
fnr. J. Heat Maaa Tramfer. Vol. 9, pp. 229-237. Pergamon Press 1966. Printed in Great Britain. 

REPARKS ON NUCLEATE BOILING HEAT TRANSFER FROM 

A HORIZONTAL SURFACE 

E. RUCRENSTEIN 

Polytechnical Institute, Bucharest, Romania 

(Receiued 17 January 1965 and &I ~e~ise~~r~z 2 September 1965) 

Abstract-In the first part of the paper a hydrodynamical model is proposed for the regime of isolated 
bubbles. The model which is of the boundary-layer type takes into account the circulation motion 
caused in the liquid by the bubbles which break off. Two equations are obtained, one holding for 
laminar, the other for turbulent flow. 

In the second part a mechanism of the heat transfer at large heat fluxes is proposed implying the 
existence of vapour cohnnns and the motion of a thin hquid film under these columns. In this mecha- 
nism it is considered that the rate of heat transfer is dependent on: (1) the hydrodynamic interaction 
between the liquid threads moving towards the heating surface and the vapour cohnnns; (2) the motion 
of the liquid as a thin layer under the vapour columns, under the action of surface forces; (3) the 
vaporization of this film which takes place at the liquid-vapour interface and explosively in the 

neighbourhood of the active centres. 
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thermal diffusivity ; 
specific heat of the liquid; 
= 2Ro; 
gravitational acceleration; 
heat-transfer coefficient ; 
heat-transfer coefficient corresponding 
to the area under a vapour column; 
heat-transfer coefficient corresponding 
to the area under the bulk of the liquid; 
mechanical equivalent of heat; 
thermal conductivity ; 
average value of the sizes of the surface 
cavities; 
average distance between successive 
active centres; 
average distance between successive 
cavities; 
number of active centres per unit area; 
pressure ; 
heat-flux density ; 
maximum heat-flux density ; 
volumetric flow rate per unit breadth; 
value of Q for x = 0; 
latent heat of vapo~ation; 
radius of the bubble at the moment 
when the bubble breaks off; 
radius of vapours columns; 

Tl, 
T 
T:T* 

temperature in the bulk of the liquid; 
temperature at the wall; 
temperatures on the two sides of the 
liquid film-vapour interface; 
temperature difference between the wall 
and the bulk of the liquid; 
component of liquid velocity along the 
x-axis ; 
liquid velocity at the beginning of the 
interval of length [(4/7@L - R&2; 
liquid velocity at the beginning of a 
path of length XI ; 
terminal bubble rise velocity; 
distance along the plate measured from 
the boundary between a vapour coiumn 
and the liquid; 
value of x for which 6 = 0; 
path length of an element of hquid 
along the bounda~ in turbulent con- 
ditions; 
distance from the wall ; 

Greek symbols 
a, stagnation Aow constant; 
B, vaporization or condensation coeffic- 

ient ; 
6 film thickness; 
6 0, value of (s at the boundary between the 

liquid and a vapour column; 
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volumetric vapour fraction; 
surface fraction occupied by vapour 
columns; 
liquid density ; 
vapour density; 
dynamic surface tension; 
liquid-vapour surface tension; 
liquid-solid surface tension; 
solid-vapour surface tension ; 
s (usv - uzs) - alv Cos 8’; 
dynamic viscosity; 
kinematic viscosity; 
contact angle between a bubble and the 
solid surface (in degrees) ; 
angle between the free surface of the 
liquid film and the wall at x = x0. 

RECENT experimental results have shown that 
there are two regimes of nucleate boiling: (a) the 
regime of isolated bubbles and (b) the interfer- 
ence regime [I, 21. The dominant heat-transfer 
mechanism differs essentially in the two regimes; 
in the first it is due to the stirring action of the 
bubbles, while in the second it is due to the latent 
heat transport. 

