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Regularities of heat transfer in the motion of a two-phase flow in various-shaped channels has been
studied intensively over a period of many years. Numerous calculational procedures appear in the liter-
ature based, not on an analytical approach, but on the treatment of experimental results.

The great majority of the calculational relationships can only be used in a restricted range of the
parameter regimes. However, many authors treat this situation with insufficient clarity or else they in-
troduce restrictions which, in the light of the presently available experimental data, cannot be regarded
as exhaustive.

In this connection the question concerning the proper use in a calculational procedure of one or an-
other of these relationships takes on great practical significance. This is especially important owing to the
fact that in carrying out thermal calculations there is a tendency to use obsolete procedures. An approach
of this kind usually leads to the creation of unnecessary allowances with respect to vapor-generating sur-
faces, to an incorrect estimate of the wall temperature regime of a vapor-generating channel, and to a sub-
stantial complication in the optimization of a facility.

We attempt here to give a survey and a critical estimate of the known assumptions in the literature
for the calculation of heat transfer in the flow of stream in tubes and ducts.

Contemporary stream-generating installations are constructed in such a way that the steam is
formed either on the outer surfaces of tubes submerged in a liquid, with allowance made for its free circu-
lation, or on the inner surfaces of steam-generating tubes (ducts) in which a systematic motion of a two-
phase flow is effected.

. Various flow regimes may be observed in the motion of a two-phase flow in ducts depending on the
output of the heat conductor, the fractions of the duct crosgs-section occupied by the liquid and the gaseous
(vapor) phases, the ratios of their velocities, the position of the duct, and the flow directions. The most
accurate calculational relationships can, to all outward appearances, be obtained in considering a specific
flow regime, but with the regime boundaries sufficiently undetermined, changing with a change in the
pressure, the duct length, the entrance temperature, and a whole series of other factors. In this connec-
tion, the great majority of the relationships for the calculation of heat transfer intensity in two-phase flows
is not associated with a specific flow regime. This is due to the fact that, in spite of the whole variety of
regimes, there is a limited number of basic defining parameters which characterize the heat transfer in-
tensity during boiling under two-phase flow conditions in tubes and ducts. As basic parameters of this
kind we cite the physical properties of the liquid and gaseous (vapor) phases, the heat conductor output,
the specific heat flow g, and the pressure p. :

From the modern poiht of view the coefficient of heat transfer in the motion of a two-phase flow in
ducts is a function of a) the intensity of the heat transfer due to turbulization of the wall boundary layer by

. I. Polzunov Central Control Technology Institute, Leningrad. Translated from Inzhenerno-Fizicheskii
Zhurnal, Vol. 26, No. .1, pp. 142~164, January, 1974. Original article submitted July 11, 1972.

©1 975 Plennum Publishing Corporation, 22‘7 West 1 7th Street, New York, N.Y. 10011. No part of this publication may be rjeproducjed,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopymfg, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this articlé is available from. the publisher for $15. 00.

110



I s . Y TERT]
“ ™y Y Vi ‘“1 Zf‘&
R s A

a b (o]
047 g g5 1 47 41 35 49 47 51 35 49 47 41 35 4l
Fig. 1. Variation of the heat transfer coefficient along the
tube length for various circulation rates [11]: a) qgy = 61,000
keal/m?- h; wy = 0.5 m/sec; b) corresponding values here
are64,500and 0.35; ¢)72,800and 0.24; d)60, 000and 0.15.
Units of @ andl are, respectively, keal/m*-h-°C and m.
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vapor bubbles formed during boiling, and b) the intensity of the heat transfer occasioned by the turbulent
exchange arising in the forced motion of the two-phase flow.

The influence of the first factor on the heat transfer can be ascertained through a specific thermal
loading. The amount of influence of the second factor depends both on the total weight output of the two-
phase flow (the circulation rate) and on the velocity of the vapor core (for the dispersed-ring flow regime).

Such a description of the mechanism in the heat transfer process during the boiling of a liquid in
tubes was built up as the result of many years of investigation, both in the USSR and elsewhere.

For convenience in their consideration we can conditionally divide the calculational relationships
defining heat transfer intensity into four groups, beginning with the list of defining parameters included in
the relationship considered.

I. Calculational Procedures in which the Heat Transfer

Intensity Depends on the Magnitude of the Specific Thermal

Loading and the Pressure

For boiling it is well known [1] that the heat transfer intensity on heat emitting surfaces submerged
in a volume of liquid depends only on the specific thermal loading q and the pressure p, and also on the
physical properties of the liquid and gaseous phases. The dependence of the heat transfer coefficient on g
and p for the boiling of water under free convection conditions was established by V. M. Borishanskii [2,
3]. He obtained the expression

“Lv. 3™ - 1.83.107 %) g% "

verified by experimental data for a wide range of variation of the defining parameters.

Heat transfer for boiling in ducts depends, in the general case, not only on the specific thermal load-
ing and the pressure but also on the rate of systematic movement of the two-phase flow and the magnitude
of the local vapor content.

However, a number of the relationships, recommended for conditions of boiling in ducts, were for-
mulated on the basis of experiments in which there was no manifestation of the influence either of the rate
of flow or the vapor content, and the heat transfer intensity was determined, as for boiling in a large vol-
ume, by the pressure p, the specific thermal loading ¢, and the physical properties of the phases.

A similar type of dependence was obtained for the first time for ethyl alcohol by S. M. Lukomskii
and 8. M. Madorskaya back in the forties. According to [4], the heat transfer coefficient for boiling in
tubes depends only on the specific thermal loading and the pressure, and can be calculated from the expres-
sion

a - Ap)g*, (2)
where n = 0.73-0.01p; A(p) is a function of the pressure p (kg/cm?).

