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NUCLEATE BOILING. THE REGION OF ISOLATED BUBBLES
AND THE SIMILARITY WITH NATURAL CONVECTION
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Abstract—Experimental data indicate that nucleate boiling consists of two regions, (a) the region of
isolated bubbles and (b) the region of interference. The vapor removal pattern, the flow pattern and
the mechanisms of heat transfer in the two regions are discussed and analysed. A criterion for the
change from one region to another is presented.

In the regime of isolated bubbles, bubbles do not interfere with each other and at any particular
point vapor is produced intermittently. Jakob’s description of the natural flow circulation in nucleate
pool boiling from a horizontal surface is similar to Malkus’ and Townsend’s description of the flow
regime in turbulent natural convection from a horizontal surface. In both cases the heat transfer is
caused by the “up-draught™ induced circulation. It is shown that the same equations which predict
the heat-transfer coefficient and the average turbulent velocity fluctuation in natural turbulent con-
vection from a horizontal surface can be used in the regime of isolated bubbles if the vapor void co-
efficient i.e. the vapor hold-up is taken into account in evaluating the mean density of the fluid.
Equations relating the vapor void coefficient to the heat-transfer coefficient or to the bubble population
density and liquid superheat temperature are presented. It is shown that an upper limit exists for the
heat-transfer mechanism induced by the “up-draught™ circulation. Equations predicting the limiting
value of the heat-transfer coefficient and of the heat flux density in the regime of isolated bubbles are
presented also. All these results, predicted by the analysis, are shown to be in qualitative and quantita-
tive agreement with experimental data presently available.

In the region of interference, bubbles interfere with each other to form continuous vapor columns
and patches. Vapor is continuously produced by vaporization of a pulsating micro-layer (proposed
and described by Moore and Mesler) at the base of a vapor column or of a vapor patch. In this
regime the dominant heat-transfer mechanism is, most probably, the latent heat transport process
(formulated by Gaertner) and the latent heat transport associated with the large bursts of vapor caused
by collapsing vapor patches.

The results of the analysis indicate that a particular regime of nucleate pool boiling (a two-phase
problem) can be analysed as a turbulent natural convection problem (a single-phase problem). Applica-
tions of similar considerations to other aspects of the two-phase flow appear therefore promising.
The important effect of the two-phase flow patterns on the mechanism of heat transfer and on the
coefficient of heat transfer for a two-phase mixture is demonstrated again, emphasized and discussed.

heating surface [L];
diameter of a bubble [L];
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NOMENCLATURE Dy, diameter of a bubble departing
(Dimensions in the MLOT System) from a horizontal heated sur-
face, diameter i.e. of a “break-
thermal diffusivity [L%0-1]; off” bubble [L];
total heat transfer area [L?]; Dyp, diameter of a bubble defined by
dimensionless group defined by equation (5) [L];
equation (20); /s frequency of bubble emission
specific heat of the liquid at [01;
constant pressure [HM17-1]; g, acceleration due to gravity
characteristic dimension [L]; [L6-2];
diameter of a cavity on the Ner, Grashof modulus;

heat transfer coefficient
[HL-26-1T-1];
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latent heat of vaporization
[HM-1];

thermal conductivity of the
liquid [HL6-1T-1);

number of bubbles;

number of bubbles per unit
surface [L~2];

Nusselt modulus;

Prandt! modulus:

volumetric flow of the vapor
[L367];

heat flux density [HL-%6-1];
center to center spacing of
bubbles, defined by equation
(26) [L]:

absolute temperature [7T];
absolute saturation tempera-
ture {T];

absolute temperature of the
solid [T];

liquid superheat temperature
difference [T];

delay time {#]:

bubble break-off time {§];
terminal velocity of bubble rise
[L871];

velocity of bubble rise defined
by equation (14) [L6-];
superficial velocity of the vapor,
defined by equation (11) [L8-1];
average turbulent velocity
fluctuation [L6-1];

volumetric vapor fraction, i.e.
vapor hold-up, i.e. vapor void
coeflicient;

coefficient of thermal expan-
sion [T1];

mass density [ML~?];

density difference [ML-3];
surface tension {M0-2];
kinematic viscosity of the liquid
[L20-1);

contact angle in equation (11)
in degrees;

period of bubble emission [6].

vapor;
liquid;
mixture;
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evaluated at the wall:
bulk.

1. INTRODUCTION

1.1. Previous analyses and correlations

THis paper considers the problems of heat
transfer from a horizontal surface to a wetting
liquid in the nucleate boiling regime. More than
two dozen equations have been heretofore
proposed for correlating experimental data;
some of the more commonly used ones are
discussed and evaluated in [1]. Because the high
heat flux densities in nucleate boiling were
attributed to bubbles which induce locally a
strong agitation of the liquid near the heating
surface most of the correlations have been
formulated in terms of a bubble Reynolds num-
ber and of a bubble Nusselt number. All of them
can be put in the form

h = const. (T — To)™ hH

where the value of the exponent varies between
1 and 3 and the constant depends on the thermo-
dynamic properties of the vapor and the liquid
as well as on the solid-liquid combination. It
was thought, originally, that the effect of surface
condition, of the contact angle, etc. can be taken
into account by a suitable adjustment of the
multiplying constant.

Recent experimental results indicate, however.
that the proposed correlations are not general
and that an equation of the form (1) may not be
adequate to describe the phenomenon. It was
noted and discussed [2. 3, 4, 5, 6, 7, 8] that a
generalized correlation cannot be expected un-
less the correlation takes into account the
nucleating characteristic of the heating surface
and the effect of bubble population. Experiments
reported in the literature [S. 9, 10] indicate that
different nucleating characteristics of the sur-
face, and the bubble population, both affect not
only the value of the multiplying constant in (1)
but also the value of the exponent. For example.
variations in the exponent m, ranging from | to
25 can be produced by polishing the surface with
different grades of emery paper [5].

in addition to providing data on surface
effects, recent experiments provided also quanti-
tative information on the bubble population
density. It was shown [11, 12, 13, 14] that
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instead of expressing the heat-transfer coefficient
in terms of the liquid superheat temperature
difference (T, — Tj) as in (1), it was also possible
to express it in terms of the bubble population
density alone thus

h = const. (f)a 2)

A
where the value of the exponent a was a = 1/3
for the data in [11, 12, 13] and @ = 0-42 for the
data in [14].

In conclusion, recent and more detailed
experimental information has conclusively shown
that the heat flux density in nucleate boiling is
not a single-valued function of the superheat
temperature difference, but depends upon both
the superheat and the bubble population. In-
deed, it was first shown experimentally by
Yamagata and Nishikawa [11, 12] (in experi-
ments performed by varying the surface tension)
that an expression

¢
% = const. (T — Ts)? (;)
approximates well the data. The value of the
exponents thus found were: b = 3/2and ¢ = 1/4.
Two-parameter expressions, similar to (3), were
also recently derived from boundary-layer
considerations [8, 15]. The value of the expon-
ents were however slightly different, with b = 2
and ¢ = 1/4 obtained in [8] and b =1 and
¢ = 1/2 obtained in [15].

(€)

1.2. Purpose and outline of the paper

It is the aim of this paper to examine both the
fluid dynamic and the heat transfer processes in
nucleate pool boiling from a horizontal surface.

The fluid dynamic problem is analysed by
considering first the flow regimes induced by a
single bubble (Section 2.1). In Sections 2.2 and
2.3 these results are used to analyse, quantita-
tively, the flow regimes induced by a swarm of
bubbles. The analysis substantiates Jakob’s [16,
17] description of the flow in nucleate boiling. It
is concluded that this flow is similar to that
described by the theories of Malkus [18, 19] and
of Thomas and Townsend [20, 21] for turbulent
natural convection from a horizontal surface.

The heat-transfer problem is formulated then
by considering the similarity between nucleate

boiling and natural convection, a similarity
which was noted and discussed already in [11,
12]. It is shown in Sections 3.1 and 3.2 that the
equation which predicts the heat-transfer co-
efficient in natural convection from a horizontal
surface can be used for predicting heat-transfer
rates in nucleate pool boiling if the density of
the medium is modified to take into account the
volumetric vapor fraction (i.e. the vapor hold-
up or the vapor void coefficient) at the heating
surface. When the thermal expansion of the
liquid is neglected a two-parameter equation of
the form of (3) results. It is shown also in
Sections 3.1 and 3.2 that when the volumetric
vapor fraction is taken into account the turbulent
velocity fluctuations in nucleate boiling can be
estimated from the theory of Malkus.

A discussion of the results is given in Part 4.
Section 4.1 considers the question of hydro-
dynamic similarity. The region of isolated
bubbles and the effect of bubble interference
is discussed in Section 4.2. The maximum values
of the heat-transfer coefficient and of the heat
flux density in the region of isolated bubbles are
evaluated in Sections 4.3 and 4.4 respectively.
The effect of the change in the two-phase flow
regimes on the mechanism of heat transfer in
nucleate pool boiling is considered in Section
4.5.

1.3. Significance of the results

The results of the analysis indicate that nucle-
ate pool boiling consists of two regimes (a) the
region of isolated bubbles and (b) the region of
interference.

Equations which predict (1) the heat-transfer
coefficient, (2) the average turbulent velocity
fluctuation, (3) the vapor volumetric fraction
(vapor hold-up) as well as the limiting values of
(4) the bubble spacing, (5) the bubble population
density, (6) the heat-transfer coefficient and (7)
the heat flux density in the region of isolated
bubbles are presented and satisfactory agree-
ment of predicted values with experimental data
is shown,

The analysis indicates that a particular regime
of nucleate pool boiling (a two-phase flow prob-
lem) can be analysed as a turbulent natural
convection problem (a single-phase flow prob-
lem).
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The heat-transfer mechanism described in this
paper is due to the bubble stirring action and
bubble-induced flows in the boundary layer
adjacent to the heating surface. In this sense, the
present analysis can be looked upon as further
elaboration of the bubble agitation mechanism
first proposed by Jakob [22, 23] and explored
and amplified further by Rohsenow [24],
Rohsenow and Clark [25], Gunther and Kreith
[26] and by Forster and Zuber [27] in this
country, and by Kutateladze [28] and Kruzhilin
{29, 30] in Russia.