For the first regime theoretical equations have 
been established which take into account both 
the hydrodynamic process [3-81 and the nuclea- 
tion properties of the heating surface [3]. The 
hydrodynamic process has been represented 
either by considering the movement caused 
within the liquid by the bubbles which grow on 
the active centres of the heating surface [4-71, or 
by considering the circulation motion caused 
by the bubbles which break off [2, 81. 

Concerning the latter representation, two 
points of view have been developed. Tien [8] 
proposes a hydrodynamic model of stagnation 
laminar flow; the assumption that the char- 
acteristic constant of stagnation flow depends on 
n and u leads him, via dimensional considerations, 
to an equation for this constant and therefore 
for the heat-transfer coefficient. Zuber [2] has 
obtained an equation for the heat-transfer 
coefficient on the basis of an analogy with 
turbulent free convection, replacing the buoyant 
force in the equation for the free convection by 
the difference between the liquid specific weight 
and the specific weight of the two phase mixture. 
Though the starting point of the two theories 

is the same, the results differ, the one obtained 
by Zuber being in better agreement with exper!J 
ment. The attempt to explain this disagreement 
has led us to a point of view which may be con- 
sidered as a synthesis of the two aforementioned 
theoretical approaches; as in Tien’s work, 
hydrodynamical models are proposed, but the 
hydrodynamical parameters appearing in the 
equations written on the basis of these models are 
expressed as functions of quantities, more signi- 
ficant for the process, suggested by Zuber’s 
analogy. Two hydrodynamical models are used : 
one valid for laminar motion which is similar to 
that of Tien, and the other one for turbulent 
motion (a case not considered by Tien). The 
equation obtained for theturbulentflowcoincides 
with the relation established by Zuber (2) on the 
basis of the above mentioned anatogy. 

For the second regime, Moore and Mesler [9] 
have suggested a mechanism which implies the 
existence of a static thin liquid film on the heating 
surfaces under the bubbles. The evaporation of 
this film determines the rate of heat transfer. In 
the present paper, arguments are put forward 
in favour of another mechanism implying the 
existence of vapour columns instead of growing 
bubbles and the motion of a thin liquid film under 
these columns, the motion being under the 
action of surface forces. 

REGIME OF ISOLATED BUBBLES 

(I) Jakob’s experiments [IO, 1 I] have shown 
that, in the neighbourhood of a growing and 
departing bubble, strong forward and backward 
movements of the liquid take place. As the 
number of active centres and the frequency of 
bubble generation increases, the bubble columns 
entrain the liquid in a nearly continuous way. 
This ascending movement of the liquid is com- 
pensated by a descending movement in the 
central region of the space between the bubble 
columns and is continued in the neighbourhood 
of the heating surface with a movement quasi- 
parallel to the latter. It has been suggested [3, 61 
that around every active centre a domain having 
a square form may be ascribed, the area of which 
M L2, L being the distance between two successive 
active centres. The previously mentioned experi- 
ments have shown that the descending liquid 
reaches the heating surface in the vicinity of the 
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boundary of the domain of area R+ Lz; from there 
on the movement becomes quasi-horizontal and 
then ascending in the vicinity of the bubbles 
which break off from the active centre. The rate 
of heat transfer is determined by the hydro- 
dynamic process which takes place in the 
vicinity of the heating surface. 
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Let us assume at first that the motion along 
the plate is laminar. The distance covered by an 

-.-- 

element of liquid along the plate cannot be 

--- 

calculated exactly; we shall take as its mean 

v [(4/+‘2L - R] 

value the difference $J(4/+3L - &I. Though 

i 0 

the motion of the liquid is quasi-radial, we will 

ii * 

assume, for simplification, that it may be con- 

U) 

sidered as the motion of a liquid along a plate. 
The distance &[(4/~)1’2L - R,] being in general 
small, it may be probably considered that the 
thicknesses of the hydrodynamic and thermal 
boundary layers (computed by means of equa- 
tions holding for a semi-infinite fluid) is smaller 
than the thickness of the moving liquid elements. 
Therefore the equations holding for a semi- 
infinite liquid can be applied. Thus we obtain 
for the heat-transfer coefficient, defined as an 
average value over the interval 4[(4/~)1/2L - R], 
the following expression : 