Experiments copducted much later by other authors showed that actually there exists a-region of the
parameter regimes inside of which o is a function only of ¢ and p; however, these authors did not confirm
the dependence of the exponent n in the relation (2) on the pressure. At the present time it should be re-
garded as established [3, 5-10] that for the most prevalent combinations of the liquid—solid surface n ~ 0.7.
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L Formulas for calculating the heat transfer coefficient for the boiling

) of water in tubes, when the heat transfer intensity is determined, in the
» ;,/:'i judgement of the authors, only by the quantities p and q, were proposed by
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The heat transfer coefficient values, obtained in [9, 10] for the condition of boiling in tubes, agree
fairly well with the values of o calculated from the formulas for boiling in a large volume. This can be
used as a confirmation of the fact that under specified conditions the heat transfer process for boiling in
ducts in the case of systematic movement is subject to the same regularities as the process of boiling in a
large volume.

1
& -—G—) S 3.25.107
T

A very common material disadvantage, inherent in the formulas (3)-(7) considered above, which
makes their possible use in a practical computation difficult, is that the authors do not assign specific
boundaries of their applicability beyond which the influence of the vapor content and the rate of movement
of the two-phase flow on the heat content should be taken into account.

Thus, for example, from [1] one can make an invalid conclusion concerning the fact that the heat
transfer intensity does not depend on the vapor content over a wide range of variation of the latter (0.05
=X =< 0.9).

Apparently, in [10]high vapor contents were obtained for small outflows, but sufficiently high p and q,
when the turbulization of the fluid layer at the wall, due to the formation of bubbles, was high, while the
speed of the two-phase flow remained low and proved to have no noticeable intensifying influence on the heat
transfer. The lack of tabular experimental data in [10] did not allow, unfortunately, verification of the
stated supposition by means of an appropriate calculation.

The formula (7), obtained in [11], is an example of a generalization from experimental data, which is
only partially successful. The experimental data given there (see Fig. 1) testifies to the influence on the
heat transfer intensity during boiling in tubes not only of g and p, but also of the weight vapor content x.
For pressures close to atmospheric the influence of the vapor content on the heat transfer intensity begins
to manifest itself already for ¢ = 70 to 75%, i.e., for weight vapor contents on the order of several per-
cent (Fig. 2). However, having deduced the effect of wy on the heat transfer intensity and having shown
experimentally the vapor content influence, the authors of [11] generalized the experimental data by using
heat transfer coefficients &, not local but averaged over the tube length, and also criteria valid for boiling
in a large volume, The result of doing this was that the dependence of local heat transfer coefficients on
the vapor content did not show up in the formula (7) recommended by the authors of [11].

At the present time relations employing average values of heat transfer coefficients have fouund
fairly wide use, particularly in papers of authors studying heat transfer during boiling in various industrial
processes. The calculation of heat transfer from relations of this kind, of a supposedly generalized nature,
can only be derived with confidence for conditions close to those for which the experimental data, used in
formulating the computational relationship, were obtained. But if the given relation is used for the calcula-
tion of heat transfer intensity under other conditions, substantial errors may result.
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Fig. 3. Dependence of the heat transfer coefficient on a) the number of
revolutions of the mixer [12] (Curves 1, 2, 3, and 4 are for n= 0, 165,
295, and 520 rev/min, respectively); b) the circulation rate for q = 200
- 10° keal/m?-h [12] (Curves 1, 2, 3, 4, 5, and 6 are for wp = 6.67, 5, 3,
2, 1, and 0.5, respectively); c) the circulation rate and the specific ther-
mal flow [12] (Curves 1 and 2 are for q = 200-10° and 400 10° keal/m?- h,
respectively; Curve 3 is for Nu = 0.23 Re%®pr%%). The units of q, B, and
w, are, respectively, kcal/m?-h, %, and m/sec.
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II1. Calculational Procedures in which the Heat Transfer

Intensity Depends on the Value of the Specific Thermal

Loading, the Pressure and the Circulation Rate

Experiments conducted by a number of investigators show that there exists a domain for the para-
meters (w;, %, q) inside which the heat transfer intensity during boiling under constant pressure conditions
depends on only two factors, the specific thermal loading g and the circulation rate w.

This question was studied in detail for the first time in [12], wherein experimental data were pre-
sented both for the case of forced motion during boiling in a large volume (mixer) and also for the forced
motion in tubes. If was shown that for small g the heat transfer intensity during boiling is mainly deter-
mined by the speed of the liquid (Fig. 3a). At much higher thermal flows the heat transfer depends on
both q and also the circulation rate. In a region of high g and small w; the thermal loading is found to have
a decisive effect on the heat transfer intensity.

The experimental data [12] for boiling in tubes, shown in Fig. 3b, testifies to the fact that the in-
fluence of the circulation rate wy on the heat transfer intensity, even for comparatively high thermal flows
(@ = 2-10° keal/m?- h), is fairly large. Thus, in varying the circulation rate from 0.5 to 6.67 m/sec, the
value of the heat transfer coefficient increases by a factor of more than 3.5. Experimental curves are
presented in Fig. 3c, which show how ¢ varies as a function of the circulation rate for various values of
the thermal flow q. If for low w, the heat transfer intensity is determined by the bubble-boiling process,
then as w, increases the circulation rate is found to have a very large influence on the heat transfer, and
the values of the heat transfer coefficients o approach values which are typical of convective heat transfer.

It was shown in [12] that the mutual influence of q and wg on the heat transfer intensity depends on a
function of the number Ky = q/wyry". It should be stated that although the dependence

I L ®)

A1y,

assumed in [12], has not been widely adopted, nevertheless, the number Ky, was used later on by a num-
ber of authors in constructing various computational relationships.

In [13] L. S. Sterman presents a set of numbers characterizing the heat transfer process for boiling
in ducts:

w, ¢, T

Nu- f(RE, pr,Fr, 1V L. ®o L)
0 Cols Wo v

In this general set of numbers there appears the ratio of the reduced velocities of the vapor and liquid
phases characterizing the turbulizing influence on the heat transfer of the vapor core motion (vapor content).
However, for the derivation of the calculational relationship
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Fig. 4. Heat transfer to a boiling liquid versus the
thermal flow density q and the circulation rate w, (see
[22]). Curve 1 represents free convection boiling,
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(Note by translator: in the relations (9) and (10) the subscripts b and w.b. are for "boiling" and "without
boiling", respectively.) L. S. Sterman relied only on the experimental data in [4, 14, 15], obtained for
conditions in which the vapor core motion did not prove to have a noticeably intensifying influence on the
heat transfer. The upshot of this was that the ratio wy/wy was eliminated from consideration, although the
data obtained earlier in [12] (see Fig. 3b) attests to the fact that when B > 70% the heat transfer intensity
increases sharply with an increase in the vapor content.

