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B AaHHOfi pa6oTe, ncxoA5i Ira rKnoTeabI 0 rar[poZ[liKanfnsecKofi npnpone K~MBUCOB B 
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IQ-3EJpbKOBOrO KIlIleHlIfl. 

C, 
D = 2R, 

NOMENCLATURE 

specific heat capacity ; 
diameter ; 
acceleration of gravity; 
difference between rrean enthalpy 
of the flow and enthalpy of the 
saturated liquid ; 
length ; 
pressure : 
density of heat flow; 
critical density of heat flow; 
latent heat of vapour formation ; 
temperature ; 
saturation temperature above a 
plane ; 
circulation rate; 
gravimetric vapour content of a flow ; 
heat transfer coefficient ; 
volumetric vapour content of a flow ; 
specific weight ; 
transversal linear dimension of a 
channel; 
underheating of the flow nucleus 
up to the saturation temperature; 
them al conductivity ; 
coefficient of kinematic viscosity; 
coefficient of surface tension ; 
time. 

Indices 
,I 

int, 
vapour phase ; 
interface. 

1. DITRODUCI’ION 

BOILING heat transfer plays an essential part 
in solving a number of new problems and is 
widely used in the power industry. However in 
these cases the levels of formation of heat transfer 
surfaces can differ by some orders of magnitude. 
Thus, for example, when freon boils the heat 
fluxes are 109 kcal/ms/h in refrigeration tech- 
nique, 1P in evaporators of electric power 
stations, lo6 in water-moderated water-cooled 
reactors and 10’ kcal/me/h in elements of jet 
engines. 

In connexion with this the value of critical 
density of heat flux is of decisive importance for 
reactors and other highly forced installations: for 
this value determines the highest limit of safe 
working of an assembly. 

In industrial power installations the absolute 
values of heat transfer coefficients are of great im- 
portance, since they are usually of the same order 
of magnitude both for heating and heated media. 

Film boiling takes place in hardening pro- 
cesses (heat treatment), at near critical pressures, 
and in some other specific cases. 
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The present paper deals with the problems of 
heat transfer with nucleate boiling. 

Nucleate boiling is characterized by the origin 
of vapour in various places on the heating sur- 
face called nuclei of vapour formation. It creates 
a rather complex heterogeneous structure of 
liquid and vapour phase. This phenomenon re- 
lates to one of the most complicated problems of 
the hydrodynamics of gas-liquid systems, in par- 
ticular to flows in which phase components of the 
flow are split up in separate units bounded by 
moving interface surfaces. The number of these 
units (bubbles, drops, films) variable in space and 
time is great, and therefore probability laws of 
multicomponent systems must be valid here. 

At present there are no consistent analytical 
methods for such systems. 

The purpose of the present work is to discuss 
some fundamental problems of the theory of 
heat transfer with boiling, and to generalize the 
results of experinental work. 

2. ORIGIN OF VAPOUR BUBBLES 

The intensity of heat transfer with nucleate 
boiling is conditioned by the interaction of 
convection, connected with the directed motion 
of the whole flow of a liquid, and local convec- 
tion, caused by the origin, growth and rise of 
vapour bubbles. The latter process is of decisive 
importance at sufiiciently high flux densities, 
i.e. at considerable rates of vapour formation. 

The probability of the creation of a vapour 
phase in a superheated liquid is proportional to 
the number e raised to the power l/-(Jr)“. 
Consequently vapour bubbles should rise just 
near the heating surface where the superheating 
of the liquid is the highest in comparison with 
the saturation temperature above the surface. 

In some works on heat transfer with boiling 
an erroneous viewpoint of Kiuzhilin [21. 221 
has prevailed, namely that vapour bubbles 
rise on the projections of roughness. At present 
it may be considered to be established that the 
centres of boiling on a solid surface are hollows, 
pores and concavities near the base of protru- 
berances and roughness. Apparently for the 
first time this mechanism was pointed out by 
Andreev [5], who studied cylindrical pores. 
This mechanism was then studied in the works of 
Nesis [33], Courty and Foust [57]. The rise of a 

vapour bubble on a,conical pore was studied by 
Courty and Foust 1571, Bankoff [54] and others. 
A review of these works was made by Zuber [72]. 