However, recent experiments indicate that as
the nucleate heat flux is increased, the transfer
problem changes from one caused by the bubble
stirring action to one which is a transport of
latent heat due to the evaporation at the base of
the vapor column (experiments of Moore and
Mesler {31] for liquids at saturation tempera-
ture), or due to the evaporation at the bubble
base (experiments of Bankoff and Mason [32}
for sub-cooled liquids).

The occurrence of a change in the nature of
the transfer process as heat flux is increased in
nucleate pool boiling of liquids at saturation
temperature was first advanced by Zuber [8]
from an analysis of the Gaertner—Westwafer
data [14]. It was observed that this change takes
place when the average bubble spacing becomes
less than two bubble diameters. This observation
was also confirmed later by Hsu and Graham
[33] from shadowgraph observation of the
boundary layer.

The analysis presented in this paper confirms
the observation that as the heat flux increases
from incipient boiling to the critical heat flux
(often referred to as the “burnout” heat flux)
the process of heat transfer changes from one
effected by the bubble agitation to one due to
the transport of latent energy, the latter process
being also in agreement with the hydrodynamic
instability theory for the critical heat flux [34,
35,17, 36, 37].

1.4. The extension of the method to an analysis of
boiling heat transfer in forced convection
Some of the ideas discussed and presented in
this paper can be modified and extended to
consider heat-transfer rates to liquids in forced
convection boiling inside ducts. However, such

an extension (which will be discussed in another
part) can be applied only to certain flow patterns
of the two-phase mixture. Equations which have
been obtained by correlating experimental data
for pool boiling from horizontal surfaces or
cylinders cannot and should not be used alone
for predicting heat-transfer rates to boiling
liquids flowing inside pipes.

It was shown in a number of recent publica-
tions, [1] and [2] among others, that a consider-
able crror can be made in evaluating the heat-
transfer coefficient if the effects of convection
(forced or buoyant) and of the flow patterns are
neglected. Statements to the contrary which have
been made previously in the literature are of
limited validity and can only mislead the unwary
designer and reader.

2. THE FLUID FLOW PROBLEM

As in any other convective process the heat
transfer to a boiling liquid depends upon the
flow conditions of the fluid. An understanding of
the flow and of the flow regimes is, therefore. «
prerequisite for an analysis of the process of heat
transfer. In nucleate boiling this entails an
understanding of the processes associated with
the vapor generation (nucleation and bubble
growth), and with the problem of vapor re-
moval. In Section 2.1 we analyse first the flow
induced by the generation and the removal of a
single bubble. In Sections 2.2 and 2.3 these
results are used to analyse the flow induced by
a swarm of bubbles.

2.1. The flow regimes induced by single bubbles
2.1.1. The bubble growth—-the source flow.
Following the nucleation from a cavity, the
bubble grows in a superheated liquid film
adjacent to the heating surface. It was shown in
[8] that the bubble growth predicted from the
energy considerations of Bosnjakovi¢ and Jakob
i.e. from the equation proposed by Fritz and

Ende [38] N
J)

approximates satisfactorily the experimental
data of Staniscewski [39] for water and methanol
in pool boiling at saturation temperature. More
recently Strenge, Orell and Westwater [40]

g T = Tepn

D - - (4
Pt
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reported that an equation of the form (4) can be
used to approximate the bubble growth rates in
pool boiling of ether and pentane. It is important
to note again [8] that local conditions in pool
boiling are neither known nor measured.
Consequently, (4) with the average value of
(T, — Ts) can predict only the average growth
but not the growth of a specific bubble (unless
it coincides with the average one),

Although the bubble slightly deforms (it
flattens) while growing attached to the surface,
or sufficiently small bubbles the liquid flow
associated with the bubble growth period can
be analysed as a source flow (Fig. 1a). A mean
velocity in the liquid associated with this kind
of flow is given in Appendix A. Conceptual
models based on the source flow were formu-
lated by Bankoff [41, 42] for nucleate boiling of
sub-cooled liquids and by Zuber [8] for liquids
at saturation.

(2) ®)

Fi1G. 1. A schematic representation of the source flow
and of the wake flow associated with the growing and
departing bubble.

2.1.2. The departure of a bubble—the wake
flow. A bubble grows and remains attached to
the surface until, at time 75, it reaches a character-
istic diameter Dy, breaks-off and departs from
the heating surface. The departure is governed
by the dynamics of the surrounding liquid as
well as by the buoyant and adhesion forces.
Fritz [43] considered only the static equilibrium
between buoyant and adhesive forces, and
derived the following expression.*

172
Dyr = 0-021 8 {ﬁf’ }

glpr — pv) ©)

* We are using the subscript &, to denote break-off and
F to denote that it is predicted by the equation of Fritz.

where the contact angle 8, is measured in degrees.
Experiments performed with water, CCl, and
other liquids [16, 39, 14] show that Dj is given
by a statistical distribution. The values predicted
by (5) were found [16, 8] to be in agreement with
the mean value of this distribution.

Immediately after the detachment the lower
surface of the bubble re-enters and deforms the
bubble in a lenticular shape. Liquid is entrained
in the wake of the detaching and rising spheroidal
bubble. Consequently, the flow associated with
bubble departure can be approximated as a
wake flow (Fig. 1b).

The velocity of rise of a spheroidal bubble is
given by

(6

where the value of the constant is 1-18 according
to [44] or 1:53 according to [45]. Other expres-
sions for Uy as function of the bubble radius are
available in the literature [46].

Following the departure of a bubble, colder
liquid comes in contact with the solid and gets
heated during a “‘delay time”, #4, at the end of
which time another bubble is nucleated from the
same cavity. This new bubble grows until, at
time #p, it in turn departs from the surface and
the process is repeated. A bubble column is thus
formed by bubbles successively rising from a
nucleating center. The duration of the delay
time 7z depends upon conditions in the vicinity
of the nucleating cavity, i.e. upon the local
heating rate, thermal fluctuations in the liquid,
and the radius of the cavity. The duration ot the
“break-off time”, 15, depends upon the local
superheat temperature difference and on the
local hydrodynamic conditions. For a given
cavity, both #g and £ vary from run to run [39,
40] and vary for different cavities as well.
Consequently the frequency of bubble emission

I 1

— 1/4
U; = const. [ig—@w Pv)]

pL?

@)

is also given by a statistical distribution [16].
Although both D; and fare given by statistical

distributions, Jakob [23] found that their

product remains approximately constant, i.e.

Dy . f = const. )
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For both water and CCl, the value of the
constant was found to be 77 cmfs. It was
reported in [11] that (7) was also in agreement
with their experimental data. It is important to
note that experiments reported in [23, 16] and
in [11] were performed at atmospheric pressure
and at relatively low heat flux densities (from
about 8000 kcal/h m® to 30000 keal/h m?). It
1s shown in [36] and in Appendix B that for the
experimental conditions of [23, 16] and [11]. the
product Dy . fis given by

) 1-18 AN R Y]
Dy f= o ?g(f’f.i__f,’?} 9
2 pL

On Fig. 2 the values of Dy f predicted by (9) are
compared with experimental data for water {38,
11}, for CCly [16], and for methanol [47, 48];

the agreement appears satisfactory.
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Fi6. 2. The relation between the frequency of bubble
emission and the diameter of a bubble departing from
a horizontal surface.

However, as the heat flux is increased the rates
of bubble formation and of bubble growth
increase causing bubbles to interfere with each
other. Because these interactions change the
regimes of bubble removal and, consequently,
affect the flow conditions adjacent to the heating
surface, they must be taken into account.

2.1.3. The regimes of bubble removal. The
regimes of bubble removal in nucleate boiling
from a horizontal surface were investigated ex-
perimentally by Yamagata and Nishikawa [11,
12]. It was noted and discussed by Zuber [36] that
the removal of bubbles and the flow regimes des-
cribed by Yamagata and Nishikawa are identical
with those reported by Davidson and Amick [49]
for the formation of gas bubbles at orifices. Con-
sequently, the considerable literature on the latter
subject [49, 50, 51, 52, 53, 54] can be used to help
analyse the regimes of bubble removal in nucleate
boiling {10, 11, 47, 48, 55, 56]. This was done
in [36] and [57]; three regimes of gas (vapor)
removal can be distinguished.

At very low gas (vapor) flow rates the bubble
formation is a problem of hydrostatics. The
diameter of a bubble can be determined by
considering the balance of buoyant and adhesion
forces at the orifice (at the nucleating center),
thus approximately

[ 60’(1{- 3 b
D= |- 0 1
glpr — pid|

Smaller bubbles are spherical, the larger ones are
spheroidal or bell type [11, 12] (Figs. 3a, b).
Bubbles rise at a constant velocity without
interacting with each other, they are separated
and isolated from each other, The bubble volume
is nearly independent of the gas (vapor) flow
rate, but the frequency of bubble emission in-
creases with increasing flow rate. In the literature
this flow regime is referred to as “laminar” or as
the region of static, separated or isolated bubbles.
The experimental results described in the pre-
ceding section pertain to this regime.

At intermediate gas (vapor) flow rates (above
a “critical” flow rate) the frequency of bubble
formation remains essentially constant while the
bubble volume increases with flow rate. The
spacing between rising bubbles decreases so that
a bubble interacts with its predecessor above the
orifice (nucleating center). Coalescence takes
place at the orifice. Bubbles are of non-uniform
size and have been described as ‘“mushroom
like” [43] or “precession” and “‘tandem” [i1.
12} (Figs. 3¢, d). In the literature this regime is
referred to as ‘“‘turbulent” or the region of
“multiple bubbles”.

1Oy
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FiG. 3. A schematic representation of the various

bubble shapes in nucleate boiling. (Figs. 3a, ¢ are re-

produced from the paper by Yamagata and Nishi-
kawa [11]).

At still higher gas (vapor) flow rates a swirling
air (vapor) stream is generated at the orifice
(nucleating center). The jet of gas was found to
be similar to a tornado [53, 58] or a waterspout
[53]. Large, irregular, swirling bubbles in the
discontinuous jet are shattered into small
bubbles 3—4 in above the orifice (Figs. 3e, f).
Swirling, continuous vapor columns in nucleate
boiling are reported in [10] and [11].