A definite disadvantage of the relation (9) also is that, according to it, the heat transfer coefficient
for boiling arbitrary conditions may be expressed in terms of Nuy, , = 0.023 Re*®pr®¢, and, consequently,
the dependence on dequ.iv and on the circulation rate wy is maintained (the dependence, it is true, is not too
strong):

p ~ d;gﬁziv, op ~wy'.
Apparently, just in connection with this case, the relationship (9) turned out to be ill-suited for gen-
eralizing the experimental data in [16] for boiling water heat transfer in narrow apertures, however, it was

completely satisfactory for generalizing the experimental points in [17] and [18] for boiling in longitudinally-
streamlined bundles and apertures with dequiy close to that in [13].

A fundamentally different approach to the problem of taking into account the joint effect of bubble boil-
ing and the forced motion of a liquid was proposed in some papers by authors in the Soviet Union and abroad.

Thus, F. F. Bogdanov [19] proposes to calculate the heat transfer coefficient by a formula which adds
together the effects influencing heat transfer intensification for the boiling of a liquid in ducts:

@ == e - oy, (11)
where ¢, c¢i, n, and m are experimentally determined coefficients.

It was confirmed in [20] that the resulting thermal flow densgity for boiling under forced motion con-
ditions can be calculated by the direct addition of the thermal flows calculated from the formulas for boil-
ing in a volume and for the forced motion of the liquid without boiling:
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‘ 2 The author argues that equation (12) is applicable in
5 % . ' the region of reduced vapor contents, i.e., in a region where

the heat transfer for a given pressure is completely deter-
2 /’ mined by the quantities wy and q. For the conditions of boil-
C g : ing in a duct of a liquid heated to saturation temperature, the
\ equation (12) can be written in the form
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Flg. 6. Comparison of two relation In his papers [21], [22] S. S. Kutateladze remarks that

ships: Curve 1 is for 8. S. Kutatel-
adze's equation (see [22]) and Curve
2 is for W. M. Rohsenow's equation
(see [20]).

the presence of a systematic motion (forced or natural circu-
lation) leads to an intensification of the heat transfer process
for bubble-boiling. The extent to which this motion influences
the heat transfer depends on the relationships of the magnitudes
of the turbulent perturbations, arising at the expense of the
systematic motion, and the vapor formation process. * For a given circulation rate wy, depending on thée
size of the thermal flow increase, the heat transfer coefficient changes vary little at first, after which the
influence of g becomes all the more noticeable, until it becomes decisive. As a result, we have, as the
envelope of the curve a(g, wg), a curve @ (g) (Fig. 4), which in nature is close to the corresponding rela-
tionship for free convection boiling. Upon examining Fig. 4, we can identify three typical zones:

Zone I: Heat transfer here is mainly determined by forced motion (zone of small q values);
Zone II: Heat transfer is determined by the process of vapor formation (zone of large q values):

Zone II: Characterized by the joint influence of forced motion and the vapor formation process (zone.
of average q values).

D. A. Labuntsov [25] prescribes a separate relationship for each zone:

Zone | 0< 2LV 05, a=ayp, . (14a)
Lw.b.
zone I 21¥>9 g (14b)
Qw.b.
Zone Ii} 0.5 < o‘I.v<2’ % _ 4°‘w.b’.[‘°‘1.v.. (14c)
% w.b %w.b. SOy, b, b,

The formulas (14) satisfactorily generalize the experimental data for a region in which the heat trans-
fer intensity is determined by the mutual influence of g, w;, and p. These formulas, however, do not spec-
ify passages to the limit in the domain of the parameiers; this is more suitably handled by S. S. Kutatel-

adze's interpolational relation [22]
a . aLyy”
b Y ( ek (15)

which is valid for all three zones existing for boiling in a duct of a iiquid heated to the saturation tempera-
ture. Here ¢ is the coefficient of heat transfer to a flow of boiling liquid; @, p is the heat transfer coef-
ficient for forced motion of the liquid without boiling, calculated with respect to wy; @, p = 0.023 (A/D)
Re™8pr’4 o) = (0.7-0.8) @] y; @] y is the heat transfer coefficient for boiling in a large volume accord-
ing to the formula (1).

In the determination of the exponent n in the relation (15) use was made of experimental data obtained
for conditions in which an increase of vapor content and, consequently, also the vapor flow velocity, did not
lead to an increase in the heat transfer intensity. ¥ Formula (15) describes the experimental data quite
well when n = 2. However, the authors of [16] claim that much better agreement with the experimental
points is obtained for n = 3 in the case of narrow annular passages.

*An analogous influence of a systematic motion and the vapor formation process on the intensity of boiling
heat transfer was noted in many experimental papers by Soviet authors and others [12, 23, 24].
TThese same data were used in formulating the relations (9) and (10).
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Fig. 7. Heat transfer coefficient versus weight velo-
city for g = 140°10° in Fig. 7a, and q = 200- 10° keal
/m?+h in Fig. 7b (from [27]). The units of wy are kg-
/m? sec.