Thus the process of boiling is conditioned not 
only by the probability of bubble rise at a given 
degree of superheating of the liquid, but also by 
the probability distribution of centres of vapour 
formation on the heating surface. The probability 
character of the rise of vapour bubbles on a solid 
surface is proved distinctly by the curves of 
bubble distribution in accordance with the 
frequencies of their formation, which were 
obtained at certain pressures by Zysina and 
Kutateladze [15]. Similar curves were later 
obtained by Treshchev [48] for boiling by heating 
the nucleus of a liquid flow to the saturation 
temperature. The diameter of bubbles just leaving 
the heating surface is also not a constant value. 
but obeys some distribution law. Under static 
conditions the diameter of a bubble just leaving 
a smooth heating surface is determined according 
to Fritz [60] by equation: 

see [23]. 
The variability of D, points to the fact that the 

value of the marginal angle do cannot be con- 
sidered as a distinct characteristic of a large 
area of a heating surface. Moreover recent 
cone-filming carried out at the Institute of 
Thermal Physics showed that when the boiling 
is intense a bubble has a complex form before 
breaking away, and that often it is bound to 
the heating surface by a cylindrical neck. 

The facts cited above show distinctly that the 
hydrodynamic and heat processes going on with 
bubble boiling can only be statistically 
represented. 

3. VAPOUR BUBBLE GROWTH RATE 

The growth of a vapour bubble is connected 
with the density of the heat flow on a bubble sur- 
face by the equation 

dR qint -=- 
d7 ry" ’ (2) 

BoGrjakovic [55] applied this relation for 
determining the value qint in accordance with the 
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experimental data of Jacob and Linkew [64] and 
Jacob [65]. 

If a liquid medium round a bubble is regarded 
as stationary, then 

qint = C(T - Tint) I/( 1 ? , (3) 

where the proportionality factor C is equal to 
~‘3 according to Plesset and Zwick [66] and to 
-7r/2, i.e. to C w 1.6 according to Forster and 
Zuber [59] ; T is the temperature of a super- 
heated liquid, and Tii is the saturation tempera- 
ture at the boundary of a bubble. 

According to this formula, for the conditions 
of formation of one of the vapour bubbles 
photographed by the author and Zysina during 
the experiments, we have: 

7llec 0*00475 O-0095 O-0285 
nut kd/m*/h 203000 143 ooo 83 Ooo 

Under the conditions of thermodynamic 
equilibrium for a spherical bubble 

T;; = T” f 
2uy dT” 

* --. 
R(y - y”) dP (4) 

While heat transfer is going on there is no 
thermodynamic equilibrium, a bubble grows 
due to liquid evaporation into it, and the value 
of Tint differs from that in equation (4). Assum- 
ing that there is only vapour in a bubble we may, 
in the first approximation, connect the rate of 
evaporation with the pressure drop in the 
vapour boundary layer by the known formula of 
the kinetic theory: 

qint = SrAP J(s). (5) 

where [ < 1 is the accommodation coefficient, 
B is the universal gas constant, m is the molecu- 
lar weight. 

The corresponding change in saturation 
temperature is 

Summing up equation (4) and (6) we find that 

IS 

T~t = T + C 2ay 
R,,, _ ,,‘r) 

(7) 

where 
dT AT”(y - 7”) 

i@ = vi’ * 

In technical units A = & . 

The comparison of terms in square brackets 
of equation (7) is given in Fig. 1. It is distinctly 
seen from this figure that even at 6 = 1 the 
correction for the evaporation kinetics is not 
only commensurable with the correction for the 
curvature of the interface but in a number of 
cases it may exceed the latter. 
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Fw. 1. Values of AT’: and AT;’ by equation (7). 



4. FIRST CRITICAL MEAT FLUX DENSITY as shown in [28], it led to a very complicated 
IN PX'ESAND CIHANNEM empirical formula. 

It is usual to begin the study of boiling pro- According to the hydrodynamic hypothesis 
cesses with the problem of free convection in a the transition from nucleate to f&n boiling 
large volume of a liquid. From the technical begins with loss of st~~t~al stabi~ty of a two- 
standpoint, however, the most essential thing is phase boundary layer in one of the small regions 
the forced flow of a boiling liquid in tubes and of the heating surface and from the formation 
channels. of a steady vapour “spot”. The rise of tem- 

At present vast experimental material has perature under this “spot” caused by the drop of 
accumulated on critical heat flows in tubes and the heat transfer coefficient leads to a further 
to a lesser degree, on critical heat flows in slotted development and dist~bution of fihn boiling 
channels, over the heating surface. Such a concept fully 

Eluoidation of the iniluence of pulsations on corresponds to the phenomenon observed with 
the value qcr was of great importance. The boiling on heat resisting (e.g. graphite) rods and 
number of regimes and thermal parameters plates. 
determining the maximum heat fiux density There is no basic difficulty in writing the 
at which the nucleate boiling and, accordingly, a conditions of mechanical interaction between a 
high intensity of heat transfer are still main- vapour and liquid for a differenti~ element of 
tained is very high. In connexion with this the the interface of such a system. And as far as the 
method of a generalized analysis of the pheno- local stability of the structure is concerned the 
menon in question and the rational forms question of boundary conditions for the whole 
of konnexion between the values determining it system does not arise. Accordingly, the system of 
are of paramount importance. equations consists of the equations of motion 

Two viewpoints concerning the critical and continuity for each of the phases and 
boiling in a large volume of a liquid were put for conditions of mechanical interaction of 
forward. phases on the interface [25]. 

