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Abstract—An analysis is developed to determine the importance of latent heat transport in nucleate boiling
heat transfer to a subcooled liquid. With the aid of experimental data in water for individual bubble radius vs
time behavior, the total amount of latent heat transported through the bubble during its lifetime is calculated,
and this latent heat is significantly less than the measured heat transfer per bubble. It is concluded that
microconvection is the important mechanism for the enhanced heat transfer observed in subcooled water.
The results presented here apply only to highly subcooled liquids where bubble growth and collapse occurs at
the heated surface, and not to boiling heat transfer in saturated or nearly saturated liquids. In the latter
situation the very different bubble dynamics makes possible a significant contribution from latent heat
transport.

NOMENCLATURE
D, thermal diffusivity of liquid ;
J, vapor flux;
k, thermal conductivity of liquid ;
L, latent heat;

pe, equilibrium vapor pressure;

Di» pressure within the vapor bubble;

Pr, Prandtl number v/D;

q, heat flux from heated solid in nucleate
boiling;

0, total latent heat transported through a
bubble;

R, bubble radius;

A, universal gas constant divided by the

molecular weight ;

S, bubble boundary.
Greek symbols

2, coefficient of accommodation for
evaporation, or condensation ;

d, microlayer thickness, thickness of
liquid layer between bubble base and
heated solid ;

do, initial value of 3 ;

o, liquid density ;

v, kinematic viscosity of liquid ;

T, total bubble lifetime.

INTRODUCTION

THE PROBLEM of concern in the present study is the
physical mechanism whereby the heat transfer from a
solid to a liquid is increased with the onset of boiling.
We shall restrict our considerations to subcooled
boiling where the bubbles grow and collapse in a steep
temperature gradient in times of the order of a
millisecond. This situation is quite different from
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saturated or nearly saturated boiling in which the
bubbles do not collapse on the solid wall but are
detached from it by buoyancy forces after a monotonic
growth the duration of which can be tens of milli-
seconds.

It is generally recognized that heat transfer from a
solid to a liquid is limited by the presence of a viscous
liquid layer adjacent to the surface. The incremental
effect of boiling on the heat transfer is thought to arise
because of a specific mechanism which decreases the
importance of this large thermal resistance. Two such
mechanisms have been proposed. According to the
first, which may be called “microconvection in the
sublayer™, the rapid bubble motion disrupts the stag-
nant liquid layer by forcing the hot liquid away from
the wall during the growth phase, and bringing cold
liquid in contact with it upon collapse [1,2]. The
second mechanism supposes that latent heat is trans-
ported through the bubble from the hotter regions
near the bubble base where liquid evaporates to the
colder regions near the pole of the bubble where vapor
condenses. The increase in heat transfer then takes
place because the latent heat is deposited sufficiently
far from the solid wall that turbulent transport can be
effective [3-7].

That this mechanism in principle can be very
significant becomes clear once it is realized that the no-
slip condition, which real fluids must satisfy at a rigid
boundary, requires that a liquid layer remain between
the base of the bubble, as it grows and collapses, and
the solid surface (Fig. 1). If the measured time-average
temperature distributions in subcooled boiling [1, 2,9,
10] are taken to apply to the liquid on the bubble cap,
and if the viscous microlayer is taken to be at the
temperature of the wall, a temperature difference as
large as 60°C to 70°C could exist between the hotter
and colder portions of the bubble surface.



F1G. 1. A schematic representation is shown of the vapor
bubble with vapor flow lines.

Many studies have shown that latent heat transport
is a significant factor in saturated or nearly saturated
boiling [8-31, 37, 39] and also possibly near burnout
conditions {32]. For subcooled boiling with bubble
growth and collapse, however, there is hardly any
experimental evidence regarding latent heat transport
[6. 8]. and only theoretical studies exist the accuracy of
which is subject to serious question [4, 5]. In this paper
we propose to make a simple-theoretical analysis of the
importance of latent heat transport in subcooled
nucleate boiling. Our starting point is the observation
that the vapor mass flux from a liquid surface is
primarily a function of the surface temperature and of
the vapor pressure acting on it [33--35]. The internal
vapor pressure can be estimated in an unambiguous
way {rom the observed radius vs time data of the
bubble growth and collapse, and the temperature at
the bubble base can be determined if the simplifying
assumption is adopted that the microlayer maintains a
uniform thickness which decreases with time by evap-
oration. Our conclusion is that latent heat transport
cannot account for more than 10-15%, of the experi-
mental heat transfer associated with each bubble for
subcooled boiling in water. This result is essentially a
consequence of the drastic reduction in the tempera-
ture differences which might otherwise exist over the
bubble boundary. These temperature differences arc
reduced by the relatively slow diffusion of heat {from
the bubble to the liquid in the short time scale of the
bubble life.

