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Abstract-In the paper the results are presented of the study on heat transfer, hydraulic resistance and heat- 
transfer crisis for two-phase water-vapour and air-water flows in circular tubes, 5-34 mm i.d., the relative 
length being within 45-100 diameters. The tests were carried out within the following range of parameters 

specific heat flux q = 3. 105-3. lo6 kcal/m’h; 
pressure in a test section P = l-36 atm; 
mass velocity wy = 18IT5400 kgjm’h; 
steam quality x = OOW999. 

The study has two aspects : 

1. The heat-transfer mechanism and resistance in a two-phase flow have been studied. (Distribution of 
liquid and gas phases over the tube cross-section; mass transfer between the wall film and the liquid 
suspended in the flow core ; measurement of liquid film thickness and the process of wave formation at the 
film surface.) 

resistance have been studied to obtain particular engineering recomen- 
dations. 

2. Heat transfer and hydraulic 

NOMENCLATUBE 

mean concentration 
liquid in mixture ; 
channel diameter ; 
channel length ; 
pressure ; 

of suspended 

velocity of circulation ; 
mean velocity of mixture; 
Weber number ; 
steam quality ; 
heat-transfer coefficient ; 
kinematic viscosity ; 
film thickness ; 
surface tension ; 
density. 

AT PRESENT it appears reasonable to use a two- 
phase gas or vapour-liquid flow of high gas 
content moving at high velocities (up to lOO- 
150 m/s) for cooling highly forced devices. At 

some particular velocity mixture forms uniform 
emulsion (mist) in a flow core. Under these 
conditions the heat-transfer surface is per- 
manently streamlined with a thin liquid film. 
The intense mass transfer between the wall and 
flow core provides high cooling rate. 

Heat transfer in channel two-phase flows is 
known to be of complicated nature. In particular, 
the ordered motion affects heat transfer rate 
even when boiling occurs on walls. The velocity 
effect depends on the relationshi@ between 
turbulent disturbances in a wall layer due to the 
ordered motion of the two-phase flow and 
vapour generation. The account of these effects 
is hampered by different flow regimes (nucleate, 
plug, slug, disperse-annular) of two-phase mix- 
ture in tubes. Hence the different nature of heat 
transfer changes may be supposed. It should 
also be noted that in a general case mean 
velocities of phases (liquid and gaseous) are 
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different, due to the so-called “slip”. That is 
why the true gas content (fraction of the section 
occupied with gas) differs from that calculated 
by flow rate. 

The modem state of knowledge on heat 
transfer and hydraulics of two-phase systems is 
well reflected in review papers [l-3]. Of great 
variety of two-phase flow forms, the present 
paper deals mainly with a disperse-annular flow. 

In the paper the results of investigation into 
heat transfer, hydraulic resistance and heat 
transfer crisis of two-phase vapour-water and 
air-water flows in circular tubes 5, 8, 12, 16, 
18, 12, 9, 21, 27.7 and 34 mm i.d. are presented. 
The relative tube length ranged from 45 to 100 
diameters. 

over the channel section (liquid velocity and 
concentration fields) ; 
(2) liquid exchange between solid film on the 
wall and suspended liquid in the flow core; 
(3) thickness of liquid film and process of wave 
formation on its surface. 

It was found that when loading the flow with 
liquid, the gas velocity profiles become less 
complete. In the flow core the density of two- 
phase mixture over the channel section may be 
considered stabilized at a distance of I/d = 30 
from the location of liquid injection. Under the 
same conditions the amount of liquid in the wall 
film may also be considered constant along the 
channel length. 