According to the first viewpoint proposed by Considering, in the limit, a non-viscous liquid 
the author [24, 251 the transition from nucle- it is also possible to use the mechanism of the 
ate to film boiling is considered to be a qualita- stability theory of Rayleigh’s two-layer flow 
tively specific process, the basis of which involves 13% 
the loss of the stability of structure of a two- With such an interpretation of the problem it 
phase boundary layer which had existed before is the critical velocity of the vapour which has to 
the onset of the crisis. be determined, and the question arises of the 

Every critical hydrodynamic condition, as in relationship between the local quantity of this 
this case the transition from one regime of value and the average heat flux on the heating 
boiling to the other, is determined not by a surface. 
strictly fked quantity of a characteristic value It is evident that the oniy real measure of 
(qcr in the present case) but only by a most vapour formation rate is the value 
probable value. 

The second viewpoint most lucidly formu- 
lated by Kruzhilin [21], is based on the assump- 
tion that no new qualitative pecularities 
whatever arise during the first crisis in the 

repr~~g the m~um vapour volume which 

boiling regime and, consequently, the critical 
can be formed per unit time on unit heating 
surface. 

heat flux is determined by the same initial sum 
of the generalized parameters (similarity cri- 

We consider here the maximum vapour 

teria) by which the coefficient of heat transfer 
volume since in a general case a fraction of the 

with bubble boiling is determined. This hypo- 
heat ffow q may not be spent on vapour forma- 

thesis was not developed for a forced flow but 
tion (e.g. in the flow where the nucleus is under- 

when applied to boiling with free convection, 
heated to the saturation temperature). 

From the heat balance of the mixture one 

34 S. S. KUTATELADZE 
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more characteristic appears which can be pre- 
sented in the form of the criterion: 

r 
K’S (9) 

where di is the difference between the mean 
flow enthaipy and the enthalpy of the saturated 
liquid. 

In the flow of saturated liquid l/K = x where x 
is the vapour content by weight, i.e. in this case 
the criterion K actually has a purely hydrodyna- 
mic meaning. 

When T < T”, then the criterion K = r/c8 
where 6 = T” - T is the underh~~ng of the 
flow nucleus to the saturation temperature. In 
this case K has a purely hydrodynamic meaning 
only with fully turbulent heat transfer and 
serves as a measure of the vapour flow decrease 
due to the condensation process in a cool nucleus. 
If the molecular heat condu~on is important, 
then K as the heat criterion is connected with the 
Prandtl munber. This question will not be 
considered here. 

The stability of the two-phase system is 
always affected by the dynamic head of the 
phase which is being produced, the scale of 
which in the given case is the value 

(10) 

as well as gravity and surface tension. As the 
scale of the joint action of the two latter forces 
[taking into account equation (l)] the following 
value can be taken 

(Y - Y”) J(5). (11) 

The square root of the ratio of these values 
gives the criterion 124, 251 

K = r&S?+‘) G&Y - r”)l’ (12) 

At q = qcr the criterion of equation (12) can be 
determined. 

If we use the Rayleigh stability criterion then 
the criterion K will be of the form 

The value of this expression is marked with 
the index 1 for the first critical density of the 
heat flow (the rise of film boiling) and with the 
index 2 for the second critical density of the heat 
flow (the destruction of the vapour fihn). 

The difference between equations (12) and 
(13) by the value 1/[1 + (r”/r)] is not so 
essential, and is connected with the solution of 
the initial system of equations ‘adopted by 
Rayleigh. 

It was shown in the works of the author 
[24,25,26] that in the range of the assumptions 
considered, the following relation exists between 
the dimensionl~s criteria: 

Moreover, the law of heat supply distribution 
along the heating surface should be predicted. 

For the underheated liquid the hydrodynamic 
hypothesis led to the conclusion that there is a 
linear relation (at any rate in the Srst approxima- 
tion) between the criteria K and &jr of the 
form : 

(15) 

At a purely turbulent exchange the coefficient 
B is a certain constant. In the case of the infhrence 
of molecular heat conduction on heat transfer 
near the freshly forming elements of a vapour 
phase [e.g. by equation (3)] the coefficient B is 
the function of Pr and Ar. 