In nucleate boiling a bubble can interact not
only with its predecessor rising above the
nucleating site but it can interact also with
neighboring bubbles on the surface. Similarly
two or more swirling continuous vapor columns
can interact with each other [11]. An interaction
between two nucleating sites is shown on Figs.
3g, 4.* This photograph indicates that the vapor

* This photograph was taken by Mr. R. Semmeria
from the Commissariat 4 1'Energic Atomique, Centre
&’Etudes Nucleaires de Grenoble, France. The author is
indebted to Mr. R. Semmeria for giving him this photo-
graph and for his permission to reproduce it herein.

patch grows while attached to the surface by
the two original stems; the evaporation occurs
probably at the base of these stems.

The considerations in the preceding sections
lead to the conclusion that the flow regimes of
vapor removal from a single nucleating center
change with increasing rates of vapor generation.
At low vapor flow rates the removal is in the
form of isolated bubbles whereas at high flow
rates it is in the form of continuous swirling
vapor columns and vapor patches. The liquid flow
in the regime of isolated bubbles can be idealized
as a source flow during the bubble growth and as
a wake flow after the bubble departure from the
heating surface.

2.2. The flow regimes induced by a swarm of
bubbles

In order to analyse the flow and the flow
regimes induced by a swarm of rising bubbles
in nucleate pool boiling it is advantageous to
consider the similarity between nucleate pool
boiling from a horizontal surface and the process
of gas bubbling through a porous plate. This
similarity was analysed by Zuber [36] and more
recently by Wallis [59]; it was shown that both
the requirement for initiating the bubbling
process and the flow regimes in these two
phenomena are similar. Consequently, the
information which is available in the literature
[50, 52, 59, 60, 61, 62, 63] on the hydrodynamic
conditions during the process of bubbling from a
porous or perforated plate can be used to
analyse the process of bubbling in nucleate pool
boiling.

From experiments performed with air
bubbling from perforated plates and porous
surface Siemes [51] concluded that as long as
the spacing between the active bubbling centers
(pores or perforations) was greater than the
diameters of bubbles at departure then the
regimes of bubble removal were similar to those
observed with single orifices. The experimental
investigations [50, 52, 59, 60, 61, 62, 63] indicate
that the process of gas bubbling from porous or
perforated plates is characterized by three
distinct flow regimes referred in the literature as
“laminar”, “turbulent” and oscillating “slug” or
“plug” flow.

The “laminar” flow regime exists at low gas
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flow rates. Bubbles of constant volume rise
without interacting with each other. This regime
corresponds to the “laminar” regime in bubbling
from an orifice. In the “laminar” regime the
liquid ahead and behind rising bubbles is at rest:
no gross liquid circulation exists in the field.
At these low flow rates an increase of gas flow
results mostly in an increase of the number of
active pores, i.e. of the bubble population.

The “turbulent” regime is characterized by
large liquid convection currents induced by
rising bubbles. It can exist at low gas (vapor)
flow rates if the liquid is set in motion by dis-
placement and entrainment in the wakes of
rising bubbles. 1t always exists at higher gas
flow rates. In the “‘turbulent” flow regime an
increase of gas flow rates results in increasing
both the bubble population and the bubble
volumes. Bubbles in this regime are of the
“multiple type” described in the previous
section.

The change from the “laminar”™ to the
“turbulent” regime is associated with bubble
coalescence. In both regimes the geometry of
the vapor phase is more or less spherical.

At higher gas flow rates bubbles interact and
form swirling vapor columns which in turn can
interact to form large vapor slugs. At these high
gas (vapor) flow rates the geometry of the vapor
phase in the vicinity of the plate is columnar.

Figs. 5. 6 and 7* show this change of the
geometry of the vapor phase with increasing
heat flux density (increasing vapor flow rates)
in nucleate pool boiling of water at atmospheric
pressure.T This change of vapor geometry was
first stressed and discussed by Zuber and Tribus
[7]1and by Zuber [36], it is emphasized here again.
The reader should note the presence of single.
isolated, bubbles at low heat flux rates and their
complete absence at high heat-transfer rates.
These pictures clearly indicate that the so called
“vapor-liquid exchange mechanism™ which is

* These photographs were taken by Dr. R. F. Gaertner
of the Research Laboratory of the General Electric
Company, Schenectady, N.Y. They are part of a study
reported in [64] and [65]. The author is indebted to Dr.
Gaertner for giving him these photographs as well as for
many stimulating discussions.

t Note that the critical heat flux for this condition is
approximately equal to 400 000 Btu/h ft*.

based on the “pumping” action of single bubbles
and which was advanced as the mechanism for
nucleate boiling is misleading and incorrect at
high heat-transfer rates.

2.3. Formulation of the fiuid flow problem

In two-phase flow systems the flow is a func-
tion of the hold-up, i.e. of the fraction of volume
occupied by the dispersed phase. An analysis of
a batch two-phase process is concerned there-
fore with determining the relation between the
the hold-up and the volumetric flow rate of the
vapor phase. @, i.e. the superficial velocity of
the vapor. Uy, since

o
A

Such relations have been derived in [59] and
{63] for the “laminar™ region and in [63] for the
turbulent region. For the “laminar™ region the
superficial vapor velocity Ug, is related to the
hold-up by

C U it

{12

Ugp == Up af it
whereas in the “turbulent” region it is given by

o

- [} )
] 1t

Ugr {1 3
In both expressions U; is the terminal velocity
of a single bubble in an infinite medium and it
is given by either (6) or by other expressions
given in the literature {46].

The true velocity of rise of the vapor phase,
U,, can be obtained from (12) and (13) by re-
calling that, by definition, U, is related to the
superficial velocity, Usy, by

Us,
Up = -

o

{14)
Thus, from (12), (13) and (14) the vapor velocity
in the “laminar™ region is given by
Up = Ui (I — a) (15
and in the “turbulent™ region it is given by
L/Y1
| —

In order to make use of these expressions in
the present problem it is necessary to express a
in terms of quantities that are measured and

UT == ( 16)
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FIG. 4. This photograph was obtained by Mr. R. Semmeria from the Commissariat 2 I'Energic
Atomique, Grenoble, France. It shows the interaction of two bubbles and the formation of a
vapor patch. The reader should note the two stems which attach the patch to the surface.

FiG. 5. This photograph was obtained by Dr. R. F. Gaertner from th= G.E. Res=arch Laboratory,
Schenectady, New York. It shows the region of isolated bubbles. [water: 1 atm, Q/A = 14000
Btu/h fi3, Tw — Ts = 184°F, Copper surface d = 2 in].



F1G. 6. This photograph was obtained by Dr. R. F. Gaertner from the G.E. Research Laboratory,
Schenectady, New York. It shows the region of continuous vapor columns and vapor patches (the
region of interference). The reader should note the absence of single bubbles and the numerous

stems which attach the columns to the heating surface [water: 1 atm, Q/4 - 90 300 Bu/h 12,
T~ T. 333 FL

F1G. 7. This photograph was taken by Dr. R. F. Gaertner from the G.E. Research Laboratory,
Schenectady, New York, It shows the interaction of vapor columns and the formation of large

slugs of vapor [water: | atm, Q/4 = 204 700 Btu/h ft2, T.. -~ Ty = 29-8°F].
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reported in the literature on nucleate boiling;
these quantities are bubble population, bubble
diameters and frequencies. To accomplish this
we make use of the vapor hold-up expressions
derived for analysis of unit operation apparatus
[66] and applied to boiling in [11].

For a bubble population density, n/4, a
bubble rise velocity, U,, and a frequency of
bubble emission f, the volume of space available
to one bubble is 4U,/nf. For bubbles of dia-
meter Dy the vapor hold-up is then by definition

(17)

Substituting (15) and (16) in (17) we obtain
respectively for the “laminar’ regime:

n m Dif
and for the “turbulent” regime
a nwDf
T—a—46 U~ (19)
Defining the dimensionless group B by:
_nx Dif
B=%4%7 (20)

and solving for o« we obtain from (18) for the
“Jaminar” regime:

a=4%—+/(G—B) @n

where the negative sign was chosen because
a = 0 when n/A is zero. Similarly solving for a
we obtain from (19) for the “turbulent” regime

_ B 22

“SIEE @)

In the “laminar” region (21) indicates that the
maximum hold-up is

a=13 23)
and it occurs when
nm D? f
B = A5, = =} (24)

(24) gives a relation between the bubble popula-
tion, the bubble diameter at break-off (i.e. at

departure), the frequency and the terminal
velocity at the maximum hold-up in the
“laminar” regime. If Dy .f/U; is unity (this
corresponds to the maximum possible frequency
in the “laminar” regime) then the bubble popu-
lation which corresponds to the maximum hold-
up in the “laminar” bubbling regime is:

3
nD”:

10 =5 (25)

An average bubble spacing was given in [8]

by
A 1/2
= H .
n

Substituting (25) in (26) we obtain the average
bubble spacing at maximum hold-up in the
“laminar” bubbling regime, thus:

(26)

172
s = {—3-] Dp = 1-44 Dy, 27
Bubbles will touch each other when
s =Dy (28)
i.e. when
"pr—1 (29)

A

which is the condition for static interaction.
In the “turbulent” regime (22) indicates that
as B increases the hold-up tends to unity. How-
ever, if the bubble population increases such that
static interaction takes place, i.e. so that (29) is
satisfied, and if Dy . f/U; is equal to unity then
(20) and (22) give for the “turbulent” region

When the bubble population density is small
(20), (21) and (22) show that in both the
“laminar” and in the turbulent” regime the
hold-up can be approximated by

Dbf

4, (5), (6) and (7) can be used to express B
in terms of the superheat temperature difference,

(30)

D2
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bubble diameter at break-off and terminal
velocity, thus:

o 1 (0020 fofg(pr— p)]Y
T 46 gty
1
I8 [og(pr — poyjpips 2
or
g.."8 {(T“‘ - TS)"PL]?_, a
A3 pohisg I+ ta/ty

00216 [o/e(pr — po)]"*
1-18 [og(pr. — po)/pL2I"*
When the delay time 7 becomes much shorter

than the bubble break-off time f, then (33)
becomes

(33)

B

n 8 [(T;w Ts)cpbr aDor 54

T A3 pohsg U,
where Dy and U; are given by (5) and (6).
Similarly if Dy . f/U; then (32) simplifies to

B - nw
46

(21), (22), (32) and (33) or their simplified
form i.e. (31), (34) and (35) give the hold-up as
function of quantities that are measured and
reported in the literature; these will be used in
the sections that follow to formulate the heat
transfer problem.

Dy, (35)

3 THE HEAT-TRANSFER PROBLEM

During the growth and the departure, a bubble
displaces liquid and entrains liquid in its wake.
The source flow and the wake flow associated
with the growth and departure are shown on
Figs. la, b. The flow oscillations induce large
temperature oscillations in the liquid film ad-
jacent to the heating surface and in the surface
itself [5, 11, 67]. The heat-transfer rates in
nucleate boiling were therefore attributed, since
the systematic investigations of Jakob and co-
workers [22, 23, 38, 16, 17], to these bubble
induced flows. It is of interest to quote, from
{16] and [17] the description of the flow and of
the heat-transfer process: “Strong forward and
backward flows must occur in the vicinity of a
growing and departing bubble; it is even possible

that in between neighboring bubble columns
downward flowing liquid streams impinge on
the surface, whereby, according to Schmidt,
Schurig and Sellschop’s measurements, the heat
transfer becomes extremely high™ [17]....
“When vapor bubbles rise in large numbers the
forced convection induced by the vaporization
process becomes important” [17]. “When
bubble columns become numerous and evenly
distributed over the surface it appears visually
that a water circulation is formed whereby water
rises together with vapor bubbles, flows down-
wards at other places and flows essentially
horizontally over the heating surface™ [16]. “If
the total heat transfer is considered as the sum
of such local transfers, then the heat transfer
coefficient should be independent of the dimen-
sions of the experimental surface™ [17].

By comparing Jakob’s description of nucleate
pool boiling from a horizontal surface and
Townsend’s description of the flow regime in
turbulent natural convection (given in Appendix
C), it appears that the flow regimes in these two
heat-transfer processes are rather similar. The
flow through the conduction layer, the tlow
through the “‘up-draught”, the localized nature
and the maintenance of the “‘up-draught sites™
described by Townsend, are similar to the flow
parallel to the surface and to the flow associated
with a bubble column rising above a nucleating
site as described by Jakob. Indeed the flow
depicted on Fig. | can be looked upon as an
“up-draught™ induced by the bubble motion.
The temperature fluctuations in the regions of
“activity” described by Townsend. and which
are characteristic of the conveclive processes
arising near the rigid boundary, are not dis-
similar with the temperature fluctuations ob-
served in nucleate boiling in the vicinity of the
heating surface.

In view of the foregoing it appears desirable
to formulate the heat-transfer problem by
considering turbulent natural convection.

3.1. Formulation of the heat-transfer problem
The problem of natural convection from
horizontal surfaces was recently investigated
experimentally and analytically by Malkus (18,
19] and by Thomas and Townsend [20, 21]. The
experimental rtesults confirmed that at high
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Rayleigh numbers the Nusselt modulus was
proportional to the cube root of the Rayleigh
number, thus:

1/8
hd _ const. [f& BATd“] (36)

k

where
P — Pw
B = P
In order to predict the heat transport and
turbulent spectrum from a theoretical model of
turbulent phenomena Malkus advanced the
proposition that the flow adjusts itself in such a
way as to transfer the maximum amount of heat
compatible with the boundary conditions. He
related the transport properties of the fully
turbulent flow to the neutrally stable disturb-
ances of the corresponding laminar flow. With-
out introducing experimental constants, Malkus
succeeded in predicting the mean velocity
distribution for the turbulent flow in a two-
dimensional channel with reasonable accuracy.
For the average-square-velocity fluctuation he
found the following expression:

, | gBdTda
vr© = § = .

: @37

In natural convection, as the temperature of
the surface increases, the density of the liquid
adjacent to it decreases, whereby buoyant forces
induce a flow. This effect is reflected in the
density difference term in (36). In nucleate boil-
ing the density of the mixture decreases even
further because of the vapor formation at the
surface. Denoting the vapor hold-up at the heat-
ing surface by: a, the density of the two-phase
mixture adjacent to the heating surface can be
expressed as

Pmw = (1 - &w)PLw -+ Qo Pe (38)

The difference in density becomes then

oo " Pmw =~ PLoo — PLw -+ aw(PLw - P'v) (39)

and introducing the coefficient of thermal
expansion, it follows that

— 4
Pl 7 Pmw _ BAT 4 ayy 2P
Pl

PLos (40)

where
dp = prw — po-
The heat-transfer coefficient and the turbulent
velocity fluctuation can be expressed in terms of

the vapor fraction by introducing (40) in (36)
and (37) respectively, thus

hd ods | Ap\ V3
% = const. {_V_{; (ﬁAT—i’- [+ Eljo—o)} (41)

dp )
PLx )

The values of the hold-up o, to be inserted in
(41) and (42) are given by (21) or (22) and (32)
or (33). However, the agreement with experi-
mental data (shown in the sections that follow)
seem to justify the use of the simplified forms,
i.e. of (31) and (34) or (35). Substituting (31) and
(34) in (41) and (42) results in the approxima-
tions

3
fid == const. {gd
va

k [BAT - S(AT"PL) o fﬂ]}w @)

and

2.1

15 (84T + )

pohizg PLe
=45
n 8 ATCpL anp Ap]
AT 44
{[8 + ( P’vhfy ) Ut pre “4)

While inserting (31) and (35) in (41) and (42)
results in the approximations

—— == CONSt.
2 con

and

g Du o) s

or 3 2

"D, ﬂﬂ) (46)

where Dpr and Uy are given by (5) and (6).

The preceding results are compared with
experimental data in the section that follows. It
is important to remark here that the volumetric
vapor coefficient a, which appears in the
preceding equations was evaluated for conditions
existing close to the surface and it is not identical
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with the average void coefficient for the entire
boiling mixture. At low heat flux (to be discussed
later) the vaporization process is not completed
at the surface but proceeds with bubbles still
growing while rising [23]. Consequently a,, is
smaller than the average void coefficient for the
entire mixture.

3.2. Comparison with experimental data

Before comparing the results derived in Sec-
tion 3.1 with experimental data, several prelimin-
ary observations can be made.

First we note that when D? . f remains constant
as reported for the experiments of [11] and [12]
then (30) indicates that the heat-transfer co-
efficient is proportional to

h ~ nt?

which is in agreement with the results of [l1,
12] and [13].

When the gravitational field is decreased, (43),
(5) and (6) indicate a decrease of the heat-trans-
fer coefficient, a prediction which is in agreement
with the experimental results of Siegel and
Usiskin {68]. It is interesting to note also that
when the value of g is increased the same equa-
tions indicate that (for the same bubble popula-
tion) the effect of vaporization relative to the
effect of natural convection (BAT) decreases.
This result is in qualitative agreement with the
observations of Merte and Clark [69].

When the effect of the natural convection is
neglected compared to the effect of vaporization,
(43) indicates that the heat flux density is pro-
portional to

‘N Y 13
AQ ~ Ty — T.s')'s'/3 (4) 47)
whence a two-parameter expression of the form
(3) results. It was noted in the introduction that
Yamagata and Nishikawa {l1] found, from
experiments performed by varying the surface
tension, that the exponents in (3) were given by
b = 3/2 and ¢ = 1/4. Equation (43) i.e. (47)
predicts b = 5/3 and ¢ = 1/3 for these expon-
ents, these values differ also from the values
reported in [8] and [15]. The comparison of the
results predicted by the present analysis with
the available data (to be shown in the following)

indicates that the exponents predicted by {47)
are probably the more correct ones.

Equation (47) indicates also that the effect of
increasing the bubble population while maintain-
ing the same heat flux density results in a de-
crease of the superheat temperature difference
according to

dlin (T, — Ty))
dlln (n/A4)]

A value for this expression obtained from
experiments and equal to — 1/6 was reported in
{11, 12]. Tt should be noted that the scatter of the
data is such that the results can be approximated
also by an exponent equal to --1/8 as shown in
[8].

It can be seen from (41) that the effect of
vaporization on the heat-transfer coefficient is
reflected in terms of one parameter only, i.c. in
terms of the vapor void coefficient ay. If . is
not measured, this effect can be expressed in
terms of two parameters: the bubble population
density, and the liquid superheat temperature
difference or the bubble diameter at departure
[cf. (43) and (45)]. References [5, 11, 12, 13, 14]
report simultaneously recorded data on the
bubble population density #/A, liquid superheat
(T, — Tx) and the heat transfer coefficient /.
These experiments were performed with a
variety of liquids and for various surface condi-
tions and permit therefore a quantitative evalua-
tion of the analysis.

Figs. 8a, b are reproduced from [5]} and show
the experimental data of Courty and Foust for
n-pentane in pool boiling from a horizontal
nickel surface for two surface polishes. Fig. 8a
indicates that a surface with larger nucleating
cavities (a rougher surface) requires lower
values of T,y — Ts than a smooth surface. Fig.
8b indicates clearly that in nucleate boiling /r i3
not a single valued function of the temperature
but depends upon both the surface nucleating
characteristics (surface conditions) and the super-
heat temperature difference. Inserting the values
of n/A taken from Fig. 8a into (45) permits an
estimate of the heat-transfer coefficient: the
predicted values of s thus computed are shown
on Fig. 8b as heavy lines. The predicted values
shown on Fig. 8b have been computed only in
the range of the experimental data shown on

E(d8)

('.,),a A= const.
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FiG. 8. The effect of a different amount of roughness on the bubble population density, heat-transfer
coefficient, and liquid superheat temperature difference for r-pentane in nucleate pool boiling. The
experimental data are taken from reference [5]. The values predicted by equation (45) are plotted also.
Fig. 8a. It is important to note here that in the Table 1
natural convection regime (with no boiling ==
taking place, o = 0), in order to obtain an agree- Liquid Tua *FTS ?/f; Bewh i} ¢ degF
ment with the experimental data (examined in (degh)  (ft™) (Btu/h ft? degF)
this paper), it was necessary to take the value of By By By By
0-31 for the constant in (36) instead of 0-16 as tests tests tests  equations
reported by Jakob. It came as a surprise to the (43) and (45)
writer tha;t thed t?ﬁ"ect of natur:;l. convection V\;ai Acetone 151 163 105 160
never evaluated in papers reporting experimenta 214 550 150 194
results. The reason for the values of 0-31 instead 21-8 715 155 200
of 0-16 is not entirely clear; it remains a task for 259 1430 241 232
future experimental investigations to clarify this 265 1610 229 248
point. In this paper the value of O‘-31 was taken cs, 162 02 134 144
for all computations and comparisons. Fig. 8b 225 600 169 170
indicates that the agreement of values predicted 257 1510 257 210
by (45) with the experimental data is satisfactory.
In Table I the heat-transfer coefficient pre- CClt ;g:g 132(8} 1(2’; ié;‘
dicted by (43) or (45) are compared with the 22.9 2450 178 184

experimental data of Kurihara and Myers [13]
for acetone, CCl; and CS, in pool boiling at
atmospheric pressure from a horizontal surface.

On Fig. 9 the heat-transfer coefficient pre-
dicted by (43) or (45) is compared with experi-
mental data reported in [I1, 13] and [14] for
water in nucleate pool boiling at atmospheric
pressure from a horizontal surface. The agree-
ment appears as satisfactory as the scatter of the
experimental data permits.

E

Fig. 9 shows that for the conditions of Gaertner
and Westwater [14] there occurs at approxi-
mately & = 1400 Btu/h ft? degF, a rather sharp
change in the slope of the curve of the predicted
heat-transfer coefficient, i.e. for superheat
temperatures T, — T exceeding 41°F the pre-
dicted value of A decreases with increasing
(Tw — Ts) (dashed line). Furthermore, a sharp
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FiG. 9. The comparison of predicted heat-transfer

coefficient in the regime of isolated bubbles with

experimental data for water at 1 atm and various
surface conditions.

change of the trend of heat-transfer coefficient
is exhibited also by the experimental data
plotted on Fig. 10; at approximately i = 1450
Btu/h ft? degF, the value of Dy starts decreasing

NOVAK ZUBER

with jncreasing h. It is this decrease of I,
which causes a decrease of the predicied value
of the heat-transfer coefficient. The abrupt
changes of Dy and of h are due to changes in
flow regimes and will be taken up in the sections
that follow.

In their fundamental experimental investiga-
tion of boiling, Yamagata and Nishikawa {11},
in addition to simultaneously measuring the
values of n/A, (T, — Ts), and of h, determined
also the average liquid velocity in the thermal
boundary layer adjacent to the heating surface.
This velocity was determined by photographing
the image of refracted light rays passing through
the boiling liquid. Fig. 11 which is reproduced
from [l1] shows the statistical mean value of
this liquid velocity as function of the number
of bubble columns (active nucleating sites on u
surface area of 78-6 cm?). The average turbufent
velocity fluctuations predicted by (46) is also
plotted on Fig. 11. The diameter of the surface
{(d .- 10cm) was taken for the characteristic
length appearing in (46). The agreement is
significant, especially in view of the fact that no
experimental constants appear in (46).

It appears from the results and comparisons
presented in this section that the values predicted
from the analysis are in qualitative and in
quantitative agreement with the experimental
data presently available.

8000
u [
%000+ § o
-
40001 F
0 REGION
o | OF
N INTERFERENCE
£ 20001 C;i:i/z
~
2 EQUATION{41)OR {53} D S
& g S o
o o szg%,zosqq »
< l000f i o
- REGION OF i
800 ISOLATED o o ;
- BUBBLES _ CE [14 o 1o :
ook o - REFERENCE [14) |
- EQUATION (5) ————] :
T I 1 1 i S VO N T W O ] i 1 H
400N 26 3060 80 100 300 300
0, ftx10°

FiG. 10. The experimentally determined variation of bubble diameter at departure with heat-transfer

coefficient reported by Gaertner and Westwater [14] for water at 1 atm. This figure shows also'the

domains for the two boiling regimes and the upper limit for the heat-transfer coefficient in the regime
of isolated bubbles predicted by the present analysis.
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Fig. 11. Comparison of predicted values of the
average turbulent velocity fluctuation with experi-
mental data of Yamagata and Nishikawa [11].

4. DISCUSSION OF RESULTS

4.1. Hydrodynamic similarity and the vapor void
fraction

Figs. 8b and 9 clearly indicate that an expres-
sion of the form (1) cannot correlate the data
with only one value of the constant and of the
exponent. This fact implies that hydrodynamic
similarity is not preserved when an equation
of the form (1) is used. A similar statement
applies also to (2) because Figs. 8a, b indicate
that instead of plotting /4 against (7o — T5), a
plot of h against n/4 would have resulted also in
two distinct curves.

It appears therefore, that neither (7;, — T) or
n/A taken alone are sufficient to ensure hydro-
dynamic similarity. The agreement of predicted
values with experimental data as shown on
Figs. 8b and 9 indicates, however, that the
hydrodynamic similarity will be preserved when
the volumetric vapor coefficient a,, is taken into
account.

The agreement of predicted values with experi-
mental data indicates also that, in the range
where the present analysis can be applied
(discussed in the next section) the volumetric
vapor fraction a, (evaluated at the heating
surface) in nucleate pool boiling of liquids at
saturation temperature can be expressed as a
function of the heat-transfer coefficient, thus:

va{ h \3
Ay = E (m) - BAT (49)
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4.2. The region of isolated bubbles and the inter-
ference of bubbles

It was observed in [8] that for values of % up
to approximately 1450 Btu/h ft? degF the mean
value of Dy can be approximated by the equation
of Fritz, i.e. by (5) with § = 50° (Fig. 10). It was
also noted that the maximum bubble population
density corresponds to the condition when
bubbles touch each other and it is given by (29).
For water at atmospheric pressure taking
Dy = 2-8 X 1071 cm (i.e. Dp =92 x 107 ft),
this population density corresponds approxi-
mately to 13 bubbles/cm?, i.e. to 11 800 bubbles/
ft2. Fig. 12 shows a plot of Dy against n/A for
the experimental data of Gaertner and West-
water [14]. It can be seen that the bubble popula-
tion exceeds, by far, the value of 11 800 bubbles/
ft2. In this case also it can be seen that before
this maximum value is reached there occurs at
approximately n/4 = 3000 bubbles/ft?, a change
in the Dy against n/A relation. For population
densities smaller than 3000 bubbles/ft? the bubble
diameter is independent of the bubble popula-
tion density and can be predicted by the Fritz
equation. It is for this reason that the region for
which Dyr = f(n/A) was referred to as “‘the
region of isolated bubbles™. It can be also seen
from Fig. 12 that for population densities larger
than 6000 bubbles/ft? the bubble diameter
depends upon the population (D, decreasing
with increasing n/A4). This region is referred here
as the “region of interference” or the “region of
continuous vapor columns and patches”. In this
region the diameter corresponds to the diameter
of the vapor stems which keep the columns and
patches attached to the surface (Figs. 4 and 6).
(This aspect of the problem is analysed in [65]).

An average bubble spacing was defined in
[8] and it is given by (26). The average spacing
corresponding to the population density of
3000 bubbles/ft? is s = 181 x 40-* ft. It can be
seen from Fig. 12 that this value corresponds
to a spacing equal to

2D 042 6 7 v
Se = — 00420 [—— 2 50
.l [g(PL - Pv)] (50)

with § = 50° approximately. Consequently the
region of isolated bubbles was defined in [8]
as the region for which s > 2 Dpr. More recently
Hsu and Graham [33] proposed a criterion
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FiG. 12. The experimentally determined variation of bubble diameter at departure with the bubble

population density reported by Gaertner and Westwater for water at 1 atm. This figure shows also the

two regions in nucleate boiling and the predicted bubble population density at the transition between
the two regions.

Se = 185 X Dpr for this domain, whereas
Gaertner [58] derived s, = 15 Dyr by consider-
ing a Poisson distribution.

Equation (27) gives the spacing that cor-
responds to the maximum hold-up, i.e. vapor
volumetric fraction in the “laminar” regime, i.e.

pZa 1:2
o= (5 ) Dyp = 144 Dyp. (51)

This value compares favorably with the results
of Gaertner [58].

The bubble population density which cor-
responds to this spacing is given by (25). Insert-
ing the value of Dpr == 90 x 10-*ft into (25)
the predicted bubble density at the upper limit
of the region of isolated bubble (if this limit
corresponds to the limit of the “laminar”
bubbling regime) is

n 301

Vi D;; == 5900 ft—2

(52)

which is in satisfactory agreement with the data
shown on Fig. (12).

4.3. The limiting value of the hear-transfer co-
efficient in the region of isolated bubbles

Fig. 10 shows a change in the £ against Dy
relation which takes place at approximately
h = 1450 Btu/h ft? degF. It was observed in [8]
that this change probably corresponds to the
inflexion point of the 4 against (T, — T) curve
(Fig. 9). For values of 4 smaller than 1450 Btu/h
ft2degF, Dy is constant and it is independent of #,
this region corresponds to the region of isolated
bubbles. For values of £ larger than 1450 Btu/h
f12 degF, Dy is a function of 4: this region cor-
responds to the region in which Dj is a function
of the bubble population (Fig. 12).

Fig. 9 indicates that in the region of isolated
bubbles the heat-transfer coefficient predicted by
(41) is in satisfactory agreement with experi-
mental data. It can be seen from (41) that, for
the assumed heat-transfer mechanism, the
maximum value of & will correspond to the maxi-
mum value of the vapor volumetric fraction
.. Equation (23) gives the maximum value of
@y in the “laminar” bubbling regime, whereas
(30) is a reasonably limiting value (limited by
the static bubble interaction) of o, in the
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“turbulent” bubbling regime. For water at
atmospheric pressure neglecting 8 (8 is of the
order of 7-5 X 10~* 1/°C) and taking the value
of the constant equal to 0-31, the approximate
form of (41) then becomes

(53)

Ap\18
h =031k (5% —i)
va

PLwo

which predicts for the “laminar’ bubbling regime
(with ay = 0-5):

h = 1670 Btu/h ft* degF

and for the “turbulent” bubbling regime (with
oy = w6 4+ m = 0-344)

h = 1470 Btu/h ft? degF.

These predicted limiting values for the heat-
transfer coefficient in the region of isolated
bubbles are shown in Figs. 9 and 10. The agree-
ment with experimental data is satisfactory.

4.4. The limiting value of the heat flux density in
the region of isolated bubbles

By making use of the results given in Section
2.3 it is possible to predict also the maximum
value of the heat flux density in the region of
isolated bubbles.

In the “laminar” bubbling regime the maxi-
mum hold-up is given by (23); inserting this
value in (12) the maximum value of the super-
ficial vapor velocity in the “laminar” bubbling
regime becomes

U,gv = %Ut (54)
where U; is given by (6). For liquids at satura-
tion temperature the energy transferred from the
surface is used for vaporization. It follows then
from an energy balance that

Y

- poh7gUso. (5%
Substituting (54) and (6) in (55) we obtain the
heat flux density which corresponds to the
maximum hold up in the “laminar” bubbling
regime, thus:

0

p. 133 [oglor — po)
AT P T

- ]M. (56)

(We have used the value of 1-53 for the constant
in (6) as recommended in [45]).)
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For the “turbulent” bubbling regime using
the same procedure we obtain from (30) and (13)

ks

: (57)

Substituting (57) and (6) in (55) we obtain the
heat flux density which corresponds to the hold-
up value of a = #/(6 + =) in the “turbulent”
bubbling regime, thus

_ 114
/’vhfgg 1-53 ["g(PL Pv)] . (58

Usv = Ut.

A

pL?

Equations of a similar form but with different
values for the numerical constant and based on
different models and arguments were given in
[65] and [70].

In Fig. (13) the heat flux density at the upper
limit of the region of isolated bubbles predicted
by (56) and (58) is compared with experimental
data. The agreement is satisfactory here again.
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F1G. 13. The experimentally determined variation of
bubble diameter at departure with heat flux density
reported by Gaertner and Westwater [14] for water
at 1 atm. This figure shows also the limits of the two
regions predicted by the analysis of this paper.

4.5. The change in the two-phase flow regimes and
in the heat-transfer mechanism

The results presented in the preceding section

show that in the region of isolated bubbles the

values predicted by the analysis (i.e. the heat-

transfer coefficient, the vapor hold-up, the
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average turbulent velocity fluctuation, as well as
the limiting values of the bubble population. of
the bubble spacing, of the heat-transfer co-
efficient and of the heat flux density) are in
quantitative agreement with experimental data.
The results show also that in the region in which
bubbles interfere with each other such an agree-
ment is not obtained; this is attributed to a
change of the heat-transfer mechanism and of
the flow regimes caused by the interaction of
bubbles. This statement will be elaborated upon
in what follows.

It was noted in Section 3 that the flow regime
in nucleate pool boiling described by Jakob was
in qualitative agreement with Townsend’s
description of the flow regime in turbulent
natural convection from a horizontal surface.
The results presented in the preceding sections
indicate that a quantitative agreement exists as
well. It is important to note that in both cases
the heat-transfer process is a consequence of the
circulation induced by the ‘“‘up-draughts”. In
nucleate pool boiling the flow is upward with
a rising bubble column, downward in between
bubble columns and more or less horizontal
along the surface. If we neglect the effect of
latent heat transport it is immaterial, according
to this heat-transfer mechanism, whether this
circulation is induced by vapor bubbles or by
some other means, for example by gas bubbles.
Indeed, the experiments of Beatty and co-
workers [71] have shown that an electrolytic
generation of gas at the heating surface has the
same effect on the heat-transfer coefficient as the
generation of vapor bubbles. However. their
experiments indicated also that there exists an
upper limit for the gas-bubble flow agitation
effect. It was shown in the preceding sections
that, in the region of isolated bubbles, the heat-
transfer coefficient has an upper limit.

For the heat-transfer mechanism caused by
the ‘‘up-draughts” (neglecting the latent heat
transport), it is immaterial whether the circula-
tion is induced by vapor bubbles or by some
other means. However, it is essential that the
circulation be maintained in the vicinity of the
heating surface. In nucleate pool boiling (and in
gas generation from the surface) such a circula-
tion is maintained by the constant displacement
and entrainment of liquid by rising bubbles

(Figs. 1b, and 5). It is apparent also that such a
circulation can be maintained only if the genera-
tion of vapor is intermittent, i.c. in terms of
single, distinguishable bubbles. If a rising bubbie
interferes with the preceding one, coalescing and
forming a continuous vapor column {(two or
more bubble diameters in length), (Figs. 3c.
6 and 7). the intermittent generation of vapor
ceases and a more continuous generation starts.
The formation of continuous vapor columns wil
drastically change the displacement and entrain-
ment of the liquid and the liquid circulation in
the vicinity of the heating surface. It appears
therefore that a change of the circulation and.
therefore. of the heat-transfer mechanism should
be assoctated with a change of the mechanism of
vapor removal caused by bubble interaction, i.c.
due to a change in the two-phase flow pattern
in the vicinity of the heating surface.

The distinct difference in the flow pattern for
the vapor removal: single bubbles at low heuat
flux densities and continuous vapor columns and
vapor patches at higher flux densities was
discussed in some detail in [34. 7, 36] and in
Section 2.2 of this paper. Figs. 5, 6 and 7 show
this change. The continuous vapor columns and
the latent heat transport were indeed used in
formulating a conceptual model and deriving an
expression for the critical heat flux in nucleate
pool boiling {7, 35, 36, 37]. Recent investigations
of Stock [10], of Wallis [59] and of Gaertner
[64. 65], provide further experimental evidence
confirming both the basic difference between the
two vapor removal mechanisms and the hydro-
dynamic character of the critical heat flux.

The results of this paper indicate that in the
regime of isolated bubbles the heat transfer is
caused by the “up-draughts” and the liquid
circulation, whereas the results of [7. 34, 35. 36.
37] indicate that the critical heat flux can be
evaluated by considering only the transport of
latent energy of vaporization. It is of interest to
inquire whether or not the latent heat transport
is the dominant mechanism of heat transfer in
the entire region of a continuous vapor column
and vapor patches, i.c. in the region where
bubbles interfere with each other.* The answer is
" * This region was called by Zuber [36] “patches of
transitional boiling” and by Wallis [59] ‘‘patchy
boiling™.
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affirmative although with some qualifications
because of insufficient experimental data.

Experimental evidence pertaining to the latent
heat transport was recently reported by Moore
and Mesler [31] for liquids at saturation tem-
perature and by Bankoff and Mason [32] for
sub-cooled liquids. From a detailed study of
temperature fluctuations in nucleate boiling
Moore and Mesler [31] concluded that, at high
heat flux densities, the only mechanism which
was consistent with their observation was a
removal of heat by rapid vaporization of a
micro-layer at the base of the bubble. The
usually accepted mechanism of “bubble agita-
tion” could not account for their experimental
results. Moore and Mesler noted that “different
factors are probably dominant at high heat
fluxes than at low” also that the micro-layer
vaporization mechanism, i.e. the latent heat
transport appears to be the dominant factor at
high flux densities.

The dominant pattern of vapor removal at high
heat flux densities are continuous columns and
vapor patches. Figs. 4 and 6 show that these
columns and patches are attached to the surface
by many stems. The evaporation (as noted in
connection with Fig. 4) takes place at these
stems; while the vapor is transmitted through
the columns to form large vapor slugs (Figs.
6 and 7). It appears therefore that in the region
where bubbles interfere with each other, the
dominant mechanism of heat transfer is by latent
heat transport caused by rapid vaporization of a
pulsating micro-layer at the base of continuous
vapor columns or of vapor patches. An analysis
based on this model was recently reported by
Gaertner [65].

It is of interest to observe, in closing, an
additional similarity between turbulent natural
convection from a horizontal surface and nucleate
pool boiling.

In analysing his data on turbulent natural
convection from a horizontal surface Malkus
[18, 19] remarked that the most suggestive
observation from his experiments was “‘the
apparent lack of dependence of the heat trans-
port on the character of the horizontal motion;
almost as though the heat transport was separ-
ately determined while the fluid motion adjusted
itself to fit the new boundary condition™.

A similar observation can be made in connec-
tion with nucleate pool boiling from a horizontal
surface. In the regime of isolated bubbles as the
heat flux is increased (a change in the boundary
conditions) the vapor hold-up [i.e. the liquid
superheat temperature difference (75 — T5), the
bubble population n/A4, the bubble diameter Dy,
the frequency f] and, consequently, the flow
field will change in such a way as to accom-
modate the new boundary conditions. Further
increase of the heat flux density brings about a
change of the flow regimes from isolated bubbles
to continuous vapor columns and patches. Here
again the two-phase flow pattern (i.e. the
characteristics of the flow field) has changed in
order to fit the new boundary conditions and to
accommodate the increased vapor generation
and transport. In contrast to natural convection,
however, in nucleate pool boiling there exists a
limit beyond which the flow field cannot adjust
itself to fit a change in the boundary conditions.
When this limit is reached both the flow field
and the boundary condition must change. This
limit is imposed on the system by the Helmholtz—
Taylor two-phase flow instability (the liquid
streams toward the surface and of the vapor
streams away from it). It is this two-phase flow
instability [34, 7, 35, 36, 37] which brings about
the critical heat flux phenomenon in nucleate
pool boiling. The upper limit for the heat flux
in the regime of continuous vapor columns and
patches can be predicted from an equation of
the form [34, 7, 35, 36, 37]

) o — ppy]¥/4

This predicted upper limit for the region of
interference is shown in Fig. 13. (The thermo-
dynamic properties were evaluated at the satura-
tion temperature.) Thus, the limits of both the
region of isolated bubbles and of the region of
interference (the domain of continuous vapor
columns and patches) can be evaluated.

5. SUMMARY AND CONCLUSIONS
(1) Experimental evidence indicates that
nucleate pool boiling from a horizontal surface
of liquids at saturation temperature consists of
two regions (a) the region of isolated bubbles
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and (b) the region of interference. In this paper
the vapor removal pattern, the two-phase flow
characteristics and the mechanism of heat trans-
fer in the two regions were discussed and
analysed.

(a) The regime of isolated bubbles

(2) This regime is characterized by the inter-
mittent generation of single distinguishable
bubbles (cf. Fig. 5). Bubbles do not interfere
with each other. The diameter of a bubble
departing from the heating surface is indepen-
dent of the bubble population density and can be
predicted by the equation of Fritz, (cf. Fig. 12).

(3) In this regime Jakob’s description of the
liquid flow in nucleate pool boiling: upward with
rising bubble columns, downward in between
bubble columns and approximately horizontally
along the surface is similar to Malkus’ and
Townsend’s description of the flow regime
(caused by the ““‘up-draught) in turbulent natural
convection from a horizontal surface. In
both cases the heat transfer is effected by the
“up-draught” induced circulations.

(4) It is shown that the same equation which
predicts the heat-transfer coefficient in turbulent
natural convection can be used in the regime of
isolated bubbles if the volumetric vapor fraction
(vapor void coeflicient) is taken into account in
evaluating the mean density of the fluid [cf.
equation (41)]. The predicted values are in
qualitative and quantitative agreement with
available experimental data (cf. Figs. 8, 9, 10).
When the effect of thermal expansion of the
liquid is neglected a two parameter expression
(in terms of the temperature difference (To — 1)
and of the bubble population) is obtained [cf.
equation (47)].

(5) It is also shown that the same equation,
originally derived by Malkus, for predicting the
average turbulent velocity fluctuation in natural
convection from a horizontal surface can be
used in the regime of isolated bubbles if the
volumetric vapor fraction is taken into account
in evaluating the mean density of the fluid [cf.
equation (42)]. Satisfactory agreement with
available experimental data is shown (cf. Fig.
11) [note that no empirical constants appear in
(46) i.e. in equatiion (42)].

(6) The results indicate that a particular

regime of nucleate pool boiling (a two-phase
flow problem) can be analysed as a turbulent
natural convection problem (a single-phase
flow problem) if the vapor volumetric fraction
(vapor hold-up) is taken into account in evalu-
ating the density of the medium.

(7) In this regime the vapor void coetlicient,
1.e. the vapor hold-up can be expressed as a
function of the heat-transfer coefficient [cf.
equation (49)]. Equations relating the vapor void
coefficient (vapor hold-up) to the bubble popula-~
tion density and the liquid superheat temperature
are presented also [cf. equations (20), (21), (22).
(32), (33)].

(8) It is shown that in the regime of isolated
bubbles an upper limit exists for both the value
of the vapor hold-up (vapor volumetric fraction)
and for the value of the heat-transfer coefficient.
Consequently an upper limit exists for the heat-
transfer mechanism effected by the “up-draught™
circulations.

(9) Equations which predict: (i) the bubbie
spacing, (ii) the bubble population, (iii) the-
vapor hold-up, (iv) the heat-transfer coefficient
and (v) the heat flux density at the upper limit
of the region of isolated bubbles have been
presented. The predicted values are in agreement
with available experimental data (cf. Figs. 10, 11.
and 13). Thus, the conditions leading to the
change from the region of isolated bubbles to
the region of interference can be evaluated.

(b) The region of interference

(10) In the region of interference bubbles
interfere with each other and form continuous
vapor columns and patches (cf. Figs. 4, 6 and 7).
These vapor columns and vapor patches are
attached to the heating surface by numerous
stems (cf. Figs. 4 and 6).

(11) In this regime the vapor is produced
(most probably) by continuous vaporization of
a pulsating micro-layer (described and proposed
by Moore and Mesler) at the base of vapor
columns or of vapor patches. The vapor is then
transmitted through the columns to form large
vapor slugs (cf. Figs. 4, 6 and 7).

(12) In this regime the dominant heat-transfer
mechanism is, most probably, the latent heat
transport process formulated by Gaertner.

(13) The limit of the region of interference is
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given by the heat flux corresponding to the upper
limit of the region of isolated bubbles (58) and
by the critical heat flux (59). (Cf. Fig. 13).
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APPENDIX A
A mean liquid velocity due to the source flow
It was assumed by Bankoff [41, 42] that
nucleate sub-cooled boiling can be approximated
by a system of sources and sinks the velocity in
the liquid due to one source being given by
R2R
u(r ) = —I’? (A"])
where R and R are the bubble radius and radial
velocity. It was shown in [8] that (A-1) can be
used to estimate a mean liquid velocity due to
the source flow of the liquid within a bubble
“influence domain” defined by

A

2 . -
= (A-2)
defining the mean velocity by
_ 1 s/2 R2P
Ur) = ) — R JR —dr (A
then
_ R
Ur) = 2—1;; (A-4)

It follows from (A-4), (A-2) and (4) that for
liquids at saturation

0(r) = 2RR J (5)

ST ) o

As anticipated, the velocity of the liquid caused
by the radial flow depends upon both the rate
of bubble growth and the bubble population
density.

It is interesting to note that a similar expres-
sion can be obtained for sub-cooled liquids if one
uses the product 2RR derived by the author in
the paper entitled: “The dynamics of vapor
bubbles in non-uniform temperature fields”,
Int. J. Heat Mass Transfer, 2, 82 (1960).

APPENDIX B
The product Dy.f
Peebles and Garber [44] found from experi-
ments performed with a large variety of liquids
that deformed bubbles rise with a velocity given
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by (6). Jakob [22, 23], (Fig. 29-14) reported that
the velocity or rise of a bubble immediately
after departure was 17 cm/s. For water at
atmospheric pressure and at saturation tempera-
ture (6) predicts a velocity of rise Ur = 18-6
cm/s. The application of (6) to pool boiling
appears therefore permissible.

Let x be the center-to-center spacing between
two consecutive bubbles, for a constant rise
velocity then

x = (ta + th)Us (B-1)

where £ and ¢ are the delay time and the bubble
break-off time (time at departure) respectively.
Define

x =mDy (B-2)

where m is a number, i.e. amultiplier. Then from
(B-1) and (B-2) it follows that

me -
(1 + tafty)

When the delay time #z5 < tp, and at low
pressures when bubbles grow rapidly and follow
each other closely, then m ~ 1. Consequently
from (6) and (B-3) it follows that

D _ 1/4
2 Dy . f=118 [ﬁg-(%ﬂ)] . (B-4)

1§

Jakob and Linke [16] found that while the
bubble still adheres to the surface its center of
gravity rises with almost the same velocity with
which the bubble later rises when it leaves the
surface (see also [23] p. 631). For their experi-
mental conditions Jakob and Linke found also
that the delay time z4, was almost equal to the
bubble break-off time, t,. These two observa-
tions imply that the following relaiions are
approximately valid

Ui (B-3)

Dy
't*b— 254 Ut (B'S)
and
1
f= 3 (B-6)
From (B-5), (B-26) and (24) then:
_ 118 [og (pr — p ]
Db-f— T [——-})—L—z—‘] (B'7)



76 NOVAK ZUBER

which is equation (9} in the text. Equation (B-3)
implies that, for the conditions given by (B-5)
and (B-6), m is equal to 2, i.e. that the center to
center spacing between a departing bubble and
its predecessor is x == 2Dp. This result is in
approximate agreement with the spacing shown
on Fig. 29-12 in reference {23].

APPENDIX C
Some comments by Townsend on turbulent narural
convection from horizontal surfaces

The most striking feature revealed by the
experiments of Thomas and Townsend [20]
and Townsend [21] and analysed by them with
great insight, was that the fluctuations of tempera-
ture, of temperature gradients, and rate-of-
change of temperature, all exhibited periods of
activity, characterized by large fluctuations,
alternating with periods of quiescence with
comparable small fluctuations. Townsend re-
marked: “If the temperature at a fixed point
has two distinct modes of fluctuations, the space
occupied by the fluid at any instant must be
divided by comparatively well-defined bounding
surfaces into corresponding regions of ‘activity’
and ‘quiescence’, and the properties of the
modes are also those of the regions. Within the
active regions temperature fluctuations are large
and the mean temperature is high, while within
the quiescent regions the fluctuations are much
smaller and the mean temperature only slightly
above the reference temperature”.

The observed fluctuations were statistically
homogencous over horizontal planes. Both the
proportion and the frequency of occurrence of
active periods decreased with increasing distance
from the surface and probably occurred when
rising columns of hot air passed through the

point of observation. Townsend concluded that
the quiescent fluctuations are typical of the
turbulent convection far from the surface while
the active fluctuations are a manifestation of the
convective processes arising near the rigid
boundary. These processes were described as
the detachment of columns of hot air from the
edge of the conduction layer and the erosion of
these rising columns by contact with the sur-
rounding air which is in vigorous turbulent
motion.

In describing the flow adjacent 1o the surtace,
Townsend observed further: It appears prob-
able that active regions are formed by more or
Jess tocalized emission of heat from the conduc-
tion layer, most likely in the neighborhood of
points or lines of flow ‘separation’ where the
horizontal velocity just outside the conduction
layer happens to be small or zero™. ... “The
presence and persistence of ‘up-draught sites’
has been described by Malkus who observed
the motion of suspended particles in acctone and
water, and these may be identified with the hypo-
thetical heat sources. The persistence of the
sources is confirmed in these experiments by the
comparatively long duration of the active periods
(of the order of 10 s) compared with a scale time
of about 0-5 s, and a possible explanation is that,
once a site is established, it attracts to itself air
heated by passage through the conduction layer
which adds to the strength and stability of the
up-draught™.

According to Townsend *‘the distribution of
mean temperature is determined by the extent
to which these up-draughts penetrate the cool
‘quiescent’ air, which is dependent on the
initial cross-section and strength of the up-
draught, both closely related to the thickness of
the conduction layer.”

Résumé—Les données expérimentales indiquent que 'ébullition nucléée comprend deux régions: (a)

la région des bulles isolées et (b) la région d'interférence.

Les modeéles du transport de vapeur,

d’éconlement et les mécanismes de transport de chaleur dans les deux régions sont discutés et étudiés.
Un critére pour le passage d’une zone a I'autre est présente.

Dans le régime des bulles isolées, il n’y a pas interférence entre les bulles et la vapeur se produit de
fagon intermittente en des points particuliers. La description de Jakob de la convection naturelle dans
un liguide en ébullition nucléée au-dessus d'une surface horizontale est semblable a celle de Malkus et
Townsend pour le régime d’écoulement en convection libre turbulente au-dessus d’un plan horizontal.
Dans les deux cas, le transport de chaleur est provoqué par les courants convectifs. On montre que
des équations semblables 2 celles qui donnent le coefficient de transmission de chaleur et la variation
de vitesse moyenne turbulente dans le cas de la convection libre turbulente au-dessus d’un plan
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horizontal peuvent étre utilisées dans le cas des bulles isolées si le coefficient d’évacuation de vapeur,
c’est-a-dire la vapeur enlevée est prise en considération dans I’évaluation de la densité moyenne du
fluide. On donne les équations reliant le coefficient d’évacuation de la vapeur au coefficient de trans-
port de chaleur ou 2 la densité de population en bulles et a la température du liquide surchauffé. On
montre qu’il existe une limite supérieure au mécanisme de transmission de chaleur induit par les
courants. Les équations donnant la valeur limite du coefficient de transmission de chaleur et de la
densité du flux thermique dans le régime des bulles isolées sont également présentées. Tous ces
résultats analytiques se révélent qualitativement et quantitativement en bon accord avec les données
expérimentales actuelles.

Dans la zone d’interférence, les bulles se collent les unes aux autres pour former des colonnes con-
tinues et des masses de vapeur. La vapeur est produite en permanence par vaporisation d’une micro
couche “oscillante” (proposée et décrite par Moore et Mesler) 4 la base d’'une colonne ou d’une masse
de vapeur. Dans ce régime, le mécanisme dominant de transmission de chaleur est, le plus probable-
ment, le processus de transport de chaleur latente (formulé par Gaertner) et le transport de chaleur
latente associé aux gros éclatements de vapeur provoqués par 1’affaissement des masses de vapeur.

Les résultats de I’étude indiquent qu’un régime particulier d’ébullition nucléée (probléme & deux
phases) peut étre étudié comme un probléme de convection turbulente naturelle (probléme a une seule
phase). Les applications de considérations semblables 4 d’autres formes d’écoulement 4 deux phases
apparaissent alors pleine de promesses.

L’important effet des modéles d’écoulement & deux phases sur le mécanisme de transmission de
chaleur et sur le coefficient d’échange d’un mélange a deux phases est encore démontré et étudié.

Zusammenfassung—Nach Versuchsergebnissen erfolgt die Blasenverdampfung in zwei Bereichen: (a)
dem Bereich der Einzelblasen und (b) dem Bereich gegenseitiger Blasenbeeinflussung. Die Dampf-
abfuhr, die Strémungsart und der Wiarmetransportmechanismus in beiden Bereichen werden dis-
kutiert und analysiert. Ein Kriterium fiir den Ubergang von einem Bereich in den anderen ist
angegeben. Im Bereich der Einzelblasen entsteht Dampf intermittierend an den Keimstellen und die
Blasen storen sich gegenseitig nicht. Jakobs Beschreibung der Zirkulationsstrémung beim Blasen-
sieden unter freier Konvektion an einer waagerechten Fliche ist dhnlich der Beschreibung von
Malkus und Townsend, des Stromungsverlaufs bei turbulenter freier Konvektion iiber einer waage-
rechten Oberfliche. In beiden Fillen beruht der Wirmetransport auf der vom Auftrieb hervor-
gerufenen Zirkulation. Es zeigt sich, dass die Gleichungen, die den Wirmeiibergangskoeffizienten und
die mittlere turbulente Geschwindigkeitsschwanking der turbulenten freien Konvektion iiber einer
waagerechten Oberfléiche bestimmen, auch fiir den Bereich der Einzelblasen anwendbar sind, wenn zur
Berechnung der mittleren Fliissigkeitsdichte der Dampfraumkoeffizient d.h. der Dampfanteil beriick-
sichtigt wird. Gleichungen, die den Dampfraumkoeffizienten mit dem Wirmeiibergangskoeffizienten
oder mit der Blasendichte und der Uberhitzungstemperatur der Fliissigkeit verbinden, sind angegeben.
Der Wirmetransportmechanismus, wie er von der Auftriebszirkulation hervorgerufen wird, besitzt
eine obere Grenze. Gleichungen fiir den Grenzwert des Wirmeiibergangskoeffizienten und der
Wirmeflussdichte im Bereich der Einzelblasen sind angegeben. Alle diese, durch die Analyse erhal-
tenen Ergebnisse stimmen mit gegenwartig verfiigbaren Versuchsresuitaten qualitativ und quantitativ
gut iiberein.

Im Bereich gegenseitiger Blasenbeeinflussung storen sich die Blasen als kontinuierliche Dampfsiulen
oder Ballen. Durch Verdampfung einer pulsierenden Mikroschicht (wie sie von Moore und Mesler
vorgeschlagen und beschrieben wurde) am Fuss jeder Dampfsiule und jedes Dampfballens wird
fortwéhrend Dampf nachgeliefert. In diesem Bereich beruht der Mechanismus des Hauptwirme-
transports héchstwahrscheinlich auf dem Transport latenter Wirme (wie von Gértner formuliert) und
dem Transport latenter Wirme in Verbindung mit der ausgedehnten Dampfverteilung beim Zu-
sammenbruch der Dampfballen.

Die Ergebnisse der Untersuchung zeigen, dass ein Teilbereich des Blasensiedens unter freier Kon-
vektion (ein Zweiphasenproblem) als ein Problem der turbulenten freien Konvektion (als ein Ein-
phasenproblem) analysiert werden kann. Die Anwendung éhnlicher Betrachtungen auf andere
Gegebenheiten der Zweiphasenstromung scheinen somit erfolgversprechend. Der wichtige Einfluss
der Art der Zweiphasenstromung auf den Mechanismus des Wirmetransports und auf den Wirme-
Ubergangskoeflizienten eines Zweiphasengemisches ist wiederum gezeigt und besonders diskutiert.

AHHOTAIMA—OKCIICPUMEHTAJBHEE JAHHBIE NOKABKIBAIOT, UTO NY3LPLKOBOE KNIIEHHE COCTOUT
13 IByX o6macrelf, a (06IacTh HBOIMPOBAHHBIX IYSHPHLKOB U 6) 06aCTh MJIEHOUHOIO KHIe-
HUA. PaccMarpuBaoTCA M aHAIM3MPYIOTCA KAPTHHA OTBOA NIapa, KApPTHHA IIOTOKA ¥ MeXa-
HU3MBL TenuiooOMeHa B AByX oOxacTax. [Jaerca kpurepuil nepexoga oT oHO# 00gacTH K
ApyTroif.
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B ycaosuax u30JUIpOBAHHLIX AY3EIPBROB HY3BIPHRIL HE BIHAT APYL Ha APYra n B JHoi
TOUKE Ifap BLIPAlaTLIBAETCA OTAEABHBIMM HOPHUAMI. Omincaune froGa i1 coreeTBennoii
OUPKYIANMIL  TTOTOKA TIPH  HYSHIPHKOBOM  RHIEHHMIL ¢  TOPUBOHTAIBHON  [TOBEPXHOCTI
anagornguo opcanmo Maakyea u Tayneenga 1oTowa LIS PeRUMA NPH TYPAVIEHTHO
€CTECTBEHHOIT KOHBERIUM ¢ TOPH30UTAIbLHOI moBepxuocTi. B 060uX cIvyaax Temaoodven
BBLI3BAH BLIHYHACHHON LUPRYIATHEH BOCX0IAMmero TeveHnA. [lokasaHo, 4To T¢ vpasienus,
KOTOpPEIe ONpe1eTAIT RODPOUIEHT TeIIo00Mena I QIVRTYAUMK cpejHeli Ty piy ieHTHoH
CKOPOCTIL TIPH €CTECTBEHHOH TyphHyIeHTHO! KOUBEKII ¢ [OPH3OHTAALHON NOBepPKHOCTI.
MOTYT OBITH HCIOTB30BAHBL B OGIACTH MBO0INPOBAUALIX TVBHPLROB, ecan Lodgupurent
COfePHANNA NApoBOil Gpariluk, T.c. YYUTHIBAGTCH NP OUpeJedeHHil cpejieil THIOTHOCTIL
norona. [IpnpogArca ypasHeHMA, KOTOPHE VCTAHABINBAIT CBA3L Merw1y Kosdduitnentoy
COIEPHANIA 1TAPOBOH GpaKuK 11 KO3PGUUMEHTOM TeINOOOMEHA LTI MEHIY IIOTHOCTHYO
Ty3EIPBROB U TeMAepaTypoil meperperoii smugkoctu. Tlokasano, yTo CyWECTBYET Bepxunil
TIPEIEIL ;ITA MEXAHM3MA TeITTOO0M eI, BIBBAHHOTO TNPRY IALIeH 00yCI0BIeHHOI veTecTRe -
HOM kouBerIpIeif, Takrae JATCA YPABHEUNA, OLUpele THIONE PeIeIbHOe BHAUCHITE KO-
(UINeHTa TerI0o6MeHa it TIOTHOCTH TEIVIOBOrO NOTOKA B VCIOBHAX  M3OIUPOBATIHBIN
ny3ppblion. llokazano, UTo Bee 9K PEsy:ILTATLL, ONPCIeTeHHBE ¢ HOMOINBK  (HATTHN,
COTTIACYIOTCA KAUeCTBRHHO 1 BOIIHCCTBOHHO ¢ HRCIePUMCHTATBHEIMU JAHTBIMIL, {MCOTIHM UG
B HACTOSILEE RPeMSA.

B ofaacTn nIeHOTHOTO KUMEHIHT 1V3BPBLET BANMOLCIHCTEVIOT, O0PA3YH VIACTRI CilIou-
HBIX MOTOKOB 1apa. H‘(l]) HEOPepPHBHO CO3JAeTCA Heuapeuney NYAbLCHD YVIOILEro MHEPOCIn
(pexcosseno 1 omucano Moopom ir Mecaepoy). ITpir HTOM VEIOBHITT, BECHMi BOSMOMKIG,
4TO MPenhaaldiominy  ABIACTCA B MEXAHUBME TeL00GMERA NPOLECe NEPEHOCcd CRPLITO
TeIOTH (chopMyTHPOBAHO XapTHEPOM), a 1ePenoC CHPBTOH TeITOTH, CRABAN ¢ (orbiin
TUCAOM B3PHIBOB NV3BIPbKOB IIapa, B CBABKH C paspymendem ImapoBbIX YUHACTROB,

PesyapTarsl aHAMI3a MOKABBIBAIOT, YTO YACTHBLE PCAUIM TYSBPBEKOBOTO KHIEHIL (ABY X(u:t-
Hasg sagava) Momer ObTh HPOAHATHBHPOBAN KAk 3a)ada TypOVIEHTHON ecTecTBeMHoll
KOHBeKIME (0HOo(asHaA 3a7a4a). [1odToMY HpHMeHeHITe TARKOTO AHAMMARA ¢ APYPUM ACHeRTaM
;I,ByX(X]IlIH[OFU MOTORA TIPLCTABIHETCH OYeHb 11ep(‘,nel."r11|mr)i‘f. B sanaodenun cioBa pac-
CMATPUBACTC BIMAHNE CTPYRTYPbLL ABYX(PAZHOr0 MOTOKA HA MEXAHUZM TEMI000Mel 1 Hi

ROAPPUIIEHT TerToolNeHa 18 (BYXQuuROil cyvech,