Finally, we would like to stress that our negative
findings on the importance of microlayer evaporation
do not bear on saturated or only slightly subcooled
boiling. The basic difference here is that the thickness
of the viscous microlayer is not much different {from
that encountered in subcooled boiling but the time
available for heat diffusion prior to bubble detachment
is orders of magnitude greater.

FORMULATION OF THE PROBLEM

The development of the viscous microlayer repre-
sents in principle a well-defined theoretical problem
which, however, has not vet been amenable to a
satisfactory analytical treatment in spite of several
attempts [22, 36]. Experimental information is also
insufficient for our purposes since the only available
measurements refer to conditions of saturated or
nearly saturated boiling [22, 26, 37]. In view of this

MiLTON S. PisSeT and ANDREA PROSPERETTI

situation we make the assumption, which gives a
considerable simplification, that the viscous micro-
layer at the base of the bubble maintains a uniform
thickness d(¢) at all times. This assumption is admit-
tedly rather crude. and we present a discussion of the
errors which it may causc below. We also make the
assumption that the liquid temperature at the surface
of the microlayer exposed to the vapor, Tu(:) is
uniform. I p,(t) is the internal bubble pressure, then 1
is known [33- 35] that the vapor mass flux, J. from the
microlayer surface is given by

J=22n#4T,) ! Z[/)"(’I},) ~pidt}]. i)

where o is the accommodation coefficient for con-
densation (or evaporation), # is the universal gas
constant divided by the molecular weight of the vapor,
and p¢(T) is the equilibrium vapor pressure at tem-
perature T. The accommodation coefficient has been
set equal to unity in the computations, which possibly
also tends to overestimate the contribution of the
latent heat transport.

The above considerations allow us to write the
following equation for the microlayer thickness

do J

[ {

]

dt B l‘>
where p is the liquid density. 1f Q 1s the total latent heat
extracted from the bubble base, we have also
d0 = nRLJ. {3}
dr
where L is the latent heat of evaporation.

The surface temperature 7, is determined from the
solution of the heat diffusion equation in the
microlayer subject to the boundary condition

—k ] = LJ.
[

at the microlayer surface, - = J(1). In this equation k is
the liquid thermal conductivity and - is the coordinate
normal to the solid boundary ; heat conduction in the
vapor has been neglected. The appropriate boundary
condition on the solid surface. - = 0. would be the
continuity of heat fluxes with the temperature of the
solid prescribed at infinity. On the basis of some
preliminary computations in which the transient heat
conduction in the solid was treated by an integral
method, it was concluded, however, that for materials
of large thermal conductivity like steel these eflects ure
negligible. Therefore we have taken T(z = 0,7) = T,.a
constant, in the computation described in the {ollow-
ing. The transient heat-conduction problem in the
liquid has been treated by an integral method in the
usual way [38] assuming a parabolic temperature
profile

T(z,t)= T(t)+a ?{[ + b(\‘;:’l | {4
intheregion! <z <d,and T = T,in 0 = z < . Here
d(t)y—1(t) is the thickness of the thermal boundary

layer in the liquid, and the quantities a(¢) and b(r) arc
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determined from the boundary conditions specified
above to which the following have been added:
T

T(z,0)=T, F

=0 at z=1(2).
Substituting (4) into the heat equation and integrating
over z from I(t) to 6(t), one obtains then the following
equations:

(T~ BYp—DLK] =5 (6= (T~ T)

Here o is the surface tension and p, the ambient
pressure, which we take to be a constant. This equation
¢nables one to compute p;(t) once R(t) is known. To
this end we shall rely mainly on the data of Gunther
and Kreith [1, 2], examples of which are shown in Fig.
2, and also on the data of Gunther [40]. While these
experiments date back some years ago, they were

47, _ _
¢ LT, -T)+ (6—1)‘ J
dl 1 '

&= 2(k/L)+(5—l)

T (Sa)
oT i
+6_T; (T,-T,)
18T

a7, J
JF—;)+YE[_( =D. (6)

These equations are only valid as long as I(t) > 0. When this condition ceases to be satisfied, use has been made of

the following temperature distribution
T(z,t) =

which in a similar way leads to

T(t)+c

[6+ (WL)(T, — T /p—462 2L & SDLKLIT—T) =)
__d'];, = ot (5b)
dr . oJ
l 2k/L+46 —a T

It was found that the switch from (5a) to (5b) when I(f)
became zero did not result in any appreciable discon-
tinuity in the derivative of the temperature of the
bubble base.