As regards the experimental data we have to 
note that in spite of their rnultip~~~ the agree- 
ment between the results of various investiga- 
tions is still unsatisfactory. This criticism applies 
to qualitative results, apart from quantitative 
discrepancies which can be explained by the 
inherent instabilities of critical constants. 

Anumber ofd~~ti~ were explained afW 
the role of the initial volumes of vapour bubbles 
in the rise of pulsations and the influence of the 
length of the heated section were revealed 
[4, 11, 461. 

Most experiments with slotted channels and 
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tubes show that the intluence of the slot width or 
diameter is small at: 

S>(li3)J(-&). (16) 

The linear relation between qcr and di in the 
region of underheating 6 > 0 is satisfactorily 
proved by the experimental data for sufficiently 
free channels at pressures up to the critical ones. 
Povamin and Semenov [36] confirmed that 
the relation was satisfactory for liquid flow 
rates up to 40 m/s. 

The experiments carried out by Zenkevich, 
Subbotin, Styrikovich, Miropolsky, Chirkin et 
al. [12, 13, 17, 46, 521 proved distinctly the 
general character of equation (15). However, the 
numerical values of the coefficients B and n are 
not equal in different experiments. 

The experiments of Zenkevich [13], Miropol- 
sky and Shitsman [17] give a clear dependence 
of qcr on w. at 6 3 0 which is satisfactorily 
described by the empirical formula [24, 251: 

” 0.106 

KlO = 0.023 w,o~a Y-y ( 1 & 
(17) 

where K,, is the value of the complex K at 6 = 0. 
The experiments carried out by Chirkin and 

Yukin, Averin, Kmzhilin and Kutateladze with 
water flow in broad annular slots are also 
satisfactorily described by an equation of the 
type (17) but the proportionality factor is equal 
to 0.085 [25, 261. The experiments of Omatsky 
[35] are quantitatively 30 per cent lower. 

The experiments of Doroshchuk and Frid 
[ 11, 171 show a weaker influence of the velocity 
of a liquid flow on the value of qw, and some 
influence of w. on the coefficient B is revealed. 
The experiments of Aladiev and Dodonov [3] 
differ in this respect from the results of other 
investigators. In these experiments the influence 
of w. on qcr is practically zero at low pressures, 
while at high pressures it is comparatively 
weak and the monotonous relation between the 
coefficient fly/y”)* and pressure is disturbed. 

Some discussion on the relation between 
qm and w0 at high velocities of a liquid flow is 
given in the work by Povamin and Semenov 
i361. 

In the range x > 0, i.e. in the flow of a 
saturated vapour-liquid mixture, the depen- 
dences for qcr are still more complicated. It is 
positively established that the degree of 
influence of vapour content depends on the 
gravimetric mixture velocity or, in other words, 
on the so-called “circulation rate” 

Gmix 
wg = - 

$2 ’ (18) 

where GmrX is the gravimetric mixture rate per 
second, Q is the cross-section area of the channel. 

When the pulsations are absent 

i.e. the critical density of the heat flux decreases 
despite the essential rise in the average liquid 
flow rate at the increase in the vapour content of 
the mixture. Comparing this result with equation 
(17) it is necessary to conclude that the increase 
in vapour content of the flow essentially changes 
the vapour content of the layer near the wall, and 
favours the destruction of liquid structures 
existing in the layer. 

On the basis of the experimental data avail- 
able, more or less distinct reIations may be 
outlined only for the region of volumetric 
vapour contents /3 < 0.9. Since the volumetric 
and gravimetric vapour contents are connected 
by the formula 

B Y” x _- 
1_/g--/=- l-x w 

then at low pressures very small weight vapour 
contents correspond to the values of jl < 0.9 
while at high pressures they are of the order of 
0.1 and more. 

Rybin treated the experimental data obtained 
by Aladiev, Buchberg, Doroshchuk, Miropolsky, 
Subbotin and others on tubes of 9 mm more 
in diameter, vapour contents of 0 c /? or < 0.9 
and entrance conditions under which the water 
entering the experimental section was slightly 
underheated to the saturation temperature. The 
results for the two values of the criterion: 
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are given in Fig. 2 from which both the absolute 
discrepancies in the data of some investigators 
and the general scattering of experimental 
points are distinctly seen. 

It is interesting to note that the average lines 
at the point fl = 0 practically coincided with the 
results of calculations by equation (17): 

In Fig. 3 the averaging straight lines are com- 
pared for various values of the criterion of 
equation (20). As is seen, the relative influence 

of vapour content weakens with the decrease of 
this criterion. 

The experimental material available for the 
region of high weight vapour contents 
(j3 > O-9) is insufficient for generalizations. 