The nature of the dimensionless relationship proposed by S. S. Kutateladze is shown schematically in
Fig. 5. Its limiting values are expressed by the following conditions:

o

—Lve g f=1; -0,
%w.b.
I al
I —>00 f——)— I_v'; f’-—)l,
%w.b. % w.b,

It is clear from the above that the equation (13), due to W, M. Rohsenow (see [20}), is a particular
case of the relation (15) for n = 1*,

A graphical representation of these relationships appears in Fig. 6. Relation (15) furnishes a more
proper approach since its use allows for a smooth passage to the limit for both convection heat transfer
(when ozl /ozW b~ 0, @ =~ ay 1) and developed boiling heat transfer in ducts, when there is no circula-
tion rate effect and the heat transfer is determined by the thermal flow q (when ay L /ozW b~ a— ozi V).
From the point of view of the physical process involved the description (15) is more logical than the descrip-
tion of the process given by W. M. Rohsenow. Summation of heat transfer coefficients is apparently allow-
able when considering independent methods of thermal energy transport (for example, the total influence of
radiation and convection). As for the process of boiling for flow in ducts, there are two processes involved
here, which cause turbulization of the liquid layer at the wall. Since the vapor formation process is de-
veloped in the liquid layer at the wall, it is logical to assume that the relative contribution of the convective
transport process to the total heat transfer must drop fairly rapidly with an increase in intensity of the
formation process. These considerations are incorporated in the relation (15) but are not accounted for in
relation (13). :

"In the overwhelming majority of papers devoted to the study of boiling heat transfer of a liquid moving
ina channel, it has been shown experimentally that increasing the speed of the liquid leads to an intensifica-
tion of heat transfer. This physically justifiable assumption is reflected in the computational formulas (8)-
(15) proposed by various authors, which were considered earlier. The structure of all these relationships
is such that an increase in the speed of the liquid leads to an intensification of the boiling heat transfer,
although the fraction of the convective heat transfer in the overall heat transport varies depending on the
formula considered. Nevertheless, there are a limited number of papers in which it is asserted that an
increase in the speed of the liquid leads to a decrease in the heat transfer coefficient, although the authors
of these papers give no explanation for the resultant effect.

In [26] E. K. Averin and G. N. Kruzhilin, having studied boiling heat transfer of water in an annular
passage, established the fact that in a region of high thermal flows (g > 4 10° kcal/m?- h) with a pressure
p in the range from 1 to 9 kg/cm? the heat transfer coefficients @ decrease with an increase in the rate of
flow of the liquid. For the conditions they considered the authors of [26] proposed the following calcula-
tional relationship:

= 7.8, g6 wO—OV.l po28, (16)

As for small thermal flows, the usual influence of the liquid speed on the boiling heat transfer was
noted, i.e., the heat transfer intensity increased with an increase in wy.

*The quantity @1 y appears in equation (13) whereas in equation (15) the guantity o v This fact of itself
does not interfere with making a comparative analysis; however, in clarifying the findamental dlfference
between these equations it is more convenient to assume, conditionally, in relation (13) that ¢} v = a‘ Lv
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It can be assumed that under the conditions involving large thermal flows and flow rates a very strong
suppression of the bubble-boiling process takes place. However, the anomalous influence of the liquid
speed on the boiling heat transfer could possibly result from peculiarities of the experimental method em-
ployed. The length of the heated portion was equal to 60 mm with an annular gap width of 8 mm, i.e., one
cannot speak here either of thermal or of hydrodynamic stabilization of the flow.

Yu. A. Zeigarnik and A. 8. Komendantov [27] made a study of boiling heat transfer of water for
forced flow conditions in a tube under atmospheric pressure. A substantial portion of the experimental
material obtained in [27], as well as the conclusions made therein, are at variance with the results ob-
tained by the majority of investigators, both in the Soviet Union and abroad, who studied the influence of
the fundamental defining parameters on boiling heat transfer of a liquid in tubes.

In Fig. 7 graphs taken from [27] are presented in which the dependence of the heat transfer coefficient
on wy for boiling in tubes has a rather involved character, not even monotonic. From the graph it follows
that when wy < 1000 kg/m?- sec, a decrease in the outflow leads not to a lowering of heat transfer intensity,
as observed by the majority of authors, but rather to an increase; moreover, under these conditions the
measured values of o turn out to be substantially higher than those calculated from the formulas (9), (10),
(14), and (15). When wy > 1000 kg/m2 - sec, the coefficient o depends on wy in the usual way and the result-
ant heat transfer coefficient values agree satisfactorily with the values calculated from the formulas men-
tioned. In analyzing the results obtained in [27] it should be recalled that the authors pointed out that the
majority of their results were accompanied by fluctuations, which vanished for wy > 1000 kg/m?" sec.

In our opinion, the conclusions made on the basis of experimental data, obtained from regimes with
fluctuations, should in no case be extended to regimes without fluctuations. The fact should also be taken
into account that in [27] the influence of vapor formation on the heat transfer coefficient was, apparently,

not taken into account with sufficient clarity.
Taking into account the method used in carrying out the experiment, and also the fact that in con-

structing the graphs in question no differentiation was made in the values of a with regard to the vapor
content values, we can assume that the heat transfer coefficient values were obtained more for low wy

values than for large vapor content values.

Thus an increase in heat transfer intensity with a decrease in wy (see Fig. 7) can be determined,
not by a lowering of the weight velocity, which must decrease the value of the heat transfer coefficient «,
but by an increase in the vapor content, leading to an intensification of the thermal transport process.

III. Calculational Procedures in which the Heat Transfer

Iﬁtensity Depends on the Vapor Content (Velocity of the

Two-Phase Flow)
The experimental data, including that obtained as far back as the 1940's by M. A. Kichigin and
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Fig. 9. Heat transfer coefficient ratio versus the
Martinelli parameter for various q and wy values in
Fig. 9a, and for various thermal flow values q in

Fig. 9b. Data in Fig. 9a are from [35]; in Fig. 9b
from [32]. Units of q and wy are, respectively, kcal
/m?-h and kg/m?-h. In Fig. 9a the (g, wy) data are
as follows: 1) (8.6-10% 26.3-10%; 2) (17.2-10%, 37
.1°10%; 3) (5.5-10%, 7.75-10%. In Fig. 9b, wy = 9.76
- 10° and the q data are as follows: 1), 3.39°10% 2)
1.68-10% Curve 3 is the graph of a /oy = 2.9(1/Xy)" .