(kinematic viscosity Y, density p’). Since the 
number of physical constants is four while that 
of the dimensions involved is three, it follows 
that one may form a single dimensionless group. 
A simple calculation leads to: 

Z,* Cc (%,ff:gr”)1’3. 
It may be mentioned that the velocity u0 

increases both with the buoyant force and with 
the viscosity. The increase with viscosity is due 
to the fact that for a given buoyant force the 
quantity of liquid entrained by the bubble 
columns is larger for large values of the liquid 
viscosity. 

Equation (2) becomes 

The volume fraction E occupied by the 

_ _ 

bubbles in the vicinity of the heating surface may 
be expressed, under certain conditions, by the 
equation [21 

Considering that the part of the heating surface 
which is covered by the bubbles has only a slight 
contribution to the heat transfer we can, in a 
first approximation, express the heat-transfer 
coefficient per unit surface area by the relation: 

h cck [l -;($)‘] x 

The circulation motion described above is due 
to the buoyant force gap, where Ap is the differ- 
ence between the density of the liquid and the 
density of the two phase mixture in the vicinity 
of the wall. It depends also on the physical con- 
stants of the liquid. The velocity u. depends on 
the velocity of the circulation motion and there- 
fore on the buoyant force 

p’g - [p’(l - c) + p”E]g = (p’ - pl’)ge 

and on the physical constants of the liquid 

and therefore equation (4) takes the form: 

(6) 
The velocity U may be computed by one of 

the equations proposed by Peebles and Garber 
[12] or Harmathy [13]. Under certain boiling 
conditions : 

L/i_ 1.18 [“‘I,~ p‘j1’4. (7) 

The diameter Do of a bubble which breaks off 
is given by the equation [7]: 

g(p’ - p”) (n/6) D;= 4rr x IO-4 gZ D,o + 
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The mean distance between two successive 
centres may be evaluated by the relation [3] 

L = L&r’2 (9) 

where $ is a function of the dimensionless group 

uz ,T ___ __~ 
1,rp”JAT’ 

The form of the function # may be obtained if 
we know the distribution function of the cavities 
of the heating surface. 

A complete comparison of equation (6) with 
the experimental results is not yet possible since 
the function # and the lengths Lo, lo are not 
known. It should be remarked however that if 
we neglect (Ro/L)2 as compared with unity and 
consider that R. is not dependent on ATequation 
(6) becomes : 

h cc /75’i2(AT)“3[1.13 - Ron1’2]-1’2 (10) 

which for not too large values of R,rP is in 
good agreement with the experimental results of 
Gaertner and Westwater [14] who have obtained 
h cc no.43. 

The proposed model does not differ essentially 
from the one previously suggested by Tien and 
for this reason the latter will be discussed here. 

Tien [8] has suggested a hydrodynamic model 
of stagnation flow and considering laminar flow 
has obtained : 

(11) 

where a is the characteristic constant of stagna- 
tion flow. Assuming further that a is dependent 
on n and V, Tien shows on the basis of dimen- 
sional considerations that a CC nv and therefore 
that* : 

(12) 

* It seems more reasonable to assume that a depends 
on the quantities which characterize the circulation 
motion of the liquid, (i.e. the buoyant force g(p’ - P”)E 
and the physical constants of the liquid Y and p’), and 
tE;Etz that a a [ge(p’ - p”)lp’]“13~-l/3. Equation (11) 

h a k ( g&P::_ p” 1’3 _ ” l/3 

p’v2 1 0 a 
(13) 

Equation (13) is identical to that established by Zuber 
on the basis of the analogy between free turbulent con- 
vection and nucleate boiling. 

It should be noted that owing to the similarity 
between stagnation flow and flat-plate boundary- 
layer flow, the model used here does not differ 
essentially from that used by Tien. However, the 
results obtained are different, especially because 
of the quantities chosen to characterize the state 
of motion of the liquid. 