Thus systematization and further accumula- 
tion of experimental data on flow in tubes and 
channels is essential before reliable calculation 
formulae for the value qcr can be obtained. In 
connexion with this the complicated empirical 

K ,O*I 

0.1 0.2 0.3 04 0.5 0.6 O-7 0.6 0.9 

B 

FIG. 2. Relation between Kl on fl and F* in a flow in tubes. 

0.1 o-2 0.3 o-4 o-5 O-6 0.7 0.6 

a 

FIG. 3? Relation between Kl on j and F, B < O-9 (mean lines). 
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equations proposed by Zenkevich [ 131 and 
Ivashkevich [16] may be considered only as the 
first and not very successful experiment. 

5. CRITICAL DENSlTY OF HEAT JXOW AT FREE 
CONVECTION IN A LARGE VOLUME OF LIQUID 

The results of the application of the ‘hydro- 
dynamic theory of control boiling to the con- 
ditions of free convection in a large volume of 
liquid are well known and reduce to the fol- 
lowing expressions [24, 251: 

K,, ‘m const. ; (21) 

4cr.a 
- < 1. 
%X,1 

(22) 

The influence of underheating of the bulk of a 
liquid is expressed by equation (15). 

Using the Rayleigh stability theory of two- 
layer flow Zuber and Tribus [71] found that in 
non-viscous liquid 

0.12 < K,, < 0.16 I 

B = 5.3 (Pra Ar,)-1/4 

i 

(23) 

?l=$ J 
Equation (3) was also used for calculating the 

latter two coefficients. 
It is interesting to note that the group B in 

equation (23) changes only very slightly. The 
theoretical values (23) coincide closely with the 
majority of the experimental data. However it is 
important to pay attention not to this good 
qualitative and quantitative corroboration of 
the theory by the majority of experimental 
investigations but to some discrepancies revealed. 
Apparently, if these deviations are not connected 
with experimental inaccuracy and inaccurate 
data on physical properties of the material investi- 
gated, they must serve as the starting point for 
further development of the theory. Here we 
mean small (less than 0~1) values of Kl fir 
melted salts revealed in experiments of Robin 

% 

FIG. 4. Dependence of qcr,l on concentration of mixture of butyl alcohol in water: 
e-wire, p - 9.8 atm 0 -plate, p = 11 atm. 
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[38] (with the approximate conservation of the 
values KB) and the deviations of values B and n 
in the experiments for diphenyl from those for 
water and alcohol. 

Highly interesting results in critical heat 
flows in mixtures with boiling on thin wires 
were obtained by Van Wijk, Van Stralen [69], 
Fastovsky and Artym [51]. It was found that the 
value of qcr,l essentially exceeded the cor- 
responding values for each of the components 
at a certain composition of a binary mixture. 
For pure components the values of the critical 
heat flux were obtained coinciding well with 
equation (21) when a correction for viscosity 
was introduced according to Borishansky [6] 

K,O = o-13 + 4 Ar,O-*. (24) 

The mechanism of this phenomenon is still 
far from clear. Moreover the experiments 
carried out by Bobrovich et al. in the Institute 
of Thermal Physics with heating surfaces 
greater than those used in the investigations 
mentioned did not discover this effect in any 
particular form (Fig. 4). 

6. INFLUENCE OF FORCED CQNVBCTION ON 
HEAT TRANSFEX WITH NUCLEATE BOILING IN 

The influence of the directed convection 
characterized by the “density-displacement” 
velocity and vapour content of the flow on the 
intensity of heat transfer with nucleate boiling 
depends both on the density of the heat flow and 
the physical properties of the heat agent. Great 
attention is devoted to this problem in the 
works by Sterman, Styushin, Sorokin and others 
[18, 41-441. 

With nucleate boiling the flow rate has little 
influence on the heat transfer coefficient at high 
pressure and powerful heat fiow, as confirmed 
by the experiments of Aladiev, Tarasova er al. 
12,471. 

At low pressures and moderate heat flows this 
influence may be quite essential. 

As was shown by the author in [24, 291 the 
influence of circulation velocity on the heat 
transfer coefficient with bubble boiling can be 
estimated by the ratio of the heat transfer co- 

efficient a0 in the flow of a non-boiling liquid to 
aoo with a developed boiling. 

For the region where there is no vapour content 
influence we have 

a a00 -= f(-_) , 
a0 a0 

(25) 

and moreover 

z=o, f= 1, $=o; 

a00 
(26) 

--03, f+-- 
QO 

“o”.“, /-+ 1. 

The simplest interpolation formula satis- 
fying the conditions of (26) is 

&= $[l + (?)“I. (27) 

The dependence of a on w. and q is shown in 
Fig. 5 according to test runs carried out by 
Sterman. It is distinctly seen from this figure 
that the influence of the circulation rate de- 
creases with the increase in q. The treatment of 
these test runs shows that the value n = 2 con- 
venient for practical calculations can be adopted 
1291. 