A relation for p,(t)is necessary to close the system of
equations presented above. It was shown in [35] that,
if T(x, t) is the instantaneous temperature distribution
over the bubble surface, the internal bubble pressure is
approximately given by

J T l/zpe(T)dS
pilt) = =2
J T-12ds
5()

o
~g |, rrmes ™
S(t)

where the integrals are performed over the entire
bubble surface S(¢). To use this result it is necessary to
determine T(x,t), a task which would require some
lengthy computations but which appears to be feasible
with suitable approximations. In the present study we
have chosen a simpler approach which relies on
measured data of the bubble dynamics. If it is assumed
that, aside from the viscous microlayer, viscous effects
are unimportant in the vapor bubble growth and
collapse and that, as shown by experiments for the high
heat fluxes [17] of present concern, the bubble is
hemispherical, the following well-known relation
exists between the internal pressure and the bubble
radius R(¢), and its time derivatives:

d’R 3/dR ? 1
Rz 5(37) =5

20
pi(t)_poc —72‘ ‘

conducted under carefully controlled conditions, and
provided simultaneously information on bubble radii
as function of time, heat flux, wall temperature, and
average temperature profile in the neighborhood of the
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FiG. 2. Some measured values of bubble radii as functions of

time from [1]. The (average) solid wall temperature is

132.2°C (270°F), the bulk liquid temperature is 36.7°C (98°F),

the heat flux is 3.26 MW/m? (2 Btu/in®s), and the ambient

pressure is 1 atm. The liquid temperature data for these same
conditions are shown in Fig. 11.

heated solid. This last piece of information will be of
interest for comparison with the pressure-averaged
temperature distribution over the bubble cap, T, (),
defined by

1 ‘Rt
R(1)—=6(t) J,m

The RHS of equation (9a) is the average of the
equilibrium vapor pressure over the bubble cap; the
temperature T, is defined as the temperature for which

P = p(T)az. {9a)



728 MILTON S. PLESSET and ANDREA PROSPERETT!

the equilibrium vapor pressure is equal to this average
pressure. From (7) one readily obtains

p(T,) = 3p;i—35p°(T). (9b)

[t should be noted that T, represents an overestimate
of the average cap temperature because of the mono-
tonically increasing behavior of the function p*(T).

RESULTS
The continuous line in Fig. 3 shows a fit to a typical
set of radius vs time data of a bubble observed by
Gunther and Kreith [1.2]. The data are shown by

open circles both in Fig. 2 and in Fig. 3. The
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F1G. 3. The circles are observed values for bubble radius,

R(1), from Gunther and Kreith [1]. The solid line is the fit to

the data used in the analysis here; the dashed line is a second

fit used to study the sensitivity of the analysis to the R(t)
values used.

experimental conditions for these data were T,
= 132.2°C (270°F), bulk liquid temperature T,
=367°C {98°F), heat flux ¢=326MW/m*
(2Btu/m?s). When this fit is used to compute the
bubble internal pressure, the quantity Q(r) can be
computed by integration of the system of equations (2),
(3), (5) and (6) shown above. The results of this
computation are shown in Fig. 4 as a function of the
parameter d,. It is seen that the curves for Q(r) flatten
off at about 3y = 0.7 x 107 * cm, implying that further
increase in the initial thickness does not appreciably
affect the amount of latent heat transport. For these
thick microlayers the only source of energy is the
microlayer superheat itself with the heated wall giving
practically no contribution on the time scale of the
bubble lifetime which, for the present example, was
0.54 ms. The effect of the wall as a heat source makes
itsell evident for d; ~ 0.5 x 107 *cm, and the total
latent heat transported rises with decreasing &,. The
decline from the peak {or smaller d, is a consequence of
the onset of dryout of the microlayer prior to bubble
collapse.

On the basis of dimensional considerations we may
expect for this case a value of 3, of the order of (3vt)'?
~ 0.9 x 107 cm where v denotes the kinematic vis-
cosity of water. This estimate also agrees with the
expression given by Cooper and Lloyd [22]. The
corresponding value of Q(z) is found to be 6.5
x 10 ergs. From the observed bubble populations
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FiG. 4. The calculated total heat, Q(1) in ergs. extracted from
the microlayer is shown as a function of the mean initial
thickness, d,,. of the microlayer. The solid line is the result of
R(t) given by the solid line of Fig. 4, the dashed line is the
result for the R(t) given by the dashed line of Fig. 3; the
dash—dot line is for a solid wall temperature reduced by 5°C
with the R(r) given by the solid line. The horizontal lines are
the experimental value of the heat transport per bubble and
the value of Q calculated from (12).

and frequencies, Gunther and Kreith have estimated
the average contribution of each bubble to the total
heat transfer to be of the order of 7.4 x 10* ergs which is
an order of magnitude greater than the latent heat
transport just found. Figure 4 shows that latent heat
transport could be more significant only if 6, were in a
relatively narrow band around 0.3 x 107 ¢m, a value
which appears to be unrealistically small.

The details of the results of Fig. 4 depend on the fit of
the R(r) data used and on the wall temperature. This
dependence is illustrated in the figure by the two
broken lines. The upper one was obtained with the R()
fit shown as a dashed line in Fig. 3; the lower broken
line is the result for a wall temperature 5°C lower, i.e.
T, = 127.2°C. It is apparent that our conclusions
would remain unchanged even with such changes in
these input data.

It is of some interest to analyze in a similar way
another of the bubbles measured by Gunther and
Kreith in water for a heat flux twice the previous one, ¢
= 625MW/m? (4Btu/in?s). The wall temperature
was 136.3°C (277.5°F ) and the bulk liquid temperature
T, = 14.4°C (58°F). The radius—time data and the fit
used in the calculations are shown in Fig. 5. Figure 6
illustrates the behavior of Q(z) for different &,. If the
considerations in favor of the latent heat transport
mechanism outlined in the introduction were valid.
one would expect to find larger values of Q(r) than in
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F1G. 5. The circles give observed values of R(z) from Gunther
and Kreith [ 1] for a heat flux twice that of Fig. 3.
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FiG. 6. The calculated total heat, Q(t) in ergs, extracted from
the microlayer is shown as a function of the mean initial
thickness, ., of the microlayer for the R(t) shown in Fig. 5.

the previous case because of the higher wall tempera-
ture and also because of the greater liquid subcooling.
As a matter of fact the values of Q(t) turn out to be
lower than before: the somewhat smaller values of the
maximum radius and of the bubble lifetime apparently
are sufficient to offset the incremental effects of these
factors. Although no estimate of the total latent heat
transport per bubble is available for this case, our
results strongly indicate that the increase in heat flux is
produced solely by an increased microconvective effect
as a consequence of the greater number of bubbles per
unit area and also of the shorter lifetimes and greater
frequencies as observed by Gunther [40].

The measurements reported in [40] also include
heat transfer, bubble kinematics, and bubble popu-
lation in forced convection with large subcooling.
Unlike the data of Gunther and Kreith, however the
reported radius vs time behavior exhibits large differ-

ences for different bubbles. Gunther [40] does however
give data for the maximum radius and the lifetime of
the “average” bubble. Since these data were obtained
from a larger sample of bubble histories than those
reported in the paper, we have chosen to perform an
analysis similar to the preceding one for this “average”
bubble. A parabolic fit was found to reproduce in an
acceptable way the observed radius vs time data. It
appears reasonable, therefore, that a parabolic fit
determined (uniquely) in terms of the average maxi-
mum radius and average lifetime represents a good
approximation to the kinematic behavior of the “ave-
rage” bubble. In Fig. 7 we present a graph of Q(t) vs J,
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F1G. 7. The calculated total heat, Q(t) in ergs, extracted from
the microlayer is shown as a function of the mean initial
thickness, d,, of the microlayer for an R(t) behavior based on
the observed values R,,, = 3.81x10"2cm and t = 045
x 107 *s [40]. The heat flux was 4.51 MW/m? the liquid
velocity 3m/s, the ambient pressure 0.96atm, the wall
temperature 134°C and the bulk liquid temperature 48.9°C.
The horizontal lines are the experimental value of the heat
transport per bubble and the value of § calculated from (12).