(3) We will now consider that the motion of 
the liquid is turbulent and analyse the heat 
transfer on the basis of the model suggested in 
reference [15] for the representation of a turbu- 
lent process in the vicinity of a solid boundary. 
In the model referred to, it is assumed that, 
owing to the turbulence, laminar boundary layers 
are formed in the immediate vicinity of the wall, 
over short successive paths of length xi. In other 
words, the turbulent fluctuations cause the 
elements of liquid to come into contact with the 
wall; after travelling along it for short distances 
of length xi, they “dissolve” in the bulk of the 
liquid. The process repeats itself at intervals of 
length xi. For every such interval we apply the 
equation holding for a semi-infinite fluid in 
laminar motion along a plate. In this way one 
obtains the following equation for the heat- 
transfer coefficient defined as a mean value over 
the interval xi: 

We remark that for the two cases (laminar 
and turbulent) the same equation is used. The 
difference consists in the fact that while in the 
laminar case the “laminar flow path” is deter- 
mined by the bubble spacing, in the turbulent 
case the length xi of the “laminar flow path” is 
determined by the quantities which characterize 
the state of motion of the liquid. 

The velocity ~1 and the path-length xl are 
dependent on the hydrodynamic state of the 
liquid in the vicinity of the heating surface, 
therefore on g(p’ -- p”)c and the physical 
constants Y and p’. Dimensional considerations 
lead to 

/n’ - n” \ l/3 
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t 
r , r- gvc ! 

,yl K ("' ;, PYgf)-li3 $13. 



REMARKS ON NUCLEATE BOILING HEAT TRANSFER 233 

Equation (14) becomes 

Since the part of the heating surface which is 
covered by the bubbles has only a small con- 
tribution to the heat transfer, equation (14) has 
to be corrected. As a first approximation one 
may write 

Equation (15) coincides with the equation 
established by Zuber [2] on the basis of the 
analogy between free turbulent convection and 
nucleate boiling. As shown by Zuber this equa- 
tion is in good agreement with experiment. 

INTERFEXENCE REGIME 

(1) If the heat flux becomes sufficiently large, 
a greater number of active centres contribute to 
the formation of a bubble, and for very large 
values of the flux (but smaller than the maximum 
ffux) bubbles are no more distinguishable, but 
only vapour columns which seem to originate 
from the heating surface. By using a transparent 
heating surface and by taking photographs from 
below, Kirby and Westwater [16] have empha- 
sized the existence, at high values of the heat 
flux, of large vapour patches connected to the 
surface by numerous vapour stems. Under each 
large vapour patch lies a very thin liquid layer 
in which dry spots appear and disappear, 

What about the hydrodynamics of the process 
at high values of the flux? In the regime of 
isolated bubbles a circulation of the liquid goes 
on, the amount of liquid displaced towards the 
heating surface being generally large. At suffi- 
ciently high vapour flow rates the amount of 
liquid directed towards the heating surface 
decreases because the motion is delayed by the 
continuous jets of vapour (which, as the flux heat 
increases, cover an increasingly larger portion of 
the heating surface) and by the vapour velocity 
within these jets. At large heat fluxes the volu- 
metric flow rate of liquid which is directed 
towards the heating surface is small [17-191. 

There comes a critipal moment when the 

H.M.---Q 

number of jets and the vapour velocity become 
so great that only the amount of liquid which 
produces by vaporization the vapour flow is 
directed towards the heating surface. 

This critical moment cannot be exceeded 
because if the vapour velocity were to surpass 
the critical velocity this would increase the 
braking action on the motion of the liquid 
towards the heating surface, and the liquid flow 
could no longer maintain the vapour flow. 