The value agO representing the heat transfer 
coefficient in developed boiling is determined 
for the given liquid by the equation: 

a00 = c(p)qO*‘. (28) 

For the experiments with water boiling in 
tubes the values of the pressure function c(p) is 
shown in Fig. 6 according to the data by 
Aladiev, Sterman et al., Tarasova et al. [2, 44, 
471. This dependence is qualitatively similar to 
that obtained by Borishansky [7] in experiments 
with boiling at free convection in a large volume 
of liquid but it is displaced somewhat lower. This 
quantitative discrepancy of some 20-30 per cent, 
is hardly fundamental in character. 

The considered expressions are valid with 
t9 < O-7. It should be noted that the experi- 
mental material available is not plentiful for 
these values of vapour contents. The data 
available for the region /? > O-7 are insufficient 
for any generalization to be made. 

The experiments of Tarasova et al. (471 carried 
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FIG. 5. Relation between a/q@” and q and wO for water, p = 2 atm, tube 
16 mm in diameter. 
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Fro. 6, The value of c, in formula (28) from experiments with water boiling in tubes: 
l according to [2] 
0 aazon-ling to 1441 
5 according to [47] 

Curve 1 by the Kruzhilin formula. 
Curve 2 by the Kutateiadze fonmda. In these two formulas the 

proportionality factors are diminished by 20 per cent. 
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out at 170 atm showed that at /3 > 0.7 some 
increase at the beginning and then strong 
decrease of the heat transfer coefficient was 
observed. 

7. HEAT TRANSFER WITH DEVELOPED 
NUCLEATE BOILING 

The absence of any influence of velocity and 
channel sixes on the heat transfer coefficient 
with developed nucleate boiling (at least at 
j? < O-7 and D > 31/[u/r - ~“1) is connected 
with the fact that in this case the sweeping of the 
heating surface by theliquid is fully determined by 
the process of vapour formation. This is another 
cont?rmation of the qualitative difference be- 
tween the mechanisms of heat transfer with 
nucleate boiling and the appearance of film 
boiling, since the value qcr depends quite dis- 
tinctly on the velocity whereas a hardly depends 
on it. 

Thus with developed boiling the heat flux q 
alone is the regime factor with respect to the 
heat transfer coefficient. Moreover there is the 
influence of the complex of physical properties 
of the medium varying along the saturation line. 

The probability character of the distribution 
of the vapour formation centres over the heating 
surface and of the vapour bubble generation 
process itself creates the instability of the hydro- 
dynamic and heat conditions in the region close 
to the wall as already mentioned above. 

In connexion with this the values of heat 
transfer coefficients are far from being equal 
despite various experiments which were adequate 
in themselves. Due attention is not paid to this 
circumstance and some investigators still only 
consider their own values of a to be reliable. 

When determining the similarity criteria of the 
heat transfer process it is necessary to study the 
interaction of the whole flow with the heating 
surface, i.e. one should not limit oneself to the 
investigation of local conditions, as was the case 
in the problem of the critical regime. This 
circumstance creates some difiiculties, not yet 
overcome, for formulating the corresponding 
system of equations and in addition to them, 
the conditions on the boundary of the system. 

However, these difficulties differ slightly from 
similar ones which occur with the analytic 
formulation of conventional turbulent flow, 

which also consists of a statistical sum of 
finite formations, variable in space and time. 

Since at boiling there are parts of the medium 
with different physical properties (liquid and 
vapour), the mathematical formulation of the 
problem must contain the relations both for 
the phenomena inside each of the regions and for 
the interactions (mechanical and thermal) on their 
surfaces, i.e. at the interfaces. 

The conditions on the boundaries of the whole 
system, i.e. on the heating surface should be 
predicted in an independent manner. 

All the interactions taking place in a two- 
phase flow of any complexity are direct conse- 
quence of the total effect of local interactions. 
Therefore if we assume that this totality does 
not introduce any specific physical properties, 
the mechanism for the derivation of the simi- 
larity criteria is made up of the system of 
differential equations of motion and heat 
conduction in each phase, the conditions of 
local interactions on the interface and of the 
conditions on the heating surface (boundary 
conditions). 

Essentially, this problem was raised in the 
same form by the author [23,24] and later on by 
Eigenson 1531. 