for the “average” bubble observed at a heat flux of
4.51 MW/m? (2.75 Btu/in?s), liquid velocity of 3m/s
(10ft/s), and ambient pressure 0.96atm. The wall
temperature is not reported, but can be estimated from
the data of [1] to be 134°C (273.2°F). The average
maximum radius was R,,,, = 3.81 x 10~ 2¢cm, the ave-
rage bubble lifetime 0.45 x 107 *s, the bulk liquid
temperature 48.9°C (120°F), and the estimated heat
transfer per bubble 3.8 x 10*ergs. In Fig. 7 we present
the results for the latent heat transport analysis in the
form of a graph of Q(t) vs 8, as was done above. For a
value of 6, = ($vr)"? = 6.53 x 10~ *cm we find Q(7)
= 8.5 x 10® ergs, which is less than 259 of the experim-
ental value. Again one would find a more significant
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F1G. 8. The calculated total heat, Q(7) in ergs, extracted from
the microlayer is shown as a function of the mean initial
thickness, d,, of the microlayer for an R(r) behavior based on
the observed values R,,,,, = 3.81 x 10" 2cm and 1 = 0.3

%x107%s [40]. The heat flux was 4.51 MW/m?, the liquid
velocity 3m/s, the ambient pressure 0.96atm, the wall
temperature 134°C and the bulk liquid temperature 26.7°C.
The horizontal lines are the experimental value of the heat
transport per bubble and the value of § calculated from (12).

effect of latent heat transport only for narrowly
restricted values of d, around the small value of 2.5
x 10 *cm. Figure 8 reports the results of a similar
analysis performed on the “average” bubble observed
by Gunther [40] under the same experimental con-
ditions except for the bulk water temperature which
was now much more subcooled, T,, = 26.7°C (80°F).
The observed maximum radius was again R, = 3.8]
% 1072 ¢m, but the average lifetime was considerably
shorter, t = 0.3 x 107 *s. The estimated heat transfer
per bubble was 5.5 x 10* ergs, higher than the preced-
ing value because of the smaller number of bubbles per
unit area observed in these conditions. It is seen that
the peak of the Q(1) curve is considerably lowered
because of the much shorter bubble lifetime, and that
the contribution of latent heat transport is very small
indeed.

DISCUSSION
With the hypothesis of axial symmetry the total
amount of latent heat transported through the bubble
during its lifetime 7 is given by

‘r i* R

chl=2nJ di | rLd geedr0)dr. (10)
0

0

o

The procedure for evaluating Q indicated in equation
(3) corresponds to the neglect of the dependence of J

on r in equation (10). It is clear that this approxi-
mation, which was justified with the assumption of a
microlayer of uniform thickness. represents a rather
crude oversimplification of the real process. The
thickness of the microlayer on the bubble base in-
creases in the radial direction due to a combination of
several effects: first, the increase in the distance from
the center of the bubble (which in the present geometry
plays the role of the leading edge for a two-dimensional
viscous boundary): second. the decrease in bubble
growth velocity with time ; third. the different exposure
times to evaporation of the various portions of the
bubble base. Thus, the initial microlayer thickness wiil
span arange of values from 0 to some finite value at the
edge of the bubble, and a dry patch will form ai the
center of the bubble and expand radially with time.

In order to estimate the effect associated with this
nonuniformity of the initial microlayer thickness we
proceed as follows. A straightforward change in the
order of integration of the two-dimensional integral in
(10) gives

A . Y

Qe = 2 ' rdr ’ i.J

o0 W falrd

s 3de (11
aximum bubble radius, and ¢,ir}
and r.(r) are the instants of time at which the bubble
boundary grows and collapses past the distance r from
the bubble center respectively. In view of the fact that
the microlayer is thin compared with the radius of the
bubble, it is reasonable to assume that conduction
effects in the direction normal to the wall will dominate
over those in the radial direction so that the various
infinitesimal rings that make up the bubble base
effectively behave independently of one another. In this
approximation, given the bubble kinematics, the inner
integral in (11} depends only on the initial microlayer
thickness at the distance » from the bubble center.
Dimensional considerations and the results of Cooper
and Lloyd [22] lead us to take &, = [vr,(r)] 7 for this
initial thickness. We now use the mathematical model
described above to compute the inner integral for
various values of ¢, and use the trapezoidal rule to
compute the following approximation to Q. ..,

O max dr . e . )
0= 2nf ros 8 | LIGendn (12)
8] S

0 1
where 0., = 0o(Rmay)- The results for the different
bubbles analyzed by us are indicated by horizontal
lines in Figs. 4, 7 and 8. In general it is seen that the
value of Q represents an average of the values of Q(r)
which in all cases is considerably below the maximun.
Estimating the importance of latent heat transport
with @ we find a contribution of 21, 36 and 12",
respectively for the bubbles of Figs. 4, 7and 8. Only the
second result, obtained with the smallest subcooling,
indicates a significant contribution of latent heat
transport to the total heat transfer per bubble. From
combining these conclusions with those obtained by
others in the case of saturated or only slightly sub-
cooled boiling, it appears then that the importance of
latent heat transport decreases with increasing sub-
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cooling, contrary to the expectations commonly held.
A consideration of the results of Figs. 7 and 8 shows
that this behavior depends essentially on the shorter
bubble lifetimes associated with increasing subcooling,
coolant velocity and, in a certain range, heat fluxes
(cf.[40]). Near burnout the exposure time to evap-
oration of the liquid microlayer increases again, thus
rendering possible a significant contribution of latent
heat transport as was estimated by Bankoff [32].

The method used above to estimate Q., .., in terms of
Q is certainly not entirely satisfactory. The most
serious source of error appears to be the fact that in
reality when a fresh portion of microlayer is exposed to
evaporation, all the liquid in it will be at a temperature
close to T,,. On the contrary, our computational model
attributes to this liquid the same temperature distri-
bution that has been established at the center of the
microlayer during the preceding bubble lifetime. As a
consequence we make an error both in the initial
surface temperature and in the superheat content of
the fresh portion of microlayer. It is clear, however,
from Fig. 10 that the surface temperature drops to the
value it has at the other points in a time of the order of
10~ %s, which is much shorter than the bubble lifetime.
so that the first element of error appears to be of
negligible consequences. This is not so for the second
one, however, and we need a more careful analysis to
estimate its importance. The latent heat necessary to
vaporize the microlayer comes from two sources, the
microlayer superheat and the wall. In order to assess
the relative importance of these two contributions we
may consider the ratio Q,/Q(r), where Q, is the
microlayer superheat, as a function of J,. A simple
estimate of Q, is given by

Qs = 7'I:Izrznaxcp(’Tw.— 7}!)60, (13)

where ¢ is the specific heat and T, is the boiling
temperature at the ambient pressure, which is also the
average liquid temperature at the microlayer surface
(see Fig. L1 below). It should be realized that (13)is an
upper bound on the liquid superheat actually available
for evaporation. We present in Fig. 9 a plot of the ratio
Q,/Q(r) as a function of J, for the bubble of Figs. 3 and
4; a similar behavior is observed in the other cases.
Comparison with the graph of Fig. 4, showing Q(t)asa
function of J,, shows that the liquid superheat be-
comes a significant factor only for values of J, so large
that Q(t) is but a small fraction of the experimental
value. These arguments lead to the conclusion that
heat conduction from the wall is the determining effect
in microlayer evaporation so that also the second
source of error in the computation of Q indicated
above does not appear likely to have a considerable
influence on our conclusions.

The present results are at variance with those of
Snyder and Robin [4, 5]. These authors have at-
tempted to give a more elaborate analysis than was
done here, incorporating the heat transfer from the
bubble cap to the turbulent stream, and have obtained
results on the basis of which nearly 100% of the total
heat transfer could be attributed to latent heat trans-

HMT Vol. 21, No. 6—E

LT T T

0.8 -
0.6 L ~

04} .