The experiments were carried out within the 
following range of parameters : 

specific heat flux 4 = 3.10’-3.0. lo6 kcal/m2h ; 
pressure in working section P = l-36 atm; 
reduced velocity of two-phase flow 

%I = 5-250 m/s ; 
velocity of circulation w0 = @2-6 m/s ; 
mass velocity wy = 180-5400 kg/m2h; 
steam quality x = 005-0999. 
Two trends have been kept in researches : 

In case of suspended liquid in the flow core 
this points to the equal amount of liquid falling 
out onto the film surface and then detaching 
from it. It was established from the experiments 
with air-water mixtures at atmospheric pressure 
and isothermal conditions that at flow velocity 
of 60-18Om/s the amount of liquid falling out 
per unit channel surface GI may be calculated 
by the formula 

1. The study of physical phenomena ac- 
companying disperse-annular flow of gas-liquid 
mixtures in circular channels ; 

2. The experimental study of the problem 
under conditions close to reality to obtain 
particular engineering recommendations. I. B. 
Gavrilov, A. G. Kryuchkov and B. S. Filipovich 
collaborated in this investigation. 

GI = a$w,,, (1) 

where w, is the mean velocity of mixture ; 
7 is the mean concentration of sus- 

pended liquid in a flow ; 
a,, is dimensionless coefficient of falling 

out. 

1. The mechanism of processes involved in 
disperse-annular flow was studied using ,air- 
water mixtures in horizontal channels at pressure 
and temperature close to atmospheric ones. 

Liquid was injected into the flow through a 
sprayer located at the channel axis. In the flow 
the volumetric water content did not exceed 
03 per cent. The weight phase ratio ranged from 
0 to 3 kg/kg. 

It was found experimentally that a0 depends on 
Re, = w&./v, and dimensionless concentration 
of liquid T/pig (ve is the kinematic viscosity 
of air; pi is liquid density at flow temperature). 
This relationship is presented in Fig. 1. In 
logarithmic coordinates the value of a,, decreases 
with increasing loading. The effect of drop size 
on the amount of liquid falling out onto the 
liquid wall has not been studied particularly. 
The range of drop sizes depends on the flow 
velocity in the channel. Under test conditions 
the arithmetic-mean drop size ranged from 8 
to 16 u. In Fig. 2, as an example, the range of 
drop sizes is shown obtained by the method of 
lieht scattering at small an&s under conditions 

Main attention was given to the study of: 
(1) distribution of liquid and gaseous phases --El--_ ___..~~~~~ _ 
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FIG. 1. a&$“75 vs dimensionless concentration of liquid 
suspension in a flow. 3.8. lo3 

Re* = !!!!! < M 
Pl 

(?) 

where A4 is gas viscosity &) to liquid viscosity 
(/A~) ratio, then the conditions required for 
detachment do not appear. Formula (2) was 
obtained experimentally [4] for air and various 
liquids, liquid being injected to the wall through 
slits in it. Liquid density ranged from OS to 
1.1 g/cm3, surface tension changed by, approxi- 
mately, 2 times (3.0-7.4). lo- ’ N/m; air velocity 
and viscosity ratio ranged from 50 to 200 m/s 
and from 20 to 2000, respectively. From 
formula (2) it follows, for example, that with 
constant viscosity and increasing gas velocity 

FIG. 2. Size distribution of drops in two-phase flow W, = the film gets thinner, velocity in it increases, and 
106 m/s, G, = 93 kg,/sm2 liquid flow rate remains practically unchange- 

able. 
In [4] it was mentioned that if a great amount 

mental works [4,5] are known presenting 
cinematographic and visual investigation of 
incipient drop entrainment from the film of 
liquid carried away by a turbulent flow along 
the plate. 

It was pointed out that drop detachment 
resulted from long-wavelength disturbances 
appearing on the surface. 

If the film thickness 6 and mean velocity 11 
in the film attain such a value that 

shown in the figure. Dimensionless distance of liquid is supplied to the plate surface, so that 
[y&/p)/v] (4) that can be covered by mean- Re,, > Re*, the incipient entrainment (spraying) 
size particles due to inertia in accordance with of liquid from the surface depends on the air 
the Stokes resistance law was more than 30 at velocity and liquid surface tension. For the given 
all times. liquid, the air velocity for entrainment to occur 

Treatment of velocity profiles of gas with appears to be the lower, the greater the liquid 
suspended liquid using generally accepted flow rate. 
methods for a one-phase flow in rough tubes The researches of a disperse-annular channel 
(which we are not concerned with in this paper) flow carried out by the present and other 
shows that the turbulence constant x for a authors [6, 71 showed that in a wall layer the 
two-phase flow is less than that for a one-phase liquid flow rate increased with its total content 
flow. in the flow and decreased with increasing gas 

The problem on liquid distribution between velocity. 
the core and wall layer, stability of motion of For any total liquid flow rate there is some 
the layer with drop detachment from the film minimum liquid flow rate in a wall layer, which 
and their entrainment by the flow has no is attained at high flow velocities and remains 
theoretical solution at present. Some experi- constant with velocity increasing. 
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FIG. 3. Re,,Re;’ 55(p,ad~,‘~- o 2 vs Weber number for different channel diameters. 
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FIG. 4. Liquid film thickness on channel wall vs mass 
velocity of gas d = 27 mm, P = 1 atm. 

The Re, number corresponding to the mini- 
mum flow rate is referred to as a limit one. 
According to the data of the present paper 
authors, for moving air-water mixtures in the 
channel the limit Reynolds number corresponds 
to Re* calculated by formula (2) within +lO 
per cent. 

For isothermal flow conditions in horizontal 

circular channels, experimental relationship is 
obtained 

Re,,=j(Re,.We,f$) 

We = p,tid/o is Weber number; CJ, is surface 
tension ; d is channel diameter ; Re I = G,/ndp# is 

Reynolds number calculated by the total liquid 
flow rate. 

This relationship is presented in Fig. 3. 
Within k20 per cent it may be described by the 
formula 

Re 
Pl 

= 8.2 ~~0’55~~-0’4 
1 (3) 

Formula (3) is valid while Rep, > Re* (at flow 
temperature of 20°C Re* = 70). 

It is seen from formula (3) that the We number 
at which Rep, is equal to 70, increases with the 
total liquid flow rate. In experiments the Weber 
number ranged from 200 to 20000. 

Figure 4 shows variation of film thickness of 
liquid moving over the wall of a horizontal 
channel depending on the air flow rate, the 
water flow rate being the same. The measure- 
ments have been carried out on a lower 
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generating line of the circular tube by the probe 
method. In the figure the lower line shows the 
thickness of a continuous liquid layer, and the 
upper one corresponds to !50 per cent the time 
of the probe and liquid contact. The change in 
the liquid layer thickness becomes less with 
increasing flow velocity. The disturbances of the 
film surface are retained even at high velocities, 
though being smoothed a little. 

These investigations make it possible to 
suppose that increasing hydraulic losses in a 
dis~rse-adult flow are due to the acceleration 
losses of liquid detaching from the film surface 
and losses occuring when the flow core is 
moving relative to a greatly disturbed film 
surface, rather than due to decrease in the 
effective channel section because of the presence 
of liquid film on the wall. Total losses are 
determined experimentally. These losses may 
be divided into component only through 
calculation. Such a calculation has been per- 
formed. By experimental determination of the 
amount of liquid suspended in the flow and 
neglection of the phase slip in the flow core, the 
losses for longitudinal flow acceleration may be 
calculated. 

The losses for acceleration of detaching liquid 
were calculated by assuming that the amount 
of liquid detaching from unit film surface and 
that falling out onto it are equal. The latter, as 
was already noted, has been determined experi- 
mentally (see formula (1)). The liquid is con- 
sidered to be accelerated from the velocity on 
the film surface to the mean flow core velocity. 

The calculations showed that the fraction of 
losses for acceleration of detaching liquid did 
not exceed 30 per cent of the total pressure losses. 
Dominating are the losses when Ilow core is 
moving relative to the “rough” film surface. 
This, probably, may explain some success of a 
homogeneous flow mode when calculating 
hydraulic losses and heat transfer for two-phase 
mixtures. It should be noted here that the 
resistance coefficient will be a complex function 
of the flow rate, viscosity and surface tension 
of liquid, since the film surface roughness 

depends on regime parameters and liquid 
properties. 

Cinematographic investigation of the 
surface of a plate under heating located in the 
initial section of a two-phase flow showed that 
the heat transfer crisis and burnout of plate are 
associated with liquid film drying out on its 
surface. This may occur if the amount of heat 
supplied exceeds the heat spent for evaporation 
of falling out liquid. In this case the critical 
heat flux for vapour-water mixture may be 
calculated by formula 

+ GPIO (4) 

where Ai is heat ‘of vaporization ; G,, is amount of 
liquid suspended in a flow at channel entrance; 
1 is channel length. Formula (4) includes two 
empirical values ; a, is coefficient characterizing 
falling out ; Gpio is liquid flow rate corresponding 
to mixture conditions at the entrance. 

In Fig. 5 the critical heat flux versus water 
mass flow rate is plotted for various vapour 
flow rates. In the section the mean pressure was 
3 atrn, the section being heated by alternating 
current. In this figure the lines are drawn by 

d =5mm 

FIG. 5. qc. vs water and vapour mass flow rate within 
entrance working section. 
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formula (4). It is seen from the figure that 
experimental points are concentrated, though 
with sufficient scatter, near the calculation lines. 

A similar formula may be derived for a gas- 
liquid mixture. The liquid flow rate on the wall 
and hydraulic resistance being known, the 
convective heat-transfer coefficient for disperse- 
annular gas and vapour-liquid mixture flow 
may be calculated by usual methods of the 
boundary-layer theory. Such a calculation was 
carried out on the basis of the above data and 
compared with the experiments on heat transfer 
at pressures not higher than 3 atm. 

These materials are not presented in the paper. 
But it should be noted that the results of 
calculation agree satisfactorily with experimental 
data. 

2. In order to obtain particular recom- 
mendations for calculation, heat transfer and 
hydraulic resistance of a two-phase vapour- 
water flow in channels have been studied 
experimentally. The experiments were carried 
out using an open circulation contour consisting 
of the following main elements : 

(1) working section (with electric heating) ; 
(2) mixer designed to obtain vapour-water flow 
with required degree of dryness ; 
(3) system supplying water and vapour of given 
parameters to the mixer. 

In the work wall temperature distribution 
has been studied and total pressure drop for 
given heat flux and definite two-phase flow 
parameters has been measured. For some flow 
regimes sharp deterioration of heat transfer was 
observed which nature was like that of crisis 
and proceeded, as a rule, at the end of the 
working section. The regimes of such a kind were 
not considered when the data were treated 
finally. 

Though at present there are more than 20 
relationships available in literature which are 
recommended to calculate boiling heat transfer 
under conditions of an ordered vapour-water 
flow in channels, all these formula are not 
universal and may be used only within particular 

range of parameters controlling heat transfer. 
Below two types of similar relationships are 
considered which, to the authors’ mind, are 
mostly spread in heat-transfer literature. 

The first type includes heat transfer equations, 
similar to the Martinelli equation, for calculation 
of the pressure drop. 

The equations of this type introduced for tube 
flow calculations by Dengler and Addoms [ 111, 
Guerrieri and Talty [12] and quite recently 
verified by Collier, Lacey and Pulling [13, 141 
for flows in annuli and longitudinally stream- 
lined rod bundles, are of the form 

” 

where Q is heat transfer coefficient at forced 
liquid flow without boiling, kcal/m’h”C ;-a< is 
calculated by formula 

-a,= 0023.;.Re0.8.Pro’4. (7) 

The above relationship does not account for 
the effect of the specific heat flux 4 on the 
boiling heat transfer rate, which is its advantage. 
To account for the q effect, a correlation factor 
should be introduced which is difficult to be 
calculated. 

In the Soviet Union the most known formulae 
presented by S. S. Kutateladze [lS] and L. S. 
Sterman [16]t are derived by analyzing the 
experiments with no marked effect of vapour 
content on heat transfer (experiments being 
carried out at small x). In this case at constant 
pressure the heat-transfer coefficient was deter- 
mined by the specific heat flux 4 and rate of 
circulation wo. 

The formula suggested by S. S. Kutateladze 

t Sterman’s formulae are analysed in detail by Collier. 
I. G. COLLIER. A Review of Two-Phase Heat Transfer (1935- 
1957). 
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for these conditions is of the form 

where ak is heat-transfer coefficient at forced 
liquid motion at velocity w,, without boiling, 
kcal/m2h”C; aoo is heat-transfer coefficient with 
boiling in channels for the region where circu- 
lation rate exerts yet no effect on boiling heat- 
transfer rate, kcal/m2h”C. 

As V. M. Borishansky, A. P. Kozyrev and 
L. S. Svetlova [l, 191 showed 

aoo = 07ab, (9) 

where 

abo = 3(P”‘14 + 1.83. 10-4p2)qo.7. (10) 

Relationship (8) is a rather satisfactory cor- 
relation of experimental data for the range of 
comparatively low vapour contents. At the 
same time, some works have appeared in 
literature recently presenting the results of heat- 
transfer investigations for the range of essential 
vapour contents (high-velocity flow). 

It was established that experimental data on 
heat transfer to a high-velocity two-phase flow 
lie higher than the values recommended by 
formula (8). An increase in the heat-transfer 
coefficient (for the case of intensifying effect of 

vapour content) over that calculated by formula 
(8) depends both on the rate of circulation and 
vapour content of a two-phase flow. 

Under these conditions the circulation rate 
w. cannot be used any longer as the only para- 
meter accounting for the effect of forced motion 
on heat transfer. 

The analysis of experimental data obtained 
for the region of higher vapour contents showed 
that they can be best generalized if the mean true 
velocity of vapour nucleus w” (with regard for 
phase slip) is assumed to be the characteristic 
one. This indicates, that the heat transfer 
increase at high velocities of a two-phase flow 
results from turbulizing effect of vapour nucleus 
on a liquid wall layer. In a number of particular 
calculations, however, it is difficult to determine 
the true vapour velocity. 

G. E. Kholodovsky [18], S. S. Kutateladze 
and M. A. Styrikovich [20] have showed that 
there is a single-valued relationship between the 
true vapour velocity and reduced two-phase 
flow velocity w,, in a wide range of gas-liquid 
flow parameters. In this connection the value 

W,= wo[l +Yx] 

attains a certain physical sense and may be used 
instead of tii, 

In Fig. 6, as an example, a typical dependence 

2- 

FIG. 6. Heat transfer coefficient vs mixture velocity and heat flux. P, = 19 atm. 
1)(-q= 300.103kc.al/m2h 
21;1-q= 500.103kcal/m2h 
30-q= 800.103kcal/mzh 
4 o - q = 1200. lo3 kcal/m2h 



11180 V. M. BORISHANSKY eta/ 

of the heat-transfer coefficient on the specific 
heat flux 4 and mixture velocity w, is plotted. 
Two limit regions may be distinguished in the 
dependence of the heat-transfer coefficient on 
4 and w,. At low velocities of a two-phase flow a 
is independent of w,,, and is determined by the 
heat flux on the heating surface (and, probably, 
by circulation rate we). The authors failed to 
reveal the effect of w,, on a because the effect of 
water convection on heat-transfer within the 
studied velocity range (wO < 5 m/s) proved to be 
insufficient as compared to the effect of heat 
flux (4 = 3.105-1.2.106 kcal/m’h). This as- 
sumption is verified by the fact that calculations 
carried out in this region (low values of w,,,) by 
formula (8) completely agreed with the experi- 
mental values of the heat-transfer coefficients 
(Fig. 7). 

For high reduced velocities w, heat transfer 
is no longer dependent on the specific heat flux 
q and when the pressure is prescribed it is 
determined only by w,,,. This indicates that in 
this region the effect of vapour nucleus velocity 
on boiling heat transfer is dominating. Between 
these two regions transitions is smooth. The 
nature of transition depends on the simultaneous 
effect of the mixture velocity w, and the specific 
heat flux 4. An attempt was made to qualitatively 
describe this transition by interpreting the 
experimental heat transfer data in dimensionless 
coordinates of the form 

_.Y_ = f (fy) (11) 

In this relationship a$ iS some conventional 
heat transfer coefficient calculated by formula 
(8). At present only very general observations 
can be made of the physical sense of the 
dimensionless complex (w,,, . r . y’)/q. For a 
disperse-annular high-velocity two-phase flow 
in channel the intensity of the nucleus effect on 
the kind of motion of the wall liquid film and, 
hence, on heat-transfer is proportional to the 
nucleus velocity or, with regard for the data of 
[18,20-j, to w,,, With such an approach the 
dimensionless complex (w,,, . I. y/)/q should be 
considered as the ratio of the value proportional 
to the mass velocity of liquid w,,,y’ to that of 
vapour q/r generated in the liquid wall layer. 

The results of treatment of experimental data 
in coordinates of (11) are presented in Fig. 8. 
In addition to the data obtained by the authors 
of the present paper on vapour-water mixture 
boiling in tubes 5-18 mm i.d., for the pressure 
range from 2 to 40 atm the results presented in 
[21-29) should be generalized. In the graph 
both the points obtained from experiments 
showing the effect of vapour content on heat 
transfer [21, 24, 291 and the points from the 
experiments where no such effect was observed 
[22, 23, 25-271 are plotted. It follows from the 
graph that the experimental points are satis- 

FIG. 7. Ratio a/apt for range of low mixture velocities. 
0 - q = 300 000 kcal/m*h 
A - q = 500 OCCI kcal/m*h 
q - q = 800 000 kd/m2h 
(3 - q = 1200 000 kcal/m*h 
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FIG. 8. Heat transfer from two-phase flow moving in tubes and channels (summary graph) 
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# - tube 0 8 mm; P = 170 atm; q = 200 _ 103-800. lo3 kcal/m2h 
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factorily concentrated around a single averaging 
curve, which may be described by the following 
empirical equation 

-!- =J[ 1 + 7.,0-Q(++]. 
UPk 

(12) 

Relationship (12) shows that the motion of a 
vapour nucleus of two-phase flow which intensi- 
fies heat-transfer, starts in case when the 
~mensionless complex (w, . r . ~‘)/q > 5. 104. 

This relationship is verified with experimental 
data in the following range of parameters : 

P = 2-170 kg/cm’ ; 

q = 70. lo3 + 5. lo6 kcal/m’h; 
w, = l-300 m/s. 

Thus, a single formula is obtained for 
calculation of heat transfer in tubes and 
chambers over the whole range of conditions 
without crises. 

The experiments on hydraulic resistance were 
carried out with smooth tubes of stainless steel. 
The absolute roughness did not exceed 3~ with 
internal tube diameters equal to 8 and 18 mm. 
The tests run both with isothermal flow and with 
heat release within the working sectron 
(4 = 3~~~~ kcal/m’h). 
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In literature for treatment of the experimental 
data on two-phase hydraulics it is accepted to 
present these data in dimensionless coordinate 
system 

$Jf =f(x). 

Here pzP is friction resistance in case of two- 
phase flow of given vapour content in a channel ; 
ApO is friction resistance in case of liquid flow 
(with saturation parameters) of the same mass 
flow rate. 

At zeroth vapour content (x = 0) the ratio 
Ap2JAp,, = 1 for any pressure, mass flow rates 
of heat-transfer agent and relative drop rough- 
ness, which favours the method. Its disadvantage 
is that for the second limit case (x = 1) the 
experimental data expressed in this coordinate 
system scatter depending on the pressure and 
relative roughness of the channel. Indeed, at 
x = 1 for a flow in rough tubes 

APZ, _ A,” 
- - G = Y’IY” =_f,(p) 
APO 

for a flow in smooth tubes 

It should also be taken into account that as 
far as hydraulic roughness is considered, the 
case may occur with real constructions when at 
x = 0 the channel is smooth, and at x = 1 it is 
hydraulically rough. 

Pressure (atm) 

Rough channel 

Ap” y’ - = -~ 
Appo Y” 

Table 1 

1 30 70 loo 150 

1650 56 21 12.8 65 

Smooth channel 745 35 14 9 49 

The figures listed in Table 1 give visual picture 
of variation of the ratio Ap”‘/ApO depending on 
pressure for vapour-water mixture. 

Thus, the authors think that the system of 
coordinates Ap,,,/Ap, is not quite successful 
to correlate the experimental data. In this 
connection in the present paper to correlate 
the experimental data the following system of 
coordinates is suggested 

F(x) = APZ, - APO 

A,” - Ap, 
(13) 

The suggested system of coordinates has the 
advantage that for any p, wy and 7 the limit 
values of the complex (Ap2, - Ap,)/(Ap” - Ap,,) 
are constant. 

Thus at x = 0 

A~2p - APO = APO - APO = o 
Ap” - Ape A,” - Ap, 

atx=l 

A~2p - APO = AP” - APO = 1. 
Ap” - ApO A,” - ApO 

In Fig. 9 the experimental data obtained in 
the present work are compared in coordinates 
(Ap2, - Ap,-J(Ap” - Ape) and X. It is seen from 
the graph that all the experimental points 
independent of pressure, channel diameter and 
specific heat flux are satisfactorily concentrated 
around a single averaging curve. The presence 
of a single curve of reduced friction losses F(x) 
allows development of a relatively simple 
procedure to calculate the hydraulic resistance 
coefficient for a two-phase flow in channels. 

To calculate the hydraulic losses for friction 
in case of a two-phase flow in tubes, it is generally 
accepted to use the Darcy-Weissbach relation- 
ship written in the form 

APZ, = 5, 
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FIG. 9. Reduced resistence vs vapour content. 

Otube~12mm;q=O 
0 tube pI 12 mm; q = /300-800. lo3 kcal/m’h 
l tube018mm;q=O 
9 tube 0 18 mm; q = /300-800. lo3 kcaljm’h 
* tube @ 8 mm; q = /300-800.103 kcal/m’h 

Definition of the reduced resistance (13) yields 

By equating relations (14) and (15), obtain an 
expression relating the hydraulic resistance For a two-phase flow moving in smooth 
coeffkients for two- and one-phase flows equation (16) may be written in the form 

1083 

(16) 

tubes 
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I+ 

5, = 5’-- 

[($)(+25&J - l].nx, ____ 
1+ q/ -1 x 

[U 1 Y 
For rough tubes 

l+ $ 
LO 1 - 1 .F(x) 

<, = 5’ ‘/ , . 

l+ ; -1 x 
LO 1 
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QUELQUES PROBLEMES DE TRANSFERT THERMIQUE ET D’HYDRAULIQUE DANS LES 
ECOULEMENTS BIPHASIQUES 

R&man prtsente dans cet article les rtsultats de I’Ctude du transfert thermique, de la rtsistance 
hydraulique et de la crise du transfert thermique pour des Ccoulements biphasiques eau-vapeur et air+au 
dans des tubes circulaires de 5-34 mm de diambtre inttrieur, la longueur relative variant de 45 a 100 
diam&res. Les essais ont tti faits dans le domaine suivant des parametres : 

flux thermique sp6cilique 4 = 3.105-3.106 kcal/m2 h 
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pression dans une section de mesure P = l-36 atm 
vitesse massique W, = 180-5400 kg/m2 h 
qualitb de la vapeur x = 0,054,999 

L’ttude a deux aspects 
1. On a ttudit le mecanisme de transfert thermique et la resistance dans un Ccoulement biphasique. 

(Distribution des phases liquide et gazeuse dam la section droite du tube; transfert massique entre le 
film parietal et le liquide en suspension dans le noyau de l’tcoulement; mesure de l’tpaisseur du film liquide 
et processus de formation d’ondes a la surface du film). 

2. On a ttudie le transfert thermique et la resistance hydraulique pour obtenir des recommandations 
particulibres technologiques. 

EINIGE PROBLEME DES WARMETRANSPORTES UND DES 
HYDRAULISCHEN WIDERSTANDES BEI ZWEIPHASENSTROMUNGEN 

Znsammenfasanng-In dieser Arbeit werden die Ergebnisse einer IJntersuchung iiber den Warmeiibergang, 
den hydraulischen Widerstand und die Warmeiibergangskrisis bei Zweiphasen-Wasser-Dampf- und 
Luft-Wasserstromungen in Kreisrohren von 5-34 mm Durchmesser und einer auf den Rohrdurchmesser 
bezogenen Lange von 45-100 vorgestellt. 

Die Versuche wurden tiber den folgenden Parameterbereich durchgefiihrt : 

Wlrmestromdichte 4 = 3. lOs-3. lo6 kcal/m’h; 
Druck in der Teststrecke p = l-36 ata; 
Massenstromdichte wj = 18&5400 kg/m2 h ; 
Dampfgehalt x = 0,05-0,999, 

Die Untersuchung erfolgt nach zwei Gesichtspunkten : 

1. Den Warmetibergangsmechanismus und den Widerstand in einer Zweiphasenstromung zu erhalten. 
(Verteilungen der Fliissig- und Gasphase tiber den Rohrquerschnitt; Massentransport zwischen dem 
Wandfilm und der in der Kernstrijmung verteilten Fliissigkeit ; Messung der Fltissigkeitstilmdicken 
und der Vorgange bei Wellenbildung an der Filmoberfhiche.) 

2. Den Wlrmeiibergang und den hydraulischen Widerstand im Hinblick auf spezielle Empfehlungen fir 
den Ingenieur zu betrachten. 

HEICOTOPbIE BOIIPOCbI TEIIJIOOBMEHA kl I%~PABJIWECkI HPB TEYEHIUI 
ABYXoA3HbIX nOTOKOB 

AHEOT~~~I-B CTaTbe mnaramcx peaynbrarbl nccne~osanan TennooT~asa, ra~pasnn- 
qecnoro CO~POTMB~~HHR II npnanca TenJtOO6Mena npn m3nHtertun ~nyx$aarroro napoBoflnHor0 
H B03AyXOBOAIIHOrO IIOTOKOB B KpyNlbIX Tpy6axAHaMeTpOM 5-34MM. OTHOCHTeJIbHaHjJJIMHa 

Tpy6 li3MeHFIJIaCb B IIpeAeJZiX OT 45 A0 100 KanH6pOB. &NI'bl IIpOBO~AJ%iCb B CJIeEyIOUeM 

~nanaaorie napaMerpon : yAeJlbH3R TelIJIOBaR HElrpy3K3 Q = 3.105-3.106 KK3JI/M2WC; 

AaBJIeHae B pa6oqer.t yYaCTKe P = 136 aTa; BeCOBaR CKOPOCTb wy = 180-5400 Kr/M2 sac; 
neconoe napocoAepHtarrae z = 0,0%0,999. 

~CCJIKAOBaHHfI IIPOBOAHJlllCb B AByX HaIlpElBJIeHUIlX: 

(1) I"i3yWfCR MeXaHSi3M TeIIJIOO6MeHa El COIIpOTElBJIeHHe B AByX+l3HOM IIOTOKe (PaCIIpe- 

AeneHne )KHAK~~~ II raaoo6paaaoi i$iaabr no ceqerrnro Katrana; 06Mert maAKocTbm memAy 

IIJleHKOti Ha CTeHKe II BaBeIIleHHOfi MEIAKOCTbKJ B FfApe IIOTOKa;H3MepeHUe TOJIQIIH HCMAKOtt 

IlJleHKRHX3p3KTepaBOJlHOO6pa3OB3HIlRHaee IIOBepXHOCTH). 

(2) Maysanacb TennooTAasa II rkiApasnmecKoe conpommeme B qemx nonysemifi 
KOHKpeTHbIX IlW-KeHepHbIX peKOMeHAaI&i. 