This approach to the derivation of the 
similarity conditions can be methodically 
formulated in two ways: 

(1) The equations of heat transfer and motion 
in a differential form for each phase, the equa- 
tions of the interaction on a differential surface 
element of the interface and the’system boundary 
conditions are written out; 

(2) The equations of heat transfer and motion 
in the differential form are written out for the 
phase which is of decisive importance for the pro- 
cess (for the liquid in nucleate boiling); the 
second phase is considered in the form of finite 
elements of definite geometry (e.g. spherical 
vapour bubbles) the equations of motion of the 
centre of gravity of such an element and heat 
balance equations are written out, the system 
boundary conditions being the same as in the 
first case. 

In a like manner the system of equations 
can be made up when considering a new phase 
to be a heat and mass sink [lo, 421. Such a pro- 
cedure does not differ in essence from the one 
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above but in this case the discrete elements of the 
new phase should be considered as material 
points. Therefore such a method may be applied 
when the region where the process is going on is 
very large in comparison w.ith the elements of 
the dispersed phase. 

There is no basic difference between the two 
methods since the motion equation of the 
bubble centre of gravity can be obtained by 
solving the equation system of the complete 
motion of both phases. Such solutions were 
obtained in the hnite form for some ranges of 
Reynolds numbers by Hadamard [61] Rybchin- 
sky [68] and Levich [30]. 

Naturally the system of equations should 
correspond to the adopted model of the real 
physical process and be closed in the sense 
that the number of equations corresponds to the 
number of unknowns entering them. The degree 
of the model conformity with the real process is 
in the end given by the comparison between 
experimental data and the results of generaliza- 
tions. This circumstance is not of course peculiar 
to the boiling process by has general significance 
WY* 

The consideration of equations of liquid 
motion and heat conduction with regard to the 
equations of motion and mechanical and thermal 
interaction of a vapour phase gives three 
criteria : 

Here the value q/r/’ is the velocity scale and the 
value d(u/r - 7”) is the scale of the linear 
dimension. 

At highly intensive boiling the layer near the 
wall may be so turbulized that the influence of 
the molecular viscosity may be neglected in the 
equation of motion. In such a case we obtain 
only two criteria as distinct from (29): 

( ) 

l/2 

Pt~,=prRe,=-~ -d!i-. ; 
ry”Q y - y” 

P@Ar* = $ (F-7)5/1(1 - $). (30) 

In particular, this is valid for the media with 
Pr $ 1. It follows from boundary conditions 
that: 

(3 1) 

The last criterion was introduced by Jacob [65]. 
The continuity condition of the temperature 

field on the interfaces has the form : 

Tintl = Tint* = Zht. (32) 

If T&t is determined by equation (4), as 
Kruzhilin determined it [21], then a new criterion 
is obtained which can be reduced to the form : 

Kf = 
W’)* 

AcrT” dbcr - r”)l. (33) 

If the kinetics of evaporation is taken into 
account as was done by Zysina and Kutateladze 
[14, 241, the following criterion appears: 

Kp = d[drP- f’)]’ 

As was shown above, the terms of the 
equation which lead to these criteria are at least 
commensurable. 

If we assume that dp/dT” w p/T” then : 

where : 

is the modification of the criterion K introduced 
by Sterman. 

The treatment of experimental data with 
simultaneous use of the criteria Kt and K,, (or 
K, and K, y”/y) is difficult. However it turns 
out that there is nearly a single-valued relation 
between these criteria for many liquids. And this 
explains the fact that the empirical formulae 
buih by the limited system of criteria as: 

Nu, = f,(Pr ; Re, ; KJ 

Ah, =f,(Pr; Re,; K,), 

give more or less satisfactory results. 

(37) 
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In practice for a particular liquid one treat- 
ment is somewhat preferable. 

Tobilevich [49] and some other authors 
showed that the treatment with the criterion 
K, gives slightly better results especially in the 
region of high pressures. In particular this refers 
to water (Fig. 6). 

Some authors striving for better agreement 
between experimental data developed formulae 
which contain a limited number of criteria and 
individual constants for each liquid. These con- 
stants are even commensurable in some formulae. 
In this connexion we may mention the formulae 
of Rohsenow [67], Aladiev [2], Jacob and 
Linke [64], Tolubinsky [50] and Levy [62]. 
Apparently, in this case it is preferable to have 
simple empirical formulae for the given sub- 
stance. Aladiev suggested a good form of such a 
formula for water. It is expedient to give this 
formula as: 

CO.7 

a = -6’~ 10-V’) (38) 

where c is the constant characterizing the heating 
surface. With boiling in tubes c m 2-l ; with 
boiling in a large volume on brass tubes c m 2.6 
and c w 3 with boiling in a large volume on 
tubes of stainless steel. 

In this respect the methods of developing 
empirical relations on the basis of the concepts 
on the states of the substance are useful. This 
subject is considered by Novikov [34], Borishan- 
sky [8], Rychkov [40] and others. 

CONCLUSIONS 
(1) The available theoretical and experimental 

data on bubble boiling mechanism concern, in 
the main, the conditions under which bubbles 
interact slightly with one another. With boiling 
of a saturated liquid at high thermal flux densi- 
ties the development mechanism of vapour 
bubbles changes considerably. Further investi- 
gations are needed for creating a sufficiently 
complete theory of nucleate boiling. 

(2) The hypothesis of hydrodynamic nature of 
crises in boiling mechanism and crisis develop- 
ment from local disturbances of the stability of a 
two-phase boundary layer allowed a strict for- 
mulation of the system of differential equations 

describing this process, the choice of both a 
rational form of the criterion determined and 
the system of principal determining criteria. 

On the basis of this hypothesis theoretical 
formulas are obtained for the first critical 
heat flux in a large volume of liquid with 
free convection. 

The qualitative conclusions from the hydro- 
dynamic hypothesis are also confirmed well 
enough by the data on forced flow. 

For further development of this problem it is 
necessary to carry on a number of widespread 
investigations of critical phenomena in the flow 
of liquids with different physical properties. It is 
also necessary to specify exactly the conditions of 
experiments. 

It is especially necessary to accumulate experi- 
mental data in the region of positive flow vapour 
contents. 

(3) The influence of circulation rate on the 
heat transfer coefficient with nucleate boiling 
depends on the ratio of intensities of heat trans- 
fer with conventional convection, and with 
developed boiling. In certain cases this influence 
may be quite essential and promote the opera- 
tion of heat transfer equipment. 

(4) The strict formulation of the problem of 
heat transfer intensity with bubble boiling is 
possible only on the basis of consideration of 
statistics of many final elements variable in 
space and time. At present such statistics are not 
available. 

The ways of overcoming this difficulty 
discussed here in terms of deriving similarity 
conditions lead to an adequately complete 
system of hydrodynamic and thermal criteria. 
It is impossible to give strict .formulation of the 
conditions on a heating surface. 

(5) In practice the heat transfer conditions are 
not studied for boiling of binary mixtures or in 
other specific cases. The amount of work in this 
respect in no way corresponds to the practical 
and theoretical importance of this problem. 
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Abstract-The present paper is devoted to the problem of nucleate boiling heat transfer. 
Complicated hyd~~c processes occurring in gas-liquid systems with nucleate boiling have 

made it impossible up to now to develop a complete theory for this process. 
A system of differential equations for a nucleate boiling process has been formulated and a rational 

system of criteria characterizing it has been developed, proceeding from the hypothesis on the hydro- 
dynamic nature of crises in the boiling mechanism. 

Generalization of experimental works on nucleate boiling has been carried out on the basis of the 
analysis of some principal problems on the boiling heat transfer theory and a system of hydrodynamic 

and heat criteria characteriaing this process. 

Risum&--Cet article est consacr6 au probltme de la transmission de chateur au tours dune ibullition 
nucl&e . 

Les phinomenes hydrodynamiques compliquts qui intervienncnt dam le syst&ne liquide-gaz lors 
dune tbullition nucl& ont jusqu‘a present rendu impossible, l’etablissement d’une theorie complete 
de ce processus. 

Get article Ctablit un syst&ne &equations differentielles reiatif a une Cbulhtion m&&e caracterisee 
par des criteres rationnels fond&s shr I’hypothese faite sur la nature hydr~ynamique du m&at&me de 
1’~bullition. 

La g&&alisation des travaux experimentaux sur l’tbullition nucl&e a ette faite & partir de l’etude de 
quelques problhnes essentiels de la th6orie de la transmission de chaleur par ebullition et dun systtme 

de crittres thenniques et hydrodynamiques caract6ristiques de ce processus. 

B-Der W&mei%ergang beii Blasensieden ist hier behandelt. Die kompliziien 
hy~~~~~hen Prozesse, die in G~~~ssi~eit-Syst~n beii Blasensieden auftreten, machten 
es bis jetxt ~~~~h, eine geschlossene Theorie f&r diesen Vorgang au entwiekeln. Hier wird ein System 
von Differentialgieichungen fiir den erw&bnten Vorgang aufgestellt und durch eine Reihe von Rriterien 
charakterisiert, die auf der Annahme der hydrodynamischen Natur der bum-out-Erscheinungen 
beruhen. Auf Grund der Anaiyse einiger prinaipieller Robleme des W&nnetiberganp beim Sieden und 
aus einem System hydrodynamischer und wiirmetechnischer Chan&teristika des Vorgangs konnten 

Verallgemeinenmgen fur experimentelle Arbeiten getroffen werden. 