Qs /Q(7)

I | I L
o] 0.2 04 0.6 0.8

8o, €M

X103

FIG. 9. The ratio of the superheat content (13) of the
microlayer to the calculated Q(z)is shown as a function of the
initial microlayer thickness &, for the bubble of Figs. 3 and 4.

port. The mathematical formulation used by Snyder
and Robin is so complex that a certain number of
assumptions and approximations have necessarily
been introduced which, however, are not too clear
from their papers. It is therefore difficult to judge
exactly why their results are so different from ours.
There are two specific points in their analysis, however,
which appear to be subject to serious question. First,
the latent heat of vaporization and condensation
appears in their equations in the form of heat sources
or sinks distributed in the liquid, rather than as
suitable boundary conditions. The boundary con-
dition used in [4-6] at the liquid surface is one of zero
temperature gradient. This boundary condition,
0T/or = 0, could give very large errors since one may
easily estimate 4 7/dr and find that it is of the order of
10*°C/cm, and a small error in the interface tempera-
ture leads to large errors in J. Second, they made the
assumption of uniform vapor density in the bubble
which would also introduce an error in their equation
for the vapor mass flux. The present analysis is made
much simpler and more direct by recourse to the
measured values for R(t) to compute the internal
pressure in the vapor bubbles.

FURTHER COMMENTS ON LATENT
HEAT TRANSPORT

The results outlined in the previous section appear
quite surprising in view of the very large temperature
differences that may a priori be thought to be available
between the base and the cap of the bubble. In order to
clarify the physical processes involved we show in Fig.
10 the time dependence for the bubble of Figs. 3—4 of
the temperature, 7,, of the vapor boundary of the
microlayer. It may be observed that for all values of 8,
there is an extremely rapid decrease in T, from 132.2 to
108°C in less than 5 x 107 ¢s, followed by a further
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FiG. 10. The liquid temperature of the microlayer, 7, at the

bubble interface is shown as a function of time for the bubble

of Fig. 3 for various values of average initial microlayer
thickness. d,.

decrease which, for 3, < 5 x 107 *cm, depends on the
value of J,. If J, is small enough for the wall to be
effective, T, recovers before the bubble collapse and
reaches its initial value T, very rapidly just before
microlayer dryout. For larger values of o,, however.
the microlayer surface temperature remains close to
the boiling point throughout most of the bubble
lifetime.

It would be very interesting to have similar results
for the temperatures on the bubble cap. Unfortunately
only limited information is available here, namely. the
pressure-averaged cap temperature defined by equa-
tion (9), T,,. This quantity is shown in Fig. 11, again for
the bubble of Figs. 3-4 and for the case oy, =5
x 10~ *cm. This figure is actually a cross-plot of the
two relations T,.(tr) and R(t) during the growth portion
of the bubble lifetime. In this way each point on the
curve gives the average cap temperature at the instant
at which the bubble radius is R = R(t). This cross-plot
of these two functions of time affords an interesting
comparison of the variation of the liquid temperature
with distance, z, from the wall as measured by Gunther
and Kreith [ 1, 2], whose data are also shown in Fig. 11.
Indeed, it might be thought that T, is obtainable from
these measured values, but it is clear from the figure
that this is not the case. T,, decreases very rapidly at
first, and remains nearly constant afterwards. Ap-
parently the fact that the bubble cap during its growth
penetrates into colder and colder liquid is of little
importance in the temperature distribution that is
established over it.

From Figs. 10 and 11 it may be concluded that.
rather than providing a “short circuit” for the heat flow
as has been suggested [4], the transport of vapor in the
bubble has the effect of short-circuiting the tempera-
ture distribution over its surface. An important con-
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F1G. 1. The pressure-averaged temperature {or the bubble

cap, for the bubble of Fig. 3, is shown as a function of bubble

radius R. The crosses show the temperature data reported by

Gunther and Kreith [1.2] as a function of distance. =. from
the solid wall.

sequence of this behavior i1s that 1t tends to reduce
considerably the possible role of thermocapillary
phenomena, which arc sometimes introduced to ex-
plain several features of boiling phenomena [41].

As Fig. 10 shows, the statement about temperature
equalization just made is valid only if the microlayer is
sufficiently thick to moderate the effect of the wall. It is
possible to give a rough estimate of the conditions
under which this situation will take place by observing
that. if r, denotes the growth time of the bubble, the
microlayer thickness will be of the order of {(vz,}' 7. On
the other hand, if the surface of this microlayer remains
exposed to the vapor for a time z.. the penetration
distance for the cooling effect of vaporization into the
microlayer will be ol the order of (Dt ))! % For a
subcooled boiling bubble which grows and collapses.
1 and 7, are of the same order. so that the condition for
the wall effect to be important is that

PN )

