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Abstract—We consider an isolated bubble boiling regime in which vapour bubbles are intermittently
produced at a prearranged set of nucleation sites on an upward facing overheated wall plane. In this boiling
regime, the bubbles depart from the wall and move as separate entities. Heat transfer properties specific to
this regime cannot be described without bubble detachment size, and we apply our previously developed
dynamic theory of vapour bubble growth and detachment to determine this size. Bubble growth is presumed
to be thermally controlled. Two limiting cases of bubble evolution are considered : the one in which
buoyancy prevails in promoting bubble detachment and the one in which surface tension prevails. We
prove termination of the isolated regime of pool nucleate boiling to result from one of the four possible
causes, depending on relevant parameters values. The first cause consists in the fact that the upward flow
of rising bubbles hampers the downward liquid flow, and under certain conditions, prevents the liquid
from coming to the wall in an amount that would be sufficient 10 compensate for vapour removal from the
wall. The second cause is due to the lateral coalescence of growing bubbles that are attached to their
corresponding nucleation sites, with ensuing generation of larger bubbles and extended vapour patches
near the wall. The other two causes involve longitudinal coalescence either: (1) immediately in the wall
vicinity, accompanied by the establishment of the multiple bubble boiling regime or (2) in the bulk, with
the formation of vapour columns. The longitudinal coalescence in the bulk is shown to be the most
important cause. The critical wall temperature and the heat flux density associated with isolated bubble
regime termination are found to be functions of the physical and operating parameters and are discussed

in detail. Copyright © 1996 Elsevier Science Ltd.

1. INTROGUCTION

It is fairly well known that, as wall temperature passes
over a critical threshold value, it becomes impossible
to maintain the initial boiling regime that is char-
acterized by the generation of a lot of single vapour
bubbles on a superheated wall, so that these bubbles
thereafter preserve their individuality. As wall tem-
perature grows, the isolated bubble regime of nucleate
boiling is first replaced by a transient boiling regime
in which the wall intermittently borders on occasional
liquid and vapour patterns. At still larger wall tem-
peratures, the isolated bubble regime is replaced by a
film boiling regime in which the wall is separated from
the liquid by a stable vapour film, and liquid evap-
oration and irregular vapour slug formation occur at
the free film surface. Termination of the isolated bub-
ble regime presents a certain crisis of pool nucleate
boiling. This crisis does not necessarily coincide with
the usually studied boiling crisis in which maximal
critical heat flux (CHF) is attained. Nevertheless, the
heat flux densities associated with both these crises
are understandably of primary concern in the design,
operation, and safety of various boiling and two-
phase flow devices. For this reason, there are a great
many experimental and theoretical studies exclusively
aimed to provide a better insight into the underlying
physics of the mechanisms of both pool nucleate and

forced convection boiling, and to understand the key
factors that may be responsible for the observed alter-
ation of these mechanisms (for example, see a review
in ref. [1]).

The isolated bubble boiling regime was studied in a
great many papers. From a phenomenological point
of view, we also know what follows termination of this
regime. According to Zuber [2], as wall temperature
grows, the spacing decreases between a bubble
developing at a nucleation site and its predecessor
departed from the same site, and as wall temperature
exceeds some critical level, these two bubbles merge
to form a new mushroom-like bubble This merging
process can also involve other bubbles originated at
this site, and formation of tandems consisting of large
bubbles followed by much smaller bubbles sometimes
occurs. The resultant boiling regime is characterized
by non-uniformly sized bubbles and is sometimes
referred to as a “multiple bubble” regime.

Alternatively, as wall temperature increases, longi-
tudinal bubble coalescence becomes possible in the
bulk above the wall, and this process results in the
generation of swirling vapour jets, or columns,
attached to the wall at nucleation sites. The vapour
columns are either shattered into small bubbles, or
they lose their hydrodynamic stability and merge, thus
giving rise to vapour patches or blankets covering a
considerable area of the wall. These hovering patches
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% liquid thermal diffusivity
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&, ¢ dimensionless bubble radius and
bubble centre coordinate

p density

o surface tension coefficient
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Subscripts

d detachment

e normal (Earth) conditions

1 liquid
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v vapour

w wall

o far from the wall

I, I1, IIT and IV pertain to critical quantities.

are linked to the wall by a number of vapour stems
and continue to grow since they are being fed by
vapour through these stems. The same patches can
also appear due to the lateral coalescence of bubbles
evolving at neighbouring nucleation sites. Sufficiently
extended patches can be justifiably regarded as initial
fluctuating vapour film patterns, and irregular vapour
slugs are generated at their external boundaries.

Although the above description is basically correct,
and the patterns described have been repeatedly
observed in many works, the exact conditions that give
rise to these patterns during breakup of the isolated
bubble regime remain unknown to date. To discover
these conditions, we first need a reliable model of the
isolated bubble regime of pool nucleate boiling, and
this implies, in turn, that bubble detachment charac-
teristics must be determined as functions of all rel-
evant parameters. When treating both isolated bubble
regime properties and the conditions for regime ter-
mination, we intend to use our newly developed bub-
ble growth and detachment theory [3, 4].

Many empirical and semi-empirical formulae exist
that describe heat flux, bubble formation frequency,
etc., in the isolated bubble regime of pool nucleate
boiling. Since the most important of these formulae
will be reproduced on a relatively stringent basis later,

there is no need to write them down and discuss them
in this section.

Although the CHF crisis does not necessarily
coincide with the isolated bubble regime collapse (and
so is not of primary concern in this paper), we briefly
mention available models proposed to describe the
CHF crisis (these models are reviewed at some length
inrefs. [1, 5, 6]). These models can seemingly be classi-
fied into three main groups.

The first group comprises models in which it is
suggested that bubbles attached to nucleation sites
reach critical packing and then merge as the total
number of the sites increases with the heated surface
superheat, and as a final result, the bubbles blanket
the wall with vapour [7}. This blanketing presumably
interrupts an incessant fresh liquid flow to the wall,
thereby causing the surface to dry out. Those models
are limited in the respect that, while taking into
account the dependence on temperature of active
nucleation site population density, they often fail to
allow for a similar dependence of bubble departure
diameter on temperature, as detected in [8].

Models of the second group are based on concepts
relating to Taylor and Helmholtz hydrodynamic stab-
ility of (1) vapour films adjacent to the wall and (2)
vapour columns originated as bubbles rising in suc-



The isolated bubble regime

cession overtake one another and coalesce in the longi-
tudinal direction. The onset of instability is assumed
to set a limit to the vapour removal process
accomplished by departed bubbles, and hence to result
in heated surface dryout as well [9-12].

Models of the third group usually postulate that,
on the verge of reaching CHF, vapour is removed
from the wall through narrow stems that are anchored
to nucleation sites and that feed a vapour mass above
the stems [6, 13]. This vapour mass entraps a liquid
macrolayer vaporization of which ensures heat
removal from the wall. The CHF is assumed to occur
when macrolayer lifetime becomes smaller than the
characteristic lifetime of the vapour mass hovering
above the wall. If this condition is satisfied, the mac-
rolayer has time enough to completely evaporate
before the vapour mass departs from the wall, thus
leading to dryout. This model received much attention
in recent years and formed a foundation for numerous
studies of high-heat-flux boiling (e.g. [14, 15]).

Very substantial difficulties additionally arise when
attempting to model the CHF crisis under the more
complicated conditions of forced convection boiling
[6}, not to mention those of boiling of subcooled
liquids [16, 17] and of boiling with time-dependent
heat input [18, 19]. However, our objective in the
present paper is to address the crisis that makes the
isolated bubble boiling regime come to an end, but by
no means the crisis that brings about CHF.

In order to simplify the subsequent analysis and to
get a comparatively transparent physical picture of
the effects caused by macroscopic bubble properties,
we presume that (1) the heated surface is an extended,
upward facing flat wall and (2) the wall material ther-
mal diffusivity is much larger than that for the liquid
above the wall, so that wall temperature fluctuations
due to cyclical formation of bubbles at nucleation sites
can be ignored. We also assume that bubble growth
is thermally controlled which gives an opportunity to
directly use the results obtained in refs. [3, 4].

2. PROPERTIES OF THE ISOLATED BUBBLE
REGIME

In this section, we address the isolated bubble
regime of pool boiling, meaning that vapour bubbles
grow at their nucleation sites, detach themselves from
these sites, and then rise above the wall as separate
entities, that is, without coalescence. Conditions under
which this regime can be maintained will be revealed
later on. In steady-state boiling, upward vapour flow
produced by rising bubbles must be exactly com-
pensated by downward liquid flow to the wall, that is,
the material balance equation must hold true,

2Oy = PO (1)

Assuming that the artificial nucleation sites under
consideration produce vapour bubbles with no
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appreciable waiting time, vapour volume flux can be
expressed as follows:

3
szgnRifn=§n%n 2
nucleation site number concentration » being a func-
tion of wall temperature, and this function also
depends on the surface properties of the wall, as well
as on its affinity to the liquid. In a particular case
of walls with artificial nucleation cavities, n may be
regarded as a known constant [20].
The total heat flux from the wall has to be for-
mulated in the form

q=pledT, =T+ L1Q, = p,[e(T,— T, )+ L] Q..
(3)

This equation is rigorous for boiling heat removal
from an infinite upward facing plate, and without
forced convection, irrespective of the peculiarities of
convective heat transfer in the liquid near the walil.
This equation can be formally derived by considering
energy balance in the system. According to equation
(3), the heat flux is composed of two constituents : one
due to heating the liquid that is incessantly coming to
the wall from the bulk up to the saturation tempera-
ture, and the other due to the absorption and transfer
of latent heat of evaporation by rising bubbles. Equa-
tion (3) is valid for an arbitrary wall superheat, the
heat flux depending on wall superheat in an implicit
way, through Q, (or Q).

To make equation (3) fully determinate, we need
representations for bubble detachment radius R, and
for total time 74 of bubble growth till detachment.
These quantities can be found with the help of the
theory in refs. [3, 4]. Neglecting evaporation from the
liquid macrolayer separating a vapour bubble from
the wall as compared with evaporation from the bulk
of the ambient liquid (what is permissible to do for
liquids whose Prandtl number is not exceedingly
small), also introducing time and length scales as well
as corresponding dimensionless variables as

R=L¢ s=LJL t=Lx
1 14 2:3 2:3,,1/3 !
L,z0.779<——‘—+ 55") CN P
[—x g2'3 I
1 14 /3 N 4:3.,2:3
L, ~ 0.883( LAY T (CN)” 07 @)
1—x gl3

we arrive at equations governing dimensionless bub-
ble radius ¢ and dimensionless distance { that sep-
arates the bubble centre from the wall [3, 4]

£ d de _ 32 T_gz
E=Vr dr(r &)= N NG

_ 0.963 alp
T 141455k (ONy) ¥y g

)
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In equations (4) and (5), N, is the Jakob number
and constant C is of the order of unity and charac-
terizes bubble growth rate in conformity with the
Fritz’s formula,

(A/X) AT dR  CN;/¢\'?
oL r=T.-1 det 2\t

N;

©®

In refs. [3, 4] two forces are shown to ensure bubble
detachment: (1) buoyancy and (2) a force due to
surface tension effects. The relative role played by the
surface tension force as compared with buoyancy is
characterized by parameter N,. It is worth noting that
equations (4) and (5) do not involve any adjustable
parameters save for growth constant C.

Initial conditions for { may be impos

help of asymptotical solution { ~ 2N,7/3 which is
approximately valid at T « N,. When { becomes equal
to &, evolution of a vapour bubble attached to a
nucleation site terminates, and the bubble departs
from the wall. Dimensionless bubble evolution time
must be found by numerically integrating equation
(5) under the initial conditions specified above. This
evolution time is a decreasing function of N,, and
14 & 2.924 if N, is small enough, that is, if buoyancy
dominates the surface tension force in aiding bubble
detachment [3, 4]. The dimensionless bubble evolution
time is plotted in Fig. 1 as a function of N,. We
can easily prove that 7, can be approximated, with a
sufficiently high accuracy, by equations

oced with the
G Wil uiad

g & const 2.9 atN, <0.1

ta ~ LS3N7S® atN, > 1. )

The first equation (7) corresponds to situations
where buoyancy is practically the only force that pro-
vides for bubble detachment. The second equation (7)
bears upon situations in which bubble detachment is
mostly due to the surface tension force, except for
the very final detachment stage where buoyancy is
relevant no matter how low gravity acceleration may
be. As N, increases, departing bubbles become smaller
and their detachment frequency grows [3, 4].
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Fig. 1. Dimensionless bubble detachment time as a function
of parameter N,.

Dimensional bubble evolution time and bubble
detachment radius must be expressed through 1, in
accordance with equation (4). At small N, (that is,
under conditions of bubble detachment from the wall
being due to buoyancy) we get

14+ 1.455k\Y3 (CN Y35 13
ld:L(sz2.26< + K) (CN)™x

-k gz'/3

-k 173

14 1.455KK\13 (CNy) 352
Ry= Lo/t~ 1.50< + ") CEND (g
g

In the literature, equations relating bubble depar-
ture diameter and bubble detachment frequency are
very popular. It is easy to derive such equations from
equation (8). If one chooses to exclude thermophysical
parameters, one gets (f'= 1/7,)

— 1—x \'?

Alternatively, if one prefers to exclude gravity accel-
eration, one arrives at

Dy /f ~ 2.0(CN) /7.

Equations of the same type as equations (9) and
(10) were proposed over and over again on empirical
or semi-empirical grounds. In particular, equations
that differ from equation (9) at ¥ « 1 only by numeri-
cal coefficients were earlier put forward in a number
of works according to which the coefficient of 0.77 in
equation (9) should be substituted by 1.15 [21], 0.56
[22] or 0.90 [23]. An equation of the form (10) was
recently suggested in ref. [24], with a coefficient of
3n'%/4 ~ 1.33 instead of 2C involved in equation (10).

At large N, (that is, under conditions in which the
surface tension force prevails in bubble detachment
from the wall), the second equation (7) holds true,
and we obtain other equations, instead of equations

®),

(10)

(14 1.455x)12% (CNy)"?y "¢
(11" g7 (alp)*"

(14 1.455K) 3148 (CNy)' 3oy 13112
(1= """ (ajp)™"®

In this case, equations (9) and (10) are replaced by

552
g] 1/52 <g>]
gl

(12)
Dy /f = 2.00(CN))\ /. (13)

Interestingly, equation (13) coincides with pre-
viously derived equation (10). Thus, the product that
appears in the left-hand side of these equations is
independent of N,, and this mere fact makes this prod-
uct especially usable when correlating experimental
data. Equation (12) resembles empirical power laws

ty &~ 1.220

R, ~ 1.105 (an

(1 _K)4/13

DI % 1925 ———
/D (14 1.455x)3 1752
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expressing fDy in terms of g and a/p, (e.g., refs. [2,
23]), but the exponents involved have slightly different
values. However, this difference is likely to fall within
experimental error limits, and these are usually rather
broad.

Heat flux can be formulated from equations (2)—
(4) in the following way :

3

4 L
q= gnpv[cl(Ts_ T,) +L]nf\/rd(Na)- (14)
t
Using equation (7), this gives at N, < 0.1
1+ 1.4556\'?
9% 6-3°(ﬁ“)
CN 10/3,.,5/3
S (=T +1] (19)
andat N, > 1
141.455K)3!/48
g~ 4.58(+‘—*£)‘-—
(1 _K)l,/f#
CN 25/6.,25/12
Ot [T~ T.)+1). (16)

g''"* (alp)™®

Equations (14)-(16) completely describe heat trans-
fer due to the isolated bubble boiling regime. They are
applicable to both saturated and subcooled boiling.
In particular, these equations show how heat flux
dependence on both physical and operating par-
ameters is intensified by enhancing the role played by
the surface tension force in detaching bubbles from
their nucleation sites. As N, increases, heat flux depen-
dence on wall overheat T,,— T, progressively becomes
steeper (if n is constant, the relevant exponent mon-
otonously grows from 10/3 to 25/6), and its depen-
dence on thermophysical parameters correspondingly
becomes stronger. However, heat flux dependence on
liquid subcooling does not change, whereas its depen-
dence on gravity considerably weakens. What is
especially important is that heat flux becomes depen-
dent on surface tension at the liquid-vapour interface
as NV, increases, even if » is constant. This dependence
is brought about by the fact that bubble detachment
characteristics become dependent on the surface ten-
sion coefficient in a region of appreciable N,, and it
has nothing to do with the anticipated influence of
surface tension on nucleation site activation and on
formation of initial vapour nuclei. For real surfaces
with no artificial nucleation cavities that are com-
monly encountered in practice, this simple picture is
obliterated by the mere fact that nucleation site con-
centration # is also dependent on both wall overheat
and surface tension coefficient.

The dependence of heat flux on pressure in the
isolated bubble boiling regime is represented by equa-
tions (15) and (16) in an implicit form : through vap-
our density p, and density ratio k. Heat transfer is
substantially augmented as pressure grows, and
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especially so as the vapour density approaches the
density of the liquid. When comparing equations (15)
and (16), it is not difficult to see that an increase in
N, results in a slight enhancement of the heat flux
dependence on pressure.

It is worth stressing once again that the above for-
mulae do not involve arbitrary adjustable parameters
and empirical coefficients except for growth rate con-
stant C that is involved in almost all the above for-
mulae due to its appearance in the definition both of
time and length scales and of dimensionless criteria.
This constant varies from 1.13 to 2 depending on the
model chosen to describe heat transfer to a bubble
growing within a superheated liquid layer near the
wall. However, when raised to a high power, this
variation brings about an uncertainty in numerical
coefficients involved in the heat flux equations which
can amount to an order of magnitude. Hence it
becomes evident that, in order to obtain reliable values
for those coefficients, the bubble evolution theory
must be made more precise even in the case where
bubble growth is assumed to be thermally controlled
and where the bubbles are viewed as submerged into
a superheated liquid layer near the wall.

However, this uncertainty in C does not affect in
any way the dependence of the resultant formulae on
the dimensional physical and operating parameters,
and these formulae are independent of other adjust-
able coefficients. This very fact should be regarded as
a substantial advantage of our model as compared
with numerous conventional models.

3. TWO-PHASE FLOW CRISIS IN THE BULK

Let us consider, next, vapour removal from the wall
that is effected by rising bubbles. Within a region
high above the wall where upward bubble motion and
downward liquid flow are stabilized, the vapour and
liquid volume fluxes are expressible as

O.=o(Uy—W) =W, Q=(1-)W (17)

vapour and liquid velocities being directed upward
and downward, respectively. Combining this with
material balance equation (1), we obtain

1-¢ K¢

B T A
and allowing for equation (3), we further derive
1—
(1 —¢) q (19)

1—(1=1)¢ ° ple(T—T)+L]°

Bubble velocity U, depends on bubble volume frac-
tion ¢. Both experimental [25] and theoretical [26]
studies yield the well-known formula :

Uy =(1-9)U; (20

with U} standing for the rise velocity of a single bubble
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in an unbounded liquid. Single bubble velocity is a
complicated function of the bubble Reynolds number.
For the sake of definitiveness, in what follows we use
the simplest relationship for spheroidal bubbles in
the Reynolds number range where bubble velocity is
independent of bubble size, namely,

U = K, [ag(/’lz—ﬁv)]M _ Ku[(l Ax)gl}m
g Iy

@n

where the numerical coefficient ranges from 1.18 [27]
to 1.53 [28].

The quantity on the left-hand side of equation (19)
cannot exceed its maximal value which it reaches at
some ¢ = ¢, If k is small compared with unity,
¢n ~(1—xk)/2, and the maximal value of the said
quantity can be presented, with the same accuracy, as

¢m(1 _¢m)2
1= (1 =x)¢n,

(s} ]_K (el KU 5i4 o e
Uy ~ 4 Ub—4(1_K) (g/h)

(22)

where equation (21) is taken into account as well. If
¢ exceeds ¢, upward vapour flow cannot be com-
pensated for by downward liquid flow in conformity
with the material balance requirement expressed by
equation (1). As a result, the steady motion of the
bubbles and liquid under consideration becomes
impossible, and extended vapour masses will inevi-
tably appear in the vicinity of the wall. This alteration
in flow character is of a purely hydrodynamic origin
and has much in common with the flooding-up crisis
of countercurrent two-phase flows that is often enco-
untered in some apparatuses and devices of chemical
and power engineering.

According to equation (19), quantity (22) also
determines the maximal heat flux density that can be
attained in the isolated bubble boiling regime, if this
regime actually breaks up due to flooding-up in the
bulk above the wall. No matter how high parameter
N, may be, this heat flux density can be formulated
from equations (19) and (22) in a universal form,

Ku ’ o 1/4
4 z’z’(l_’c)s“(g;) pv[(l(Ts_Tx)+L]
1

23)

It is not at all surprising that this critical flux does
not depend on the Jakob number (and consequently,
on wall overheat) because (1) critical heat transfer is
fully determined by the maximal value of vaporized
liquid mass in accordance with equation (3) for both
saturated and subcooled boiling and (2) this maximal
liquid mass is determined only by the hydrodynamics
of the countercurrent two-phase flow above the wall,
but not in the least by thermal processes near the wall.
As a function of pressure, flux (23) has a maximum
in the region of relatively high pressures.

This notwithstanding, the “critical wall overheat”
does depend on liquid and vapour thermophysical
properties (this overheat corresponds to the isolated
bubble regime termination and is not identical to the
overheat that is associated with the CHF). This is also
quite understandable because wall temperature must
be high enough to provide for the emergence of the
maximal vapour volume determined in equation (22).
This critical overheat can be found by equating flux
(23) to the flux expressed on the right-hand side of
equation (14). After a simple manipulation, using
equation (15) we arrive at the “critical overheat
equation”

1_ A 19/40 740 3:40
(CN), ~ 040120 g (“)

(1+ 1.455K)]”0 xl,’2n3r10 /71

N, <0.1 (24)

and using equation (16) we obtain

(1 ___K)l‘)r‘S[)

(1+ 1.455)7 17200
27;200
(E) N,21 (25
1

coefficient K, having been taken equal to 1.18 [27].
Critical wall overheat does not depend on whether the
liquid is saturated or not. It should be kept in mind
that not only N, but also #n generally depend on wall
overheat.

It is worth emphasizing once again that formulae
(24) and (25) refer to the simplest case where bubble
velocity as expressed by equation (21) is independent
of bubble size. Even then, a poorly determinable
numerical coefficient K|, is introduced into the theory
in addition to C.

The isolated bubble boiling regime actually estab-
lishes when wall temperature is low enough to render
CN, smaller than its critical value as defined in accord-
ance with equation (24) or (25), if there is nothing to
prevent this regime from termination at smaller wall
temperatures. In practice, this is not always the case
since prior to the critical wall temperature being
reached, bubbles evolving at nucleation sites on a
heated wall, as well as detached bubbles rising through
the ambient liquid, may well start to interfere and to
merge with the formation of larger bubbles, extended
fluctuating vapour patches hovering above the wall,
and vapour columns anchored to the wall.

(CN)), = 0.52

237200

g
172

X

x 6/25
n'

4. LATERAL BUBBLE COALESCENCE AT THE
WALL

In this section, we address the conditions at which
lateral coalescence of bubbles growing at neigh-
bouring nucleation sites necessarily occurs. If
I =an""? is the distance separating neighbouring
nucleation sites, lateral bubble coalescence begins
when R, reaches //2. (Coefficient a is of the order of



The isolated bubble regime 371

unity, its exact value depends on the type of two-
dimensional (2D) lattice formed by the nucleation
sites. If this lattice is not regular, the above formula
for I must be regarded as approximate.) Lateral
coalescence can certainly be regarded as well-
developed when bubble radius (R) averaged over the
ensemble of growing bubbles becomes equal to or
exceeds //2. In any case, the condition for the onset of
lateral coalescence in the isolated bubble regime reads

dlefal cO4ICSCEIICe LG 1501atled DUDDIC Tegliie I

Ry = LS\/;; ocn 2,

The fact that groups of bubbles containing a few
bubbles have merged themselves into larger bubbles,
thus establishing a multiple bubble boiling regime,
does not imply that heat transfer properties specific
to the isolated bubble regime must necessarily be
modified to a considerable extent. Spontaneous merg-
ing of groups consisting of several bubbles results only
in the detached bubbles being no longer identical but
instead being distributed over their size. This certainly
does not alter the intrinsic physical nature of the iso-
lated bubble regime of pool nucleate boiling. Equa-
tions (23)—(25) for critical heat flux density and critical
wall temperature remain precisely the same if ensuing
bubble enlargement does not affect bubble velocity as
defined by equations (20) and (21).

However, such a situation drastically changes when
groups of a sufficiently large number of bubbles
coalesce to form an extended vapour blanket that
could be looked upon as something like a fluctuating
vapour film covering the wall. Nothing definite is
known as to how large the number of merged bubbles
must be in order to form not still another, larger
bubble, but a fluctuating film pattern. In these cir-
cumstances, it seems appealing and reasonable to
make use of standard concepts used in the percolation
theory [29]. In accordance with this theory, a quali-
tative change occurs in a system of merging objects
when, as a result of this merging, it becomes possible
for an infinite cluster that includes an infinite number
of these objects to originate. For 2D systems, the
infinite cluster comes about as the critical surface area
fraction occupied by the merging objects reaches the
critical value of 1/2 [29]. While neglecting the fact that
maximal cross-sections of growing bubbles made by
planes parallel to the wall are situated at different
distances from the wall, we arrive at the following
condition that expresses the aforementioned geo-
metrical requirement :

(26)

A

(RS = ERn = .

5 @

Lszrd(Na)n = % .

We have also assumed that the age of an arbitrarily
chosen bubble is uniformly distributed within interval
(0, #3). Hence, the probability of finding this bubble
to have current radius R is proportional to t' with 7
being uniformly distributed in (0, 74). It immediately
follows from this assumption and from equations (4)
and (5) that (R)> = 2Ry/3 and (R*) = R3/2.

1t is easy to see that conditions (26) and (27) prac-
tically coincide, accurate to an arbitrary constant
coefficient of the order of unity that ought to appear
in equation (26). This means, in particular, that at a
very slight further increase in wall temperature, the
occasional coalescence of couples of neighbouring
bubbles attached to the wall transforms into the for-
mation of extended vapour patches. For defini-
tiveness, we make use of condition (27) in what
follows.

Atsmall values of N, and for both cases of N, < 0.1
and N, 2 1, equations (8), (25) and (11), (26) yield
critical wall overheat equations that identify the criti-
cal value of CN; at which the infinite bubble cluster
appears. In the first case, we arrive at

0480/ 1-x \'“g"

(C]VJ)” Nl T ——— =~ N < 0.1
n® \141.455¢) 412 7°
(28)
and in the second case, we get
0.733 (1—x)¥"?
(CNp)n = 3/13 31/104
n (1+1.455x)
11/104 15/104
x I (5> N,>1. (29
X 2 \p

If the isolated bubble boiling regime is terminated
by lateral coalescence, the critical heat flux density
associated with this regime termination can be found
from equations (15) or (16) in which the Jakob num-
ber is understood to be equal to its critical value as
determined in equation (28) or (29), respectively. A
simple manipulation yields the following formulae for
this critical heat flux density:

1—k 12 12
u z0.546< ) %pv[c,(Ts—Tw)JrL]

1+1.455%

N, <0.1

15/52
152 @
g
14

xn'*p [e(T,—T,)+ L]

(30)

(1 _K)ZZ/Q

~0274————
o (1+1.455k)/2

N,>1. (31

When the critical value of CNyidentified in equation
(28) or (29) is smaller than the critical value of the
same parameter defined by equation (24) or (25),
respectively, then the isolated bubble regime breakup
should actually be due to the lateral coalescence of
bubbles attached to neighbouring nucleation sites on
the wall, rather than to the two-phase flow flooding-
up crisis in the bulk above the wall.

In order to find out what happens first as wall
temperature increases, the two-phase flow flooding-
up crisis or well-developed bubble merging on the
wall, we must compare the different critical values of
CN,. At small N,, we conclude that formation of large
vapour patches due to bubble coalescence precedes
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the two-phase flow crisis if the following inequality
holds true:

nao
=—-—2

gp

1.20

N = N, <0.1.
T (1= k)0 (1 4 1.455x) /20

Nn

nls

(32)

At larger N,, comparison of the critical quantities
in equations (25) and (29) yields, instead of inequality
(32), the following inequality as a condition under
which developed lateral bubble coalescence occurs at
a smaller wall temperature instead of two-phase flow
crisis occurring :

na

N“ = S n2s
gp
N33 = 0.71(1= 1) 479501 11 455)°%/650
Na > 1. (33)

(In both these inequalities, we have intentionally
retained rather unwieldy exponents since reducing
these inequalities to those for N, would inevitably
induce a noticeable error in relevant numerical
coefficients.) It follows from inequality (32) at k « 1
that N, must exceed 11-12. Thus, for water at normal
pressure and gravity, this requires # to be larger than
approximately 150 cm ™', whereas for other liquids, n
must be even higher for lateral bubble coalescence to
precede the two-phase flow crisis. On the contrary,
inverted inequality (33) formally demands » to be
smaller than a negligibly small quantity.

This shows that even in the case of N, < 0.1, the
lateral bubble coalescence is not likely to generate
extended vapour patches, nor cause the merging of
neighbouring bubbles in general, prior to the isolated
bubble regime being terminated by the two-phase flow
crisis. If N, = 1, this coalescence seems altogether
impossible. However, there exists a narrow inter-
mediate region of parameter N, where lateral bubble
coalescence can actually occur prior to the two-phase
flow flooding-up crisis as wall temperature increases.
Thus, we have to conclude that lateral growing bubble
coalescence is usually irrelevant for the breakup of the
isolated bubble boiling regime.

5. LONGITUDINAL BUBBLE COALESCENCE

Let us next consider the conditions under which the
isolated bubble boiling regime comes to an end prior
to the two-phase flow crisis occurring in the bulk
and as a result of bubble coalescence in the direction
normal to the wall. One should distinguish between
merging couples of sequentially released bubbles from
the same nucleation site near the wall and the coales-
cence of a chain of bubbles rising in the bulk. The

former process leads to the establishment of a multiple
bubble regime, whereas the latter one results in the
formation of vapour columns.

5.1. Coalescence near the wall

A bubble growing at a nucleation site merges with
its predecessor that has just detached if the velocity of
the upper point on the growing bubble surface hap-
pens to be higher than the velocity of the bottom
point of the preceding bubble. (The same idea was
advantageously exploited in the theory of a gaseous
bubble formation at submerged nozzles and plate ori-
fices [30].) Presumably, the new bubble is sufficiently
small for its growth to be inertially controlled. In this
case, its top velocity can be expressed as [31]

d_Ri__ b K LAT 1/2
de | T1—k"T. |

Here, 5 is a numerical coefficient that equals /7 for
a sphere that expands when touching a plate, and
equals 2/3 for a sphere expanding in an unbounded
liquid. The same value of 2/3 has relevance to an
expanding hemisphere whose base rests on the wall, if
the formation of a viscous boundary layer in the liquid
near the wall may be overlooked. Since the initial
bubble shape must be approximately hemispherical
[3, 4], we shall take b = 2/3.

At N, <0.1, equation (5) yields an approximate
solution s = L,;t%/5. Hence, the departed bubble bot-
tom velocity is equal to

ds _dRY L2 L VW3 L
de”dr), T L\SM Ty )T 0L

(35)

(34)

Using equations (4), (7) and equating the velocities
in equations (34) and (35), we obtain after a manipu-
lation, the wall overheat equation for longitudinal
bubble coalescence

1+1.455xY LY
(CNJ)sz.322< + ”)( * )

1—x 1—x CN,,

1
x—— N, <0.1

2.2

g

(36)

where CN, is expressed in terms of T in exactly the
same way as CN, is expressed through AT = 7T, —T,.
A significant feature of equation (36) consists in the
fact that it does not involve » at all.

When comparing the critical Jakob number value
in equation (35) with that specified in equation (24),
we conclude that longitudinal bubble coalescence
occurs near the wall at a smaller wall temperature
than that of two-phase flow crisis, if



The isolated bubble regime

(l __K)99/4()
(1+1.455x)21/'°

n3/10 <

gt 2)3/40
A

xxm( K L

-3
<0.L
I_KCNL) N,<0.1. (37

In the case of N, > 1, s may be approximately
expressed as a linear function of dimensionless time t.
Then we obtain, instead of equation (35),

(E dﬁ) ~5<L ;>_ L
dt dr), L, V/.E; 2\/5 2Lt\/a-
(38)

Equating now the quantities in equation (34) and
(38), we arrive at the critical wall overheat equation
that replaces equation (36)

(I_K)l,/z glln’32 G 15/32
(1+1‘455K)31/32 xux <E>
K L —3j4
X(l—xcm) N,=1. (39

In this case of appreciable N,, the condition of
longitudinal coalescence near the wall that precedes
the two-phase flow crisis takes the form:

(CN)u = 0.41

(1 +1.455x) 31500

n®* < 1.26
(1 —K)3‘25

1 ” L \3*
X
gIXB/I92(0_/p‘)267,’192X75/48 1—x CNy,

N, =1 (40)

This inequality is also somewhat “inverted” as com-
pared with inequality (37).

The critical heat flux densities that correspond to
the beginning of longitudinal bubble coalescence at
the wall can be expressed with the help of equations
(15) and (16) when using equations (36) and (39),
respectively. However, these equations are not of
much use since as a result of coalescence, the onset of
the multiple bubble boiling regime does not lead to
essential changes in heat transfer characteristics as
compared with those for the isolated bubble regime.
Both inequalities (37) and (40) require nucleation site
population density to be sufficiently small for longi-
tudinal bubble coalescence at the wall to occur at a
smaller wall temperature than the two-phase flow
crisis in the bulk does. This is quite understandable
since an increase in this density lowers the critical wall
overheat for the two-phase flow crisis in conformity
with equations (24) and (25), whereas the critical
overheat for longitudinal coalescence does not depend
on nucleation site density at all, in accordance with
equations (36) and (39). A simple evaluation shows
that these requirements can be satisfied at values of the
involved parameters that are encountered in practice.
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5.2. Coalescence in the bulk

A chain of bubbles rising in succession from the
same nucleation site cannot exist, and instead it must
form a continuous vapour bubble column if, for time
14, any bubble covers a distance that exceeds the bub-
ble diameter. (This requirement was often used in
precisely the same context in many papers on nucleate
boiling and in particular in [2].) Thus, the general
condition for the generation of vapour columns can
be formulated as follows :

2Rjty = U, @1

bubble velocity being assumed dependent on the bub-
ble volume concentration in accordance with equation
(20).

For the sake of simplicity, we shall confine ourselves
to treating the case of k « 1. In this case, an equation
to solve for ¢ follows from equations (19)—(21). It
reads

q
pv[cl(Ts_ Too)+L] Ug

o(1—¢) =

1 q
T K" (o/p) " plalT =T+ L1

42)

If N, £ 0.1, we have to make use of equation (15)
for gq. After some calculation, we arrive at the fol-
lowing equation:

1 CNJ 10/3771/2
—¢x- - <0.
1 2{l+|:1 <(CNJ),) N, <0.1

(43)

where (CNj), stands for the critical Jakob number
identified in equation (24). Now using equation (41)
with R, and ¢, from equation (8) and with 1 — ¢ from
equation (43), we get an algebraic equation that deter-
mines the critical wall overheat at which vapour col-
umns start to originate,

3
- ~ 1/5
Tl 0.82N
(CN)w
= N, <£0.1
*= Ny, NSO “4)

with N, being defined in equation (32). This equation
has an approximate solution which ought to be rather
good at sufficiently small x (or sufficiently small N,)

x & 21NN, (45)

If x = x(N,) < 1, then longitudinal coalescence of
bubble rising in the bulk indeed starts at a smaller
wall temperature than the two-phase flow flooding-up
crisis. This happens at N, smaller than approximately
unity. In normal gravity, values of N, commonly fall
within the range (0.01,1). Therefore, longitudinal
bubble coalescence with formation of vapour columns
practically always precedes the two-phase flow crisis
at normal gravity conditions. However, this is not
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necessarily so in reduced gravity because N, ~ g~

increases as g decreases, and can well be much larger
than unity. Of course, this conclusion is subject to the
condition that g is not too low to render N, com-
parable to unity.

The critical heat flux that corresponds to the onset
of longitudinal coalescence can be expressed with the
aid of equations (15) and (23) and the above definition
of x in the following form:

o 1/4
qiv & Q<g;> pfedT =T, )+ L]
1

KIJ
Q=7-‘C‘°”(Nn) N, <0.1. (46)
It is easy to conclude that coefficient Q in this equation
decreases by an order of magnitude as N, decreases
from unity to 0.01.

A similar calculation for the case of N, = 1 can also
be performed on the basis of equations (41) and (42)
when using equations (11) and (16) instead of equa-
tions (8) and (15). As a result, we obtain a new tran-
scendental equation for x,

xlﬂﬂb{1+[1__x25/6]1/2} ~ 085er]/25

_(CN)w
T ey,

= 1. (47)
which has the approximate solution which substitutes
for solution (45)

X~ 6.06x 103N N, > 1. (48)

This approximate solution practically coincides with
the exact solution to equation (47).

The corresponding critical heat flux can be for-
mulated in the same form as equation (46) but for
coefficient Q being differently defined,

¢ 1/4
qv ~ Q(gp7> p\[cl(Ts_T()J’_L]
1

Q= %x“f’é(Nn) N, =1 49)

At N, = 1, coefficient Q is extremely smaller than
its value of K,/4 which is specific to the two-phase
flow crisis. This means that bubbles begin to coalesce
and to form vapour columns at much smaller wall
temperatures than those at which the two-phase flow
crisis normally occurs in the bulk, provided that the
surface tension force plays a noticeable role in pro-
moting bubble detachment (parameter N, is larger
than unity).

6. DISCUSSION

On the whole, we have succeeded in (1) deriving
informative formulae pertaining to the hydrodynamic
and heat transfer characteristics of the isolated bubble
regime of pool nucleate boiling, and (2) outlining the

conditions under which this regime terminates as well
as disclosing the possible physical causes and effects
of its termination. These formulae do not involve
adjustable parameters and new arbitrary constants
except for those describing the rate of thermally con-
trolled bubble growth and bubble rise velocity.
However, all the results and findings of this work
are restricted to an idealized boiling system that is
geometrically simple and to the case of thermally con-
trolled bubble growth. However, final numerical
results can at present be obtained only for walls with
a set of artificial nucleation cavities (that is, at known
constant n). In order to treat more general cases of
walls with natural activated nucleation sites, we need
n as a function of wall overheat. The determination
of such a function certainly goes beyond the intended

scope of this paper.

It has been shown that not only bubble detachment
size and frequency, but also the heat flux density spec-
ific to both the isolated bubble boiling regime and
the conditions of this regime breakup are strongly
dependent on the balance of the major forces that
bring about bubble detachment. Two extreme cases
can be singled out: one in which the buoyancy force
dominates the bubble detachment process, and one in
which the surface tension force prevails. As the role
played by the surface tension force in this process
grows, bubbles become progressively smaller (their
detachment size decreases as N, ’'®), and bubble
detachment frequency increases proportionally to
NZ*. Hence, the total volume of vapour produced at
a single nucleation site reduces as N >'°, all other
things being equal. This also results in a corresponding
decrease in the heat flux removed from a heated sur-
face which causes, in turn, a stronger heat flux depen-
dence on wall temperature.

If bubble detachment is stipulated by buoyancy, as
is the case at N, < (.1, the isolated bubble boiling
regime normally breaks up due to the longitudinal
coalescence of bubbles rising in the bulk which leads
to the generation of vapour columns. In moderately
reduced gravity, the two-phase flow flooding-up crisis
can precede coalescence and can thereby cause this
regime termination. This flooding-up crisis results
because the swarm of rising vapour bubbles prevents
liquid from coming to the heated wall to be evaporated
and so inhibits compensation for vapour outflow with
the bubbles.

If bubble detachment is mostly caused by the sur-
face tension force, as it happens at N, = 1, the isolated
bubble boiling regime always comes to an end as a
result of longitudinal bubble coalescence in the bulk,
so that the two-phase flow flooding-up crisis does not
take place at all. This coalescence occurs at much
smaller wall overheats than those specific to coales-
cence under the buoyancy-driven bubble departure
conditions.

Irrespective of whether buoyancy or surface tension
prevails in bubble detachment, longitudinal coales-
cence of bubbles in the immediate vicinity of the wall
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can take place under certain conditions. This type of
coalescence results in the establishment of the multiple
bubble regime of pool nucleate boiling. However, boil-
ing heat transfer characteristics do not drastically
change simply because the isolated bubble regime has
been replaced by the multiple bubble regime. The lat-
eral coalescence of bubbles evolving at neighbouring
sites does not noticeably participate in the transition
from the isolated bubble regime to the multiple bubble
regime, and on the whole appears to be insignificant.

Dependence of the critical heat fluxes and wali
overheats on various parameters is very complicated.
This is due to the fact that most of the parameters
simultaneously affect quite different phenomena that
are significant for nucleate boiling as a whole. It is
rather difficult to formulate unequivocal inferences as
concerns the influence of any parameter on boiling
characteristics. Under different conditions, the pro-
jected influence may turnout to be quite different as
well.

Consider, by the way of example, the effect caused
by gravity. In the first place, gravity acceleration
affects the length and time scales of bubble evolution
on the wall and thereby conditions bubble detachment
characteristics in its own right. Secondly, any change
in ¢ leads to a corresponding change in N,, and this
results in a modification of the relative parts taken
by buoyancy and surface tension in ensuring bubble
detachment, and hence causes an additional effect on
the bubble detachment size and frequency. Besides
this, gravity acceleration affects bubble rise velocity,
and this greatly influences the conditions for the onset
of both the two-phase flow crisis and the longitudinal
bubble coalescence in the bulk. The interplay of these
manifold effects produces a very complicated gravity
dependence for all the critical heat fluxes and wall
overheats, and this can be observed in practice.

For instance, at NV, < 1, the ratio of the heat flux in
an arbitrary gravity to that in normal Earth gravity
can be formulated from equation (46) as follows:

a (g 174 410/3
qive g x, 103
x=x(N,) x,=x(N,) N,<0.l (50)

x being understood as the root of equation (44).

If N, is close to unity, then a decrease of g causes
N, to increase. This increase in N, causes the two-
phase flow crisis to replace longitudinal bubble coales-
cence, and this is the physical mechanism that is
responsible for the isolated bubble boiling regime ter-
mination. In this case, equation (50) holds true as
well, with both x and x, being substituted by unity.
Thus, we reproduce the well-known proportionality
of the critical heat flux to g [32].

If N,. is small enough, a relatively moderate
decrease in g does not alter the bubble coalescence
mechanism for the isolated bubble regime breakup.
However, the ensuing increase in N, produces a cor-

responding increase in x, which in its turn, makes ratio
(50) decrease slower than required by the afore-
mentioned proportionality of the critical heat flux to
g'". In the extremal case of exceedingly low N,, x may
be expressed as it is in equation (45). In this case, we
are able to conclude from equation (50) and from the
definition of N, in equation (32) that ratio (50) is
proportional to ¢g—** The same proportionality is
valid for the case of N, = 1 when it immediately results
from equations (48) and (49) and from the definition
of N,. This means that the critical heat flux has to
grow, and to grow sufficiently fast, as ¢ diminishes.

In the intermediate range of N, the critical heat
flux may increase or decrease with g, depending on
values of other relevant parameters. Deviations from
the law grv/qiv, = N, that had been observed about
three decades ago were summarized and discussed in
ref. [32]. More recent observations of the same kind
are listed in ref. [33] where an increase in the boiling
heat transfer that accompanies a decrease in g is also
reported. On the whole, the above conclusions help
us to understand these experimental observations.

In the course of our analysis, we have reproduced
a number of semi-empirical formulae and purely
empirical correlations that were broadly used to
describe boiling hydrodynamics and heat transfer. It
is quite evident that our equations are supported by
experimental evidence to not a lesser extent than the
previously used semi-empirical and empirical formu-
lae. However, our equations possess an advantage
over the usually employed formulae: they do not
require that numerical coeflicients and numerical
exponents be determined from experiments. More-
over, they help us to explain why such coefficients and
exponents commonly vary within rather wide intervals
and are not reproducible from experiment to exper-
iment.

A representative example is given by the critical
heat flux specified in equation (23). The theoretical
numerical coefficient in this equation equals 0.295 at
K, = 1.18 [22] or 0.3825 at K, = 1.53 [23], and these
values are somewhat higher than the average empirical
coefficients of 0.13-0.18 [1]. However, equations (46)
and (49) show that this coefficient diminishes as the
two-phase flow crisis gives way to bubble coalescence
in the bulk when it serves as a major mechanism that
favours the isolated bubble regime termination. If
N, £0.1, such a coefficient can be several times as
small as its value that is associated with the two-phase
flow crisis. If N, = I, this coefficient decrease can
amount to a few order of magnitude.

It should be remembered, of course, that the iso-
lated bubble boiling crisis under discussion must be
distinguished from the usually studied CHF (or bur-
nout) crisis. Nevertheless, the two-phase flow crisis
certainly results in the generation of excessive vapour
volumes near the wall. Therefore, it is hardly unlikely
that the difference between the critical heat flux deter-
mined in this paper and the usually treated CHF is
appreciably great. Similarly, longitudinal bubble coal-
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escence in the bulk leads to the formation of vapour
columns which are certainly bound to be hydro-
dynamically unstable. The merging of such columns
due to instability must result in the formation of
extended vapour masses linked to the heated wall by
short vapour jets. Again, the difference between the
critical heat flux under discussion and the usually stud-
ied CHF ought not to be great as compared with any
one of the critical heat densities under question. At
any rate, this is true in the limiting case of N, < 0.1.

The case of N, > | may present an exception since
equation (49) gives exceedingly low values for the
critical heat flux density that corresponds to the for-
mation of vapour columns. This means that the men-
tioned critical heat flux difference may well be com-
parable to any of the critical heat fluxes under
discussion. In these circumstances, a more soph-
isticated model of the burnout crisis is needed. Pre-
sumably, such a model must be developed along the
lines indicated earlier in ref. [34].

In conclusion, we wish to once again emphasize the
urgent necessity to find out a representative expression
for the site population density as a function of wall
overheat in order to finally close some of the equations
listed in this paper. Since such a function must also
depend on poorly determinable characteristics of the
superheated wall surface, its determination represents
a formidable task of the theory of nucleation and
incipient boiling. For this reason, it is likely that
appropriate semi-empirical functions of wall overheat
should be used for this purpose.
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