Since at the maximum value of the flux the 
velocity of the liquid directed towards the heat- 
ing surface may be neglected in comparison with 
that of the vapour, the hydrodynamic process 
which takes place may be considered similar 
to a flooding process. As a matter of fact the 
analogy between flooding and the maximum 
flux has been pointed out by Bonilla and Perry 
[ZO]_ The moment of flooding may be determined 
quantitatively either by assuming that it takes 
place at the moment when the interfacial 
instability between vapour jets and liquid occurs, 
[19, 211 or by applying the flooding condition 
[22]. In both cases one obtains the equation 

mg(p’ - P”) li4 
qmax oc rp“ - - -;i-- - 

P 1 (16) 

which has already been found by Kutateladze 
[17] by means of dimensional considerations. 

Equation (16) represents the only quantitative 
information concerning the interference regime. 

(2) What is the heat-transfer mechanism at 
high fluxes? Moore and Mesler [9], when deter- 
mining the wall temperature, have found that at 
high values of the heat flux, sudden temperature 
drops of 20”-30 degF take place in about 2 ms 
followed by a relatively slow temperature 
increase. The explanation put forward by these 
authors is that the growing bubbles do not 
remove all the liquid but leave at their bases a 
thin liquid film. The evaporation of this film 
causes the sudden drop of the wall temperature. 

But growing bubbles should leave a liquid film 
on the heating surface also in the case of lower 
values of the heat flux, and therefore the pheno- 
menon pointed out by Moore and Mesler should 
occur also for smaller fluxes; this has not been 
observed experimentally. A possible explanation 
which retains the main idea of Moore and 
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Mesler’s work (viz. the existence of a liquid film) 
and includes also the experimental facts men- 
tioned by Kirby and Westwater could be the 
following: There are no bubbles at high fluxes 
but only vapour columns. The liquid “threads” 
moving between the vapour columns towards 
the heating surface, on reaching the latter, con- 
tinue their movement as a thin layer under the 
vapour columns. The motion of the thin layer 
of liquid takes place under the action of surface 
forces (surface wetting forces). In fact, in certain 
regions under the vapour columns the surface is 
uncovered by liquid. These “dry regions” deter- 
mine the existence of surface wetting forces. The 
regions under the vapour columns contain 
active centres. The active centres probably make 
up some kind of “explosion centres” where 
nuclei are formed which favour the practically 
explosive evaporation of the adjoining liquid. 
This explosive evaporation absorbs heat from 
the solid wall thus bringing about a rapid 
temperature drop. 

The rate of heat transfer is dependent in this 
case on : (1) the hydrodynamic interaction process 
between the vapour columns and the liquid 
threads; (2) the motion of the liquid film on the 
heating surface under the action of surface forces ; 
(3) the vaporization process which takes place 
at the liquid-vapour interface of the film and 
possibly explosively in the neighbourhood of the 
active centres. (The nucleation process in the 
homogeneous or heterogeneous phase may also 
play a part if one considers the high tempera- 
tures involved.) 

This representation of the process has some 
quantitative consequences. For the purpose of 
simplifying the computation we shall make the 
following approximations: (i) the part played by 
nucleation and active centres will be overlooked 
(this point will be discussed below); (ii) it will 
be assumed that the central part of the area 
under the vapour column is dry (although it has 
been shown experimentally [16] that the dry spots 
are distributed more or less uniformly under the 
vapour column); (iii) we shall write the equations 
for a plane motion and take no account of the 
quasi-radial symmetry. The model is sketched 
in Fig. 1. 

As mentioned above the motion of the liquid 
film under the vapour columns takes place under 

FIG. 1 

the action of the surface wetting forces. The 
manner in which these forces act is not yet fully 
understood. It seems that these forces produce 
shear stresses at the liquid-vapour interface 
owing to a gradient along the interface of the 
dynamical surface tension. The motion of the 
liquid film is a consequence of these shear 
stresses. The wetting surface tension 

x = (Go - U,l) - UlPJ cos 8’ 

is equal to the integral of shear stresses, taken 
over the whole liquid-vapour interface under a 
vapour column 

X” s (‘i 7 “” 
by .Y=6 

dx. (17) 
0 

Neglecting the inertial forces, the equation of 
motion of the liquid film under the vapour 
column may be written 

Continuity of normal stress at the interface per- 
mits us to write equation (18) in the form 

0, (18’) 

where da6/dxe = curvature of the interface. 
The other boundary conditions are: 

u=O fory=O (19) 

and 
au f---J da 

for y 1 6. rl ay y-8 -dx (20) 
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In order to simplify the calculation we shall 
assume further that (i) the shear stress is uni- 
formly distributed along the length x0, and (ii) 
the term 

d 

dx 

in equation (18’) may neglected. The first simpli- 
fying assumption allows to obtain from equation 
(17) 

au 

q ay pb x0 0 

X w- wu 

and both simplifying assumptions lead to 

X 
UM---- 

7x0 
Y- (21) 

The volumetric flow rate per unit breadth is 
given by 

F, 

Since 6 = 0 for x = x0, equation (26) leads to 

x0 =: r$($ +$)]1’2 (27) 

It may be stressed that from equations (22) and 
(27) result that Q0 is related to 6, by 

Q” =: p+(;+$),‘;‘* c2*) 
The mean heat-transfer coefficient for the area 

under the vapour column may be expressed by 

Jr= [l- (1 -;js] [$Li]. (29) 

0 

For t9 $ k/6 we get 

Q E - udy M * s 27ph’ 
(22) h=;[l-(l-$]~ 

0 

The film thickness 6 decreases as x increases, 
owing to the vaporization of the liquid under 
the effect of the heat flux. The rate of heat 
transfer is determined by the thermal con- 
ductivity through the liquid film and by the 
vaporization-condensation process which takes 
place at the liquid-vapour interface 

-; $j$$ [l - (1 -;;,)“I. (30) 

q=$(T,-T*)=p(T*-T) 
T,-T AT = --_-=- 

- 6 1-a ,423) 

i+p i+j 

Therefore 

,dQ AT -rp dx=s1 (24) 

Equations (22) and (24) lead to the differential 
equation 

rp’x da AT 
-Fs-=s-i* 7x0 dx 

i+jj 

Integrating, we get 

(25) 

The factor (1 - (I - [xo/Ro’])2) takes into 
account that part of the area under the vapour 
column which is occupied by the dry region. 
The mean heat-transfer coefficient over the whole 
area of the heating surface may be written as a 
sum : 

h = he’ + hl(l - E’). (31) 
The heat-transfer coefficient is dependent both 

on the heat transfer through the thin liquid film 
which is moving under the action of surface 
forces, under the vapour columns, and on hydro- 
dynamic factors related to the interaction 
between the vapour columns and the liquid 
threads in their motion towards the heating 
surface. As a matter of fact, even the hydro- 
dynamic process which takes place at the base 
of the vapour columns depends, through Q0 or 
6, on this interaction. 

No further details based on the above calcu- 
lation will be given for the present about the 
heat-transfer coefficient, for two reasons : (1) The 
process which takes place at the base of the 
vapour columns depends on the presence of 
active centres (the fact that the dry regions are 
not found only in the central zone but are also 
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distributed over the whole base of the vapour 
column and that they appear and disappear, 
could be interpreted as an argument in favour 
of this assumption.* (2) It is not yet possible to 
compute QO, R’, E’ and hl as functions of the 
hydr~ynami~ conditions. However, the calcu- 
lation performed above gives certain indications 
concerning the mechanism by which surface 
forces influence boiling heat transfer and could 
be used eventually as a basis for obtaining 
dimensionless groups able to characterize boiling 
heat transfer at large fluxes. 
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R&sum&Dam la premiere partie de l’article, un modtYe hydrodynamique est proposQ pour le regime 
de bulles is&es. Le modl?le qui est du type couche limite tient compte du mouvement circulatoire 
provoqub dans le liquide par le dktachement des bulles. On obtient deux kquations, l’une pour l’&oule- 
ment laminaire, l’autre pour I’&coulement turbulent. 

Dans la deuxiCme partie est propod un mB un m&canisme pour lc transport de chaieur & des flux de 
chaleur &e&s impIiqu~t l’existencede coionnes de vapeur et le mouvement~unfilmiiquidem ince sous 
ces colonnes. Dans ce m&canisme, on consid&re que le flux de chaleur d&pend: (1) de l’inttraction hydro- 
dynamique entre les filets liquides qui se dirigent vets la surface. chauffante et les colonnes de vapeur: 
(2) du mouvement liquide en couche mince sous les colonnes de vapeur, sous l’action de forces super- 
ficielles: (3) de la vaporisation de ce film qui a lieu g I’interface liquide-vapeur et d’une faGon explosive 

au voisinage des centres actifs, 

Zusammenfassung-Im ersten Teil der A&it wird ein hydrodynamisches Model1 vorgeschlagen fiir 
das Regime isolierter Blasen. Dieses Grenzschichtmodell beriicksichtigt die Zirkulationsbewegungung 
in der Fliissigkeit die bei der Bi~nabl~sung hervorgerufen wird. Zwei Gleichungen wurden gefunden, 
die eine gilt fiir laminare, die andere fiir turbu~ente Str~mung. 

Im zweiten Teil wird ein Mechanismus fiir den Wkmeiibergang bei grossen W~rmestromdichtel~ 
vorgeschlagen der die Existenz von Dampftiulen und die Bewegung eines diinnen Fliissigkei tsfilms unter 
diesen SBulen einschliesst. Dabei sol1 der Warmeiibergang abh&ngen von: (1) der gegenseitigen hydro- 
dynamischen Beeinflussung der Fliissigkeitsfiiden die sich zur Heizfllche und den Dampfsgulen 
hinbewegen; (2) der Fliissigkeitsbewegung in einer diinnen Schicht unter den Dampfslulen, hervor- 
gerufen von Oberfl&henkrsten; (3) der Verdampfung dieses Films die an der Trennschicht zwischen 

Fltissigkeit und Dampf auftritt und explosionsartig in der Umgebung aktiver Zentren erfolgt. 

AEEOT~~ES-B nepeon gaCTH cTaTbn npeA~araeTc~ r~~po~~HaM~iqec~aH Moneab peHi$rma 
~aO~HpOaanH~X nya~pbKOB. M&I&i?,% Tllna nOrpaHHqHOr0 c.?lOR Y~~T~BaeT ~~P~y~~n~OH- 
noe AamKenne W~HRK~CT~~, Bbra~naeMoe 0Tpbl~0~ nyaapb~0~. iIonyseubr ;ma ypamierimr, 
0~~0 RJ~R naMHHapHor0, a apyroe ~JIR Typ6yneffTHoro Teqenmi. 
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Ho ~~opo~~far.~~npe~no~elr Mexamm KepeHocaTennanpM Fionbumxnn0T~0~~n~Temo- 

nor0 noToKa,no~paayMeBamu@HanKs~ze Ko~~oHoKnyaMpbKoB napauaemesse no~~sm 

TOHKOZL: nJIeHKIl %(MAKOCTK. 

rIpeAnonaraeTcrq 4~0 npa TaKord MexaHmllde cKopocTb nepeHoca Terma 3ammT 0~: 

(1) IW~pO@iHaMWieCKOrO B3aHMO~eflCTBIlR Me?KF[y HllTRMH NIAKOCTII, ~BM)Ky~HMHCFI K 

IlOBepXHOCTHHa~peBaMKOJIOHKaMEiny3blpbKOBIIapa: (2) ~BHHCeHH~TOHKO~OCJlORlKKEI~KOCTH 
IIOJJ KOjIOHKaMM IlyEWpbKOB napa IfOn AetCTBHeM IIOBepXHOCTHbIX CHJI: (3) KCIIapeHHH BTOZt 

KneHIt8,KpOaCXO~K~erO HaI'paHHQe pa8AeJIa)KIIAKOCTb-nap H OCO6eHHO B6JIlKW aKTIlBHbIX 

l\eHTpOB. 