~‘~L) = Prl 2 < L
D

where Pr is the Prandtl number. The Prandtl number
for water in the temperature range of present interest is
about unity, so that the condition of equation (14) is
not met. We may conclude that we cannot cxpect a
substantial contribution to heat flow by latent heat
transport in subcooled boiling of water. The impli-
cation is that the enhancement of the heat flux from
nucleate boiling in liquids like water comes primarily
from the intimate mixing effect of the microconvection

(14
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generated by the vapor bubble growth and collapse.
One might expect that a liquid with small Prandtl
number, such as liquid sodium, would have an impor-
tant contribution to heat flux from latent heat trans-
port in nucleate boiling. There is, however, an effect
which tends to reduce this contribution, namely, a
strong reduction in the temperature gradient in the
liquid because of the large thermal conductivity of
sodium. This behavior reduces the available tempera-
ture difference over the bubble.

We may note also that in the case of saturated or
nearly saturated boiling in water, for which the
bubbles do not collapse but detach from the wall, one
has 7, < 1, so that equation (14) does not apply. This
observation explains why such a significant contri-
bution from latent heat transport has been found
under these conditions.

Although negligible as a direct mechanism of heat
transfer in subcooled boiling, latent heat transport still
plays a determining, if more indirect, role. It is easy to
show on the basis of equation (8) that bubbles would
not be expected to grow beyond the distance from the
heated wall at which the liquid temperature equals the
boiling temperature at the prevailing ambient pres-
sure. The observed bubble growth beyond this region
[9] remains inexplicable until it is recognized that the
bubble cap is heated by the condensing vapor flux. As
equation (7)shows, the pressure level in the bubble can
then remain sufficiently high to produce the relatively
large maximum radii observed. This explanation ap-
pears more convincing than one often put forward
according to which the growing bubble carries along a
portion of the superheated liquid layer adjacent to the
wall. The obvious difficulty with this explanation is
that the behavior in question is observed also in flow
boiling of highly subcooled liquids in which an ap-
preciable relative velocity exists between the bubble
and the liquid stream [9, 40]. It is clear that the larger
size attained by the bubbles by this mechanism has an
incremental effect on the microconvective heat transfer
inasmuch as it decreases the average temperature of
the liquid brought in contact with the wall upon
collapse.
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LA CONTRIBUTION DU TRANSPORT DE CHALEUR LATENTE
EN EBULLITION NUCLEEE SOUS-REFROIDIE

Résume---On developpe une analyse pour determiner 'importance du transport de chaleur latente dans le
transfert thermique par ébullition nucléée vers un liquide sous-refroidi. A I'aide de resultats expérimentaux
avec I'eau concernant le rayon d’une bulle unique variable en fonction du temps, on calcule la quantité totale
de chaleur latente transportée par la bulle durant sa durée de vie et elle est bien moindre que le transfert
thermique di a la bulle. On conclut que la microconvection est le mécanisme important du fort transfert
thermique observé dans I'eau sous-refroidie. Les résultats présentés ici concernent seulement les liquides
fortement sous-refroidis dans lesquels la croissance et le collapsus de la bulle se produisent 4 la paroi chauffée
et non pas dans ou pres du liquide saturé. Dans cette derniére situation la dynamique tres differente de la bulle
rend possible une contribution significative du transport de chaleur latente.

DER BEITRAG DES LATENTWARME-TRANSPORTS BEIM
UNTERKUHLTEN BLASENSIEDEN

Zusammenfassung—Es ist eine Berechnungsmethode entwickelt worden, um den Einfluf} des Latentwéirme-
Transports bei der Wirmeiibertragung beim Blasensieden in einer unterkiihlten Fliissigkeit zu bestimmen.
Mit Hilfe von experimentallen Daten von Wasser iiber das zeitliche Verhaltens des Einzelblasenradiusses ist
der Gesamtbeitrag des Latentwdrme-Transports durch die Blase wihrend ihrer Lebenszeit berechnet
worden. Diese Latentwéirme ist wesentlich kleiner als die gemessene Warmetibertragung pro Blase. Daraus
14 Bt sich folgern, da Mikrokonvektion der wichtigere Mechanismus fiir die verbesserte Wirmeiibertragung
in unterkithltem Wasser ist. Die hier vorgelegten Ergebnisse gelten fiir stark unterkiihlte Fliissigkeiten, wobei
Blassenwachstum und Blasenzusammