falling liquid film and a counter current 
vapour flow can be expressed as 

r = (5/8)P”WL (20) 
with 

5 = 358/Q2 +0.205/Q”.25 

Q, = c(Re,,lR~)(~,l~,)2’5(rl,lrl,)2’3(2~/~)”2 

where 

c = 4.76 and n = 315 for Re 2 40 

c = 1.31 n = l/4 for Re < 40 

and 

6 = 1.446, Re’13 for Re < 516 

6 = 0 3036 Re0.583 . Y for Re > 516. 

Finally the shear stress (equation (20)) is written 

dimensionless as 

r* = r/(0, -P,)&). (21) 

Contrary to the Froude number, equation (21) con- 
tains the effect of liquid viscosity, which must be a 
relevant property when falling film behaviour is 
studied. 

Maximum shear stress arises at the locus of 
maximum vapour velocity, i.e. at the lower end of the 
cooling zone. The dimensionless shear stress 7* has 
been evaluated for all the data points and it is found 
to be very small (0.005 < 7* < 0.1) in most of the 
experiments. However, there are quite a number of 
points where 7* = 0.5 is exceeded. Equation (19) 
proves to be a reasonably good correlation for the 
range z* < 0.5 (agreement within + 30%) whereas 
deviations grow for 7* > 0.5 with increasing shear 
stress. This can be observed in Fig. 8, where the ratio 
between measured and predicted Nusselt numbers is 
plotted vs 7*. The diagram includes a total of about 
200 data points taken at a large shear stress. Although 
the data scatter in a wide range, a significant effect 
of 7* is obtained, which can be approximated for 
z* > 0.5 by the following expression represented as 
a through-line in Fig. 8 : 

Nu*/Nu,*,,,, = (27*)-O.’ = 0.71/~*‘.~. (22) 

Within the entire range of shear stresses a super- 
position of Nu* = Nu,*~.,~ and equation (22) is rec- 
ommended, plotted as a dashed line in Fig. 8 

Nu*/Nu&, = (1+4~*~))‘.*‘. (23) 

5.4. Eflect of non-condensable gases 

Non-condensable gases accumulate in the upper- 
most part of the cooling zone. They act here as an 
additional resistance for mass diffusion, an effect 
which depends on the total amount of non-con- 
densable gases and on their local concentration. 

In the course of the filling procedure of a thermo- 
syphon tube, everything must be done to avoid 
non-condensable gases by repeatedly evacuating and 
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rinsing. The working fluid has to be degassed by freez- 
ing and evacuating before it is filled in. 

However, working fluids like water and alcohols 
have saturation pressures pretty far below ambient 
pressure in a wide range of temperatures (see Table 

2). Small leakages may cause penetration of air during 
the filling procedure and in operation. Chen et ul. [27], 
for example, found from experiments with water and 
methanol as working fluids, that deviations from 
Nusselt’s theory are much larger at pressures below 

ambient than around p = 1 bar (Chen’s data at p < 1 
bar cannot be evaluated here as only the pressure 

range has been published but not individual values). 
Another reason for the presence of non-condensable 

gases are chemical reactions between fluid and wall 
material, an effect which depends on temperature and 
time of operation. The best known reaction between 
the materials studied here is the water/steel reaction 
yielding hydrogen. In almost all the water experiments 

(Table 2) steel has been used as the wall material, with 
ref. [18] as the only exception. Age, time and kind of 

operation of these thermosyphons are not known, but 
generally the probability of a reaction increases with 
temperature. This could be an explanation as to why 
maximum deviations from theoretical predictions 
(Fig. 1) are observed just in experiments at elevated 

temperatures [9,24,34]. 
The effect of non-condensable gases has been 

studied intensively in a small number of inves- 
tigations. Spatial distributions of vapour temperature 

[6] and gas concentration [43,4.5] brought the idea of 
subdividing the vapour space into three regions : pure 
inert gas atop, followed by a mixing zone with con- 
centration gradients, which are strong in radial but 
weak in axial direction, and finally, pure vaporized 
working fluid below. The most simple theoretical 
models are one-dimensional (axial) neglecting the 
mixing zone. The pressure effect on the expansion of 
the inert gas region is then calculated (e.g. in ref. [6]). 
There are advanced concepts considering the effects of 
mass transfer inside the mixing zone due to molecular 
diffusion in the presence of a laminar vapour flow 
[3 1,47,64,65]. However. the vapour flow is rather tur- 
bulent than laminar in practice. Therefore, Takuma 
et al. [29] studied numerically the mass transfer 
behaviour in the case of a turbulent vapour flow. As 
a result they obtained a significant effect of heat flow 

(i.e. an effect of vapour Reynolds number Re,,) on 
both mass and heat transfer. This is not a new experi- 
ence. Renker [66] observed the same effect in cocurrent 
condensation and he suggested an equation which 
includes the ratio between the partial pressures of the 
components and additionally the vapour flow Reyn- 
olds number Re,, 

Now back to the results from thermosyphon exper- 
iments. Looking to Figs. l-7 one can observe devi- 
ations between measured and predicted Nu* which 
seem to be most serious for water. There should be a 
pressure effect, but it cannot be found due to the 
limited number of experimental data. In ref. [9] press- 

ure is not given, it is constant (p = 1 bar) in ref. [27], 
and the results in refs. [18,19] should stay out of 
consideration due to uncertain accuracy of the 

measurements. The remaining results of Bezrodnyi 
and Moklyak [24,34] and Harada et ~11. [ 151 do not 
correlate with the pressure: the deviation between 
measured and predicted data, plotted in Fig. 9, shows 

a wide range of scatter, but not a distinct pressure 
effect. However, at a constant pressure the deviations 
decrease monotonically if heat flow rate is increased. 
This is shown in Fig. IO where Nu*/Nu,*, , 9 vs Re,,, is 
plotted. 

Reynolds number indicates a mostly turbulent 
vapour flow (Re,, > 2300) and may thus serve as a 
measure for turbulent mass transfer and the resulting 
mixing effect. Deviations between measured and pre- 
dicted results decrease if Rev0 is raised (Fig. 10) as 

indicated by straight lines with a slope of n = 0.5. This 
behaviour has been found for various fluids in the 
experiments done by two other authors : Suematsu et 

al. [9] with water and Dowtherm A (Fig. 1 l), Andros 
[13] with Rl13 and ethanol in an annular thermo- 
syphon (Fig. 12). 

There are some reasons to assume the existence of 
a critical Reynolds number (Re,o,t,ans), above which 
deviations between experiment and prediction 
diminish. Figure 12 especially supports this idea (Re,, 

is calculated by means of the hydraulic diameter of 

the annulus). The deviations are approximately pro- 
portional to Re&j in the range below Re,,o,t,ans. The 
actual value of Revo,t,ans varies from data set to data set 
but mostly it ranges around lo4 < Revo,,,ana < 2 x 104. 
The maximum value is found in case of Harada et al.‘s 

data [I 51 (Revo,trans = 105, if extrapolation according 
’ 5 to Rev0 is applied) and the minimum in the an- 

nular-thermosyphon experiments [ 131 with RI 13 and 
ethanol (as listed in Table 4). 

Further evaluation of the non-condensable gas 
effects based on the available material does not seem 
to be sensible as the actual gas concentration has not 
been reported in all the publications on heat transfer. 

5.5. Epct qfpartially flooding the cooling zone due to 
super$lling 

In general the mass of fluid filled into a thermo- 
syphon has no effect on cooling-zone fluid flow and 
heat transfer. However, this is no longer valid if the 
level of the two-phase mixture in the lower part of the 
thermosyphon is raised above the heating zone. This 
may be due to : 

(a) superfilling or 
(b) an increase of void fraction inside the two-phase 

mixture in the lower part of the thermosyphon. 

Depending on the length of an adiabatic section, 
the liquid level may rise into the cooling zone 
[I 1,13, 14,36,39]. In this situation filmwise con- 
densation is restricted on the remaining vapour space 
above the level. In the flooded part of the cooling 
zone, condensation may only occur inside the vapour 
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FIG. 10. E&t of vapour flow Reynolds number on condensation heat transfer coefficients in presence of 
non-condensable gases (water, [15] and [24,34]). 