N. Yu. Tobilevich [11] and also that obtained by L. S. Strerman and N. G. Styushin [14], enables us to
conclude that starting from a specific vapor content value an increase in the vapor content leads to an es-
sential growth of the heat transfer coefficient (Figs. 2, 3b). The data of Fig. 3b, taken from [11], con-
firms the absence of a volumetric vapor content influence on the heat transfer for a region of low vapor
contents. However, when a definite vapor content is attained, a sharp rise in the heat transfer intensity
is observed. As the circulation rate is increased, the vapor content influence on the heat transfer level
manifests itself for smaller values of the volumetric vapor content 8. This is indicative of the fact that
the intensifying influence on the heat transfer is due not only to the vapor content value but also to the faster
speed of the two-phase flow. For this reason the vapor content value cannot serve as the only criterion
determining the boundaries of the region with a preeminent influence of bubble-boiling on the heat transfer
process. However, a separate study of this problem was not made in [11], [12], so that corresponding
procedures were not obtained.

An increase in heat transfer intensity with an increase in vapor content up to a value of x = 0.3 was
noted by N. V. Tarasov, A. A. Armand, and A. S. Kon'kov [28], who studied boiling heat transfer for a
water vapor mixture in a tube-at a pressure of p = 170 kg/cm?,

The following calculational relationship is recommended by these authors:
o= 14¢°7 (1 + y'/v" x). amn

The drawback to the formula (17) is that it does not take into account the influence of the two-phase
outflow rate, an increase in which can-lead to a substantial intensification of the heat transfer [13, 22, 25].

A fairly strong rise in the heat transfer intensity with an ihcrease in vapor content was obtained ex-
perimentally in [29]. However, the authors did not supply a calculational relation for this zone.

In contrast to the very limited number of papers written by Soviet authors in which an attempt is
made to take the influence of vapor flow motion into account, a fairly large number of such papers has ap-
peared abroad.

Dengler [30, 31], studying boiling heat transfer of water in a vertical tube heated by a condensing -
vapor, shows that the substantial increase in the heat transfer coefficient along the tube length cannot be
explained by the intensifying effect of the boiling process. He remarks that the two-phase flow motion due
to the vapor is a fundamental factor influencing the heat transfer process for high vapor contents (Fig. 8).
The conclusion that the influence of the vapor content on the heat transfer intensity manifests itself in terms
of an increase in the vapor core velocity is confirmed by the fact that in [30, 31] the heat transfer coef-
ficient growth was fixed for a constant vapor content of the flow with an increase in the thermal carrier
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weight outflow rate; also fixed was the drop in heat transfer intensity with an increase of the pressure. *

Tong [32] bas shown, for two-phase flow in an annulus, that when the volumetric vapor content is
sufficiently high the vapor core velocity can be so large, and the turbulence on the vapor—liquid separation
boundary can be so intense, that the mechanism of heat transfer from the heating surface to the flow changes
in comparison with the conditions obtaining when intense bubble-boiling is observed. For highvelocities
of the two-phase flow heat is given up by heat conduction through a thin layer of liquid flowing along the
channel wall, and, on the boundary separating the film of liquid and the vapor core very intense vaporiza-
tion takes place.

This was established both with the aid of visual observations [33] and also by uncovering the factors
defining the heat transfer intensity in the zone considered, which is referred to in Tong's book as the "zone
of vaporization under forced convection, "

An analogous conclusion was arrived at earlier by Guerriery and Talty [34], who remarked in their
paper that the convective heat transfer, whose intensity is determined by the velocity of the two-phase flow,
is the main factor determining the heat transfer mechanism in the region of increased vapor content.

Thus, a number of foreign authors [30-34] have stated fairly clearly that in the region of high vapor
content the basic parameter defining the heat transfer process is, not the vapor content, but the velocity
of the two-phase flow. However, in developing their calculational relationships the authors introduce, as
the defining quantity, not the vapor core velocity w", but the Martinelli parameter

1 —x 109 / o' \0.5 ’ \0.1
e (L5 () ()
X U W
Thus, according to Dengler [30, 31], the formula for calculating the heat transfer coefficient for

two-phase flow in tubes for conditions in which the heat transfer intensity is determined by the two-phase
flow motion, and does not depend on the bubble~boiling process, has the form

* :3,5( I )“‘5, 18)

@ tr /

where oy is the convective heat transfer coefficient calculated according to the circulation rate.
Formula (18) is valid for variation of the quantity 1/X; between the limits of 0.25 and 70.
Very close to this is the relation

0.45
“ 34t ) (19)
a] Xtt

proposed by Guerriery and Talty [34]. However the calculation of the convective coefficient of heat trans-
fer to the liquid, is given, in this case, not for the circulation rate w,, but for the reduced velocity of the
liquid phase wy(1—x). :

Heat transferfor the flow of a water—steam mixture in an annular channel with internal heating and

pressures close fo atmospheric was studied in [35] by Bennett, Collier, Pratt, and Thornton. Experimental
data, obtained for q = const, was processed in the form

- :f(X‘“),

where the calculation of &; was carried out both with respect to the circulation rate w, and the reduced
velocity of the lignid wy(1—x). A better generalization of the experimental data was obtained when the re-
duced velocity was used.

A number of authors {43, 44, 45] propose caleulational procedures in which the heat transfer coef-
ficient is a function of the average velocity of the two-phase flow. T The main drawback to these formulas

*An increase in the outflow rate for x = const leads to an increase in the two-phase flow velocity, whereas
an increase in the pressure, lowering the value of the specific volume of the first.phase, decreases the
two-phase flow velocity.

1We shall not give these formulas here since they are not widely recognized and are available in Collier's
survey paper [39]. :
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is that they cannot account for the process involving vapor content variation along the channel length and
its influence on the heat transfer intensity.