FIG. 11. Effect of vapour flow Reynolds number on condensation heat transfer coefficients in presence of 
non-condensable gases (water and Dowtherm A, [9]). 

FIG. 12. Effect of vapour flow Reynolds number on condensation heat transfer coefficients in presence of 
non-condensable gases (RI 13 and ethanol, [13], annular thermosyphon). 
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Table 4. Critical vapour flow Reynolds number as an upper 
limit for non-condensable effects on condensation heat trans- 

fer as measured in the thermosyphon experiments 

Author Working fluid Reva,tians Remarks 

[91 water 5000 assumed I, = 100°C 
Dowtherm A 20000 assumed t, = 300°C 

u31 ethanol 300 annulus d = dhydi 
RI13 800 annulus d = dhydr 

[I51 water 100000 by extrapolation 
[24, 341 ethanol 5000 

water 20 000 
Rll 15000 

[271 methanol 10000 

bubbles coming from below. An additional effect in 
an inclined tube is due to surging liquid which is free 
of vapour bubbles. Local temperature measurements 
[3, 181 brought strongly impeding effects on heat 
transfer. 

The deviations in Figs. l-7 may be partly due to 
such flooding effects. Supertilling occurs in some of 
the experiments in refs. [24,34] with water, ethanol, 
Rll and in refs. [13,14] with ethanol and Rl13. In 

such situations Nusselt’s theory is no longer applic- 
able and one wonders at the measured heat transfer 
coefficients, which are of the same order as those in 
filmwise condensation. The respective ethanol, Rl 1 
and Rl13 data are found in the upper part of the 
scatter (to some amount above equation (17) in Figs. 
3-5), whilst the water data are below equation (17). 

Andros [ 131 suspected “enhanced condensation 

below the level with the effect that less vapour is 
available for filmwise condensation” : thickness of the 
film would then decrease and heat transfer coefficients 
increase. The idea behind this statement has not been 
discussed in detail. Fraction and distribution of void 
seem to be essential for heat transfer, with large 
coefficients if the liquid film remaining between a 
rising bubble and the cooled wall is thin. 

Bezrodnyi and Moklyak [24,34] suggest two cor- 
relations for the case of partial flooding of the cooling 
zone 

Nu* = 0.1PrF54 0.04 < !+&/P,) < 1.5 (24) 

Nu* = 0.07Prp 54(Fr&v/p1))o D 

1.5 -C Frb(pv/pI) < 2.5 (25) 

with the Froude number for bubbly flow Frb = 
w$,/@d,,). No detailed investigations are reported for 
this case. The exact position of the two-phase level 
is not given in refs. [24,34], nor any information 
whether the mode of operation was stationary or the 
process of flooding was periodical. 

Anyway, flooding of the cooling zone has to be 
avoided if ever possible. There is no need for super- 
filling the tube. 

6. CONCLUSIONS 

A correlation (equation (19)) is suggested for the 
prediction of condensation heat transfer inside a thermo- 
syphon. Shear stress effects due to vapour flow 
may be neglected in the range T* < 0.5 (see equations 
(20) and (21)). If the dimensionless shear stress 
exceeds 7* = 0.5 , the recommended correlation 
should be supplemented by an additional factor 

(equations (22) and (23)) which considers the deteri- 

oration of heat transfer. Special care is required to 
avoid non-condensable gases. 
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TRANSFERT THERMIQUE DE CONDENSATION DANS UN THERMOSYPHON FERME 

R&urn&On examine le transfert thermique de condensation dans un thermosyphon biphasique et on fait 
une description detaillee de 1’8coulement du fluide, ainsi qu’une revue des Ctudes expkrimentales et thCo- 
riques. On a BvaluC 18 travaux de recherche et trait& 2889 points de mesure couvrant des larges domaines 
des paramttres thermiques et gkom&triques: 10 fluides de travail diffkrents, temptrature de saturation 
(14°C < t, 4 34O”C), pression (0,04 $ p < 39,5 bar), diamttre intCrieur du tube (14 4 d ,< 66 mm), long- 
ueur de la zone refrigkrante (102 < L < 2450 mm), et l’angle d’inclinaison (0” < cp < 85’). Des formules 
sont proposees pour les transferts thermiques de condensation dans un thermosyphon biphasique. Les 
dkviations constattes sont dues aux effets du cisaillement g l’interface liquide-vapeur, des gaz incondensables 

et du reflux partiel dans la zone froide dans le cas d’un remplissage excessif du thermosyphon. 

WARMEUBERGANG BEI RUCKSTROM-KONDENSATION IM 
GESCHLOSSENEN THERMOSYPHON 

Zusammenfassung-In der vorgelegten Arbeit wird der Wlrmeiibergang bei Kondensation in einem Zwei- 
phasen-Thermosyphon analysiert und beschrieben. Grundlage dafiir bilden die zahlreich in der Literatur 
vorhandenen experimentellen und theoretischen Untersuchungen. SImtliche in der zuglnglichen Literatur 
verfiigbaren und auswertbaren Versuchsergebnisse fiir den WBrmeiibergang werden gesammelt und geord- 
net. Aus 18 Arbeiten wurden 2889 Versuchspunkte entnommen, die weite Parameterbereiche abdecken : 
10 unterschiedliche Arbeitsfluide, Slttigungstemperatur (14°C < t, < 34O”C), Druck (0,04 < p < 39,5 bar), 
Innendurchmesser und LTnge der Kiihlzone (14 $ d < 66 mm ; 102 < L =Z 2450 mm), Neigungswinkel 
(0” < rp < 85’). Es wird eine Berechnungsgleichung fiir den WLrmetibergang bei Kondensation vor- 
geschlagen, die gut mit den Versuchsdaten korreliert. Verbleibende Abweichungen werden auf den Einflul3 
der Schubspannung an der FilmoberflLhe infolge der Gegenstriimung von Dampf, auf nicht-kon- 
densierbare Gase sowie auf eine partielle Uberflutung der Kiihlzone bei Wahl einer zu grol3en Fiillmenge 

zuriickgefiihrt. 

TEI-IJIOI-IEPEHOC I-IPll KOH~EHCAI&iW B 3AMKHYTOM TEPMOCH@OHE 

A,&e~cn -3 TennonepeHoca npn ~ome~camm B ~~X+UHOM TepMoc@oHe, aIcRK)saIo- 
II@ nonpo6eoe omswe Teqem ~~AX~CTE, a T-e 0630~ OII~~JIEKO~ 3KcnepHMeHTaJIbHbIx H 
Teope.mecKax EicCmXOBad. npasowrcn pe3ynbTaTbI anrr 2889 penepEbrx ToSeX, nony¶exiHbIe B 18 
~CUleLIOBaTeJIbCKIM pa6OTaX, &ml CJIe~mEx IlIE&lOKEX JWBlla30HOB TelIJlOBblx A lXOhf~EW!CKHX 
IIBpahWTpOB : lo pa3JlEWbIx pa6onw xwwcreii, Tewwpawpu H~C~III&HBII 14°C Q t, d 34O”C, nanne- 
HH~ 0,04 Q p < 39,s 6ap, nHyTpe.mero ~ula~eqa ~py6~.1 14 < d < 66 MM, AJIEHIJ 30trb1 oxnmemn 
102 Q Z. < 2450 MM II yrna mtnoHa 0” d cp Q 85”. I@eanoxeHbl o6o6marox,mie cooniomemm LUI~ Ten- 
JlOllel%X%Xa IIpX KOW.@HCal@iU B .UEl~8#U3HOM T~MoCH@Xie. PacXOnnetIHa O6J’CJlOBJIeHbI CJIe~lUHhfH 
3t#+zxTahm: K~LC~T~JI~HOTO Hanpnneman Ha rpBmiue pa3nena nwxocrbnap, BeKoHnexcapymlrmxcn 

KX30B H ~acwmoro 3BTOlIJleHHII 30HbI 0xnagLIemix B cnynae ,‘,epenOnHeHAn TepMocm$oHa. 