Tong [32], in considering the large number of papers devoted to the study of heat transfer in two-
phase flows, came to the conclusion that the heat transfer calculation for the vaporization zone in forced
convection should follow a functional dependence of the form

o4

2/ :A( Xlzt )n,

\

where A and n are constant coefficients having differing values for the data of the various authors: A = 3.5
and n = 0.5 for Dengler's data for tubes [30]; A = 3.4 and n = 0.45 for Guerriery's and Talty's data for tubes
[34]; A = 3.5 and n = 0.79 for the data of Collier et al for longitudinally-streamlined bundles for s/d = 1.64
[40); A =3.5 and n= 0.75 for the data of Collier et al for longitudinally-streamlined bundles for s/d = 1.18
[40]; A =2.17 and n = 0.070 for the data of Collier et al for annular passages [41]; A = 2.72 and n = 0.58
for Wright's data for tubes [42].

The formulas (18)-(20) are applicable only for a region in which the influence is primarily that of
forced convection (vaporization zone for forced convection); however, the boundaries of this zone cannot
be clearly defined by authors of relationships of the type (20).

Thus, it was shown in [35] that for values of the parameter 1/Xy in the range from 2 to 5, the vapor
content varies from 7 to 15%, and deviations of the experimental data from the relationship (20) are ob-
served. These data, obtained for various weight velocity values wy and thermal flows g (Fig. 9a), attest
to the change in the nature of the heat transfer mechanism and indicate that, depending on the values of
wY and g, the vaporization condition result for forced convection is accomplished for various values of the
parameter 1/Xit and, consequently, for various vapor contents (all the experiments were carried out with
p = const). An even more descriptive confirmation of this fact, namely, that the vaporization condition
result for forced convection depends on the bubble-boiling intensity, is furnished by the data shown in Fig.
9b, taken from [32]. Both of the regimes considered differ only in their thermal flow values g, since their
pressures and mass rates are identical. The experimental data show that the larger the intensity of the
vapor formation process, defined for the conditions p = const by the value of the specific thermal flow q,
the larger the values of the parameter 1/Xy;, and consequently, for large vapor contents the vaporization
condition result is observed for the forced convection of a vapor—liquid flow.

It is natural that the pressure must also have an influence on the value of the parameters for which
bubble-boiling is completely suppressed, although the influence of the pressure must be weaker than the
influence of the thermal flow. Thus the situation which must obtain in order for the two-phase motion to
have a primary influence on the heat transfer must be one involving a relationship among all the basic
parameters, and, in particular, the parameters wy, q, p, and x.

To make it possible to carry out calculations with relationships of the type (20), a graph was sug-
gested in [32] (see Fig: 19) giving ah expenmentally determined boundary between the bubble-b0111ng re-
gion and the vaporization region for forced convection of a stream-water flow (g = 16.8 10* keal/m?- h;

p = 1.03 atm).

This graph is found to be inadmissible for any other relationship involving the quantities g and p.
Thus, it may be concluded that, actually, there are in the literature no specific procedures for determin-
ing the "points of transition™ to the condition of vaporlza’aon in forced convection, a situation. whlch makes
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the use of relations of the type (20) computationally difficult. It is necessary to keep in mind that the con-
cept of a "point of transition" introduced here is a simplification of the problem in question since, in point
of fact, a transition zone exists between the region of bubble-boiling and the vaporization region in which
both mechanisms have an influence on the heat transfer intensity.

IV. Calculational Procedures in which the Heat Transfer

Intensity Depends on the Values of the Specific Thermal

Loading, the Pressure, the Circulation Rate, and the

Vapor Content

From the above survey of the papers of Soviet authors and others we can conclude that, in the general
case, the heat transfer intensity for steam~—water two-phase flow intubes is a function of the specific ther-
mal loading q, the circulation rate w;, the weight vapor content x, and the pressure p. The existence of a
similar relationship for boiling in tubes was demonstrated experimentally for the first time in [12]. How-
ever, in [12] attention was directed mainly towards identifying the influence on the convection heat transfer
intensity for forced motion of a liquid. In this connection, both in [12] and the much later paper [13], the
influence of x on @ in the calculational procedures was not taken into account. Later on, in the introduction
to [39], an attempt was made by L. S. Sterman to extend his relations (9) and (10) to the region where an
increase in the vapor content leads to an intensification of the heat transfer process. He recommended in-
troducing into the calculational relationships a true mean velocity of the liquid in place of the circulation
rate wg. This velocity is defined for the flow in question as the following function of the true vapor
content @:

; wy(l—x) '
e A Sl (21)
(1—9

This shows that relationships employing the true mean velocity of the liquid w', can be applied so
long as the core-like flow regime of the two-phase flow is not violated, i.e., up until the onset of condi-
tions under which liquid drops begin to break away from the film surface and become part of the vapor flow.

However, the relations (9), (10), and (21) are computationally difficult to use in practice owihg to the
necessity of knowing the distribution of the true volumetric vapor content along the channel length and,
also, owing to the fact that the data concerning the boundaries for the existence of the various two-phase
flow regimes reflect, to a considerable degree, the subjective opinions of the individual investigators.

In a number of papers [30, 31], in which the experiments were advantageocusly carried out in a high
vapor content region, it was noted that for small values of the parameter 1/X; (zone of combined influence
of forced convection and vapor formation) the values of the experimentally determined heat transfer coef-
ficients turned out to be substantially higher than those calculated from a relationship of the type (20).

As a consequence of this, Dengler [30, 31] was forced to introduce into the calculational relation (18)
a correction coefficient Aq, taking into account the influence of bubble-boiling on the heat transfer inten-
sity:
. 0.5
% 4,35 (—1—> ¥ (22)

@y it

where

067 lar—an [ (222} 4]
A, == 0.67 l(Af AtL){(dT ) U}lw] ,

8p /0T gives the variation of the pressure with the temperature on the curveof saturation; o is the surface
tension of the liquid.

The correction coefficient Ay is used onlyin cases when its value is greater than one. Calculation of the
coefficient A, was based on a number of far-from-obvious assumptions which cast doubt onto the reliability
of the proposed reliationship. For instance, one of these agsumptions is that the effective temperature heac
of the boiling process is not the total temperature head At = ty—tg, but rather the difference (At—Aty),
where Aty is a provisional temperature head between the wall and the boiling liquid, depending on the local
flow velocity and corresponding to the conditions under which the influence of bubble-boiling on the heat
transfer does not appear (the bubble-boiling is suppressed).
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£ According to Bennett et al [35], the weak influence

7”2 a g of the thermal flow on the heat transfer appears through-
. / % b out the region where the main effect onthe heattrans-

L ——A a5k N ' port process is found to be the velocity of the two-phase
/ o flow.

1/ RS . | ag S B For zones where 1/Xy varies over an interval
vt 0 oy ” ke from 5 to 40, the authors of [35] recommended the

Fig. 11, Dimensionless functions F and S in following calculational formula:

Figs. 1la and 11b, respectively. 1/Xy= (x

/1__x)0.9(pr/pn)0.5 X (M'/”n)ﬂ.i; Re = RelF1.25. % (g)—1 = 0.64( Xl )0.74 . (23)

23 #

The very structure of the relation (23), wherein an increase in the heat flow leads to a proportional
increase in the heat transfer intensity over the whole range of the parameters studied, casts great doubt
on its validity. This relationship, as well as those employing correctional coefficients like Aq, have not
found wide usage in computational work.

Schrock and Grossman [43] made an attempt to introduce a single formula both for the case of bubble-
boiling and the case of vaporization under forced convection, wherein they assumed a relation of the form

Nu I \»
e == k. B |- K, ,
R~ B s ”) (24)

where ky, ky, and n are constant coefficients;

B, =1 - am
wyr w,

Formula (24) suffers from a whole series of essential defects.

1. It is based on the principle that for arbitrary two-phase flow regimes bubble-boiling is not sup-
pressed and the amount of heat transmitted as the result of vapor formation on the channel wall is additive
with the heat transmitted as the result of vaporization from the film surface at high two-phase flow velo-
cities. *

2. According to formula (24) the heat transfer coefficient depends on the thermal flow to the first
power, although the great majority of investigators have shown that @ ~ g%

3. For the case in which the bubble-boiling process is the primary influence on the heat transfer
intensity, the dependence of the heat transfer coefficient on the circulation rate w, and the channel diameter
is maintained. In the papers considered above, it was shown that in this case neither w; nor d should have
an influence on the quantity of heat transmitted.

An attempt to take into account the combined influence of the two-phase flow motion and the bubble-
boiling process on the quantity of heat transmitted was also made by Chen [4]. By empirical means he
obtained the values of the two dimensionless functions (Fig. 11):

I 1
F = ( )andSzf ( ; Rel),
X ! Xy

which take into account the variation of the heat transfer due to boiling and to forced convection. Chen
proposed a relation, representable symbolically as follows:

o = ocboﬂS + aconvF-

Tong, in analyzing the formula (25), concluded that it could be recommended for calculations of heat
transfer in two-phase flows, since it implies, when X = const, that the contribution of convection to the
overall heat transfer does not depend on the intensity of boiling.

In the survey we have presented 23 relationships, recommended by various authors for calculating
*An analogous principle of addition of effects, along with its drawbacks, was examined in detail above in

connection with relation (12), proposed by W. M. Rohsenow for taking into account the joint influence of
bubble-boiling and the fluid flow motion. ’
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Fig. 12, Illustration of the absence of an explicit ef-
fect of vapor content on the heat transfer, keeping the
mixture velocity constant. For the data 1) the values
of the triple of parameters (wnpix, b, q) are (95, 11,
300-10°%); for the data 2) they are (60, 19, 300° 10%);
for the data 3) they are (15, 19, 300-10%). The units
of the parameters w,,j,, P, and q are, respectively,
m/sec, kg/cmz, and keal/m?. h,

the heat transfer for two-phase flows in tubes and ducts. With regard to the relations (1)-(20), not all of
them are universal relations; they can be used with confidence only in restricted intervals and under speci-
fied conditions.

For zones in which the heat transfer intensity is determined by physical properties, namely, the heat
flow q, the pressure p, the circulation rate w;, and does not depend on the vapor flow motion, the most ef-
fective calculational formula, in our opinion, is given by the relation (15), although even for it specific
boundaries of applicability have not been defined.

Relation (15) cannot be used to calculate the heat transfer for high velocity two-phase flows. For the
conditions considered here the two-phase flow motion is found to have a substantial influence on the heat
transfer; moreover, as follows from [30, 32, 34, et al], its intensity can turn out to be many times higher
than the values obtained in calculating the heat transfer coefficient from formula (15). In [30, 32, 34], in
calculating the heat transfer in high velocity two-phase flows it is proposed that relations of the type (20) be
used. They are suitable for calculation of the heat transfer coefficient in a zone where the heat transfer
intensity is determined solely by the two-phase flow motion and is independent of bubble-boiling. However,
the boundaries of this zone, which depend on the relationships among the fundamental defining parameters,
namely, w,, g, p, and x, have not as yet been clearly defined,

As for the formulas (22)-(25), which are of a universal nature, they suffer, as noted above, from a
number of very substantial flaws, so that their use can lead to significant errors.

The absence of a simple and reliable relationship for ealculating the heat transfer coefficient for
two-phase steam—water flow in ducts over a range of parameter variation from x = 0 to the onset of a
crisis has occasioned the necessity of writing an appropriate paper; this was accomplished over a period
of years at the I. 1. Polzunov Central Control Technology Institute.

According to the data in [45-47], the heat transfer coefficient for a two-phase flow in ducts is a func-
tion of

a) the heat transier intensity arising from the turbulization of the wall boundary layer by vapor bubbles
which form during boiling;

b) the heat transfer intensity due to the turbulent exchange arising during the forced motion of the two-
phase flow,

The effect of the first factor on the heat transfer can be taken into account through a separate ther-
mal loading. The extent of the influence of the second factor depends on the total weight outflow rate of
the two-phase flow (on the circulation rate) and on the vapor core velocity (for a dispersed annular flow
regime).

In [45-47] it was shown (Fig. 12) that in a region in which the heat transfer is affected by the motion
of a high velocity steam-—water flow the combined influence of the thermal carrier outflow rate (circulation
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» ] . rate) and the vapor content on the heat transfer intensity
;_’ L ) ‘ is best taken into account by the reduced velocity of the
R . ma two-phase mixture, Wiy, where wyi, = wy (1 + (y'—y"
§ i /Y"X); as x> 0, Wyix — Wpi as X1, Wpix — W'
Z, *';ﬁ,k; 'f!; : 1 = L The experimental data obtained in {45-47] (see Fig.
“SE0 0 AW % BWomix 13) enable us to make the following conclusions.
Fig. 13. Heat transfer coefficient a 1. Ina region where the two-phase flow velocityhasa
versus the mixture velocity wy,jy and small influence on the heat transfer, an increase in the
the thermal loading q (see [46]). Units thermal loading leads to a significant increase in the heat
of p, q, and wyyjx are, respectively, transfer coefficient. Under these conditions the relation-
kg/cm?, keal/m2-h, and m/sec. Here ship obtained for conditions of boiling in a large volume
p = 19, and the values of g for the Data are valid.
1, 2, and 3 are, respectively, 300. 103, .
500-10°, and 1200- 10°, 2. The influence of the pressure on the heat transfer

coefficient in a region of developed boiling for the forced
motion of a two-phase flow in tubes may be expressed by
the same relationship as that used for boiling in a large
volume.

3. In a region of high velocities of a two-phase flow (wy,ix > 100 m/sec) the thermal loading effect
is comparatively small and the heat transfer intensity is determined by the forced convection, which de-
pends on the mixture flow velocity wy,jy.

4. There exists a transition region where the influence on the heat transfer is due both to bubble-
boiling, whose intensity for p = const depends on the thermal flow q, and to the two-phase flow motion.
The smaller the thermal flow g, the earlier the influence of the two-phase flow motion manifests itself
on the heat transfer and the stronger this influence.

Noting the nature of the influence of the fundamental parameters on the heat transfer intensity, the
authors of [45-47] used a method for generalizing the experimental data analogous to that employed by S. S.
Kutateladze in deriving the relation (15). For this an additional term o K was introduced, which takes into
account the intensifying effect of the vapor core velocity on the heat transfer.

With this taken into account, the calculational relationship, suitable for determining the heat transfer
coefficient in an arbitrary region of mutual influence of the parameters q, wy, X, and p, assumes the follow-
ing form:

R P AN (26)

or

- ) (), (27)
Loy . %1y, *k
where o is the value of the heat transfer coefficient calculated from 8. S. Kutateladze's formula (15).

According to the data of [45-47], the ratio @ /a Ly can be represented as a function of the dimen-
sionless grouping wy,i.Y'r/q, which should be regarded as the ratio of a quantity proportional to the weight
velocity in the film (wp,i,Y') to the weight velocity of the vapor generated in the liquid layer at the wall.

In this case, according to [47], the equation (27) assumes the form

AN R o
CE VS B BT (wmiva )7(2_1) . (28)
r‘k- q Uk )

A noticeable effect of the two—-phase flow velocity on the heat transfer begins to manifest itself for a
value of the grouping
- ’ ! .i.
(wmiva ) ( & I.V.) 3 — 5100
1 *k

For smaller values of this grouping, a = @), and the heat transfer coefficient can be calculated from the
much simpler formula (15).
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Fig. 14. Heat transfer for two-phase flow in tubes and
ducts [46]. a/ak = V(1 + 7- 107 (Wi rv' /A0y
/a)?"). The data shown are the following: 1) Tube,
d=8 mm (p =5to 31 atm, q=2300-10° to 1200- 10°
keal/m?+ h) [46]; 2) Tube, d = 12 mm (p = 5 to 31 atm,
g = 300-10° to 1200- 10° keal/m?-h) [45]; 3) Tube,
d=18 mm (p and g as in 1 and 2) [45]; 4) Bundle,
dequiv = 5.46 mm (p = 11 to 31 atm, q as in 1) [46]; 5)
Tube, d =32 mm (p = 31.4 atm, g = 100-10° to 450
- 10° keal/m?+ h) [17]; 6) Annular passage, dequiy = 5
.75; 3.87 mm (p = 50 atm, g = 300- 10° to 740- 10°
kecal/m?- h) [18]; 7) Tube, d=5; 6.9 mm (p =2 to 7
atm, q = 200-10° to 1100+ 10° keal/m?- h [48]; 8) Tube,
d=13.75 mm (p = 20 to 80 atm, g = 70- 10 kcal/m?-h)
[49]; 9) Tube, d=6 mm (p = 6 atm, q = 700+ 10° keal
/m?-h) [50]; 10) Tube, d =10 mm (p = 32 to 100 atm,
q=190-10° to 340-10° kcal/m®- h) [16]; 11) Annular
passage, dequiv: 0.5; 1; 1.5 mm (p = 48 atm,q = 390
«10° to 1500-10% keal/m®+h) [16]; 12) Tube, d = 4 mm
(o =3to9atm, q=1600-10° to 4800+ 10° kcal/m?- h)
[26]; 13) Tube, d=8 mm (p = 170 atm, ¢ = 200-10°
to 800- 10° keal/m?- h) [28]; 14) Bundle, dequiv = 9.47
(o = 50; 100 atm, q = 500-10° to 800-10% keal/m-h)
[18].

A comparison of the relation (28) with the experimental data for heat transfer with forced motion of a
two-phase steam—water flow in tubes and ducts (Fig. 14) shows that the experimental points agree entirely
satisfactorily with the calculational relation (28). The relation (28) is valid for sub-crisis heat transfer
regimes and has been confirmed by experimental data in the following ranges of the parameters: p=2- 10°
to 170-10° N/m?% q = 0.8:10° to 6-10° W/m?% wypj, =1 to 300 m/sec. From an analysis of the
relation (28) it is evident that it satisfies the specific transitions with respect to the circulation rate w,,
the specific heat flow ¢, the mixture velocity wy,jx. and is devoid of the basic defects inherent in the 23
calculational formulas considered above.
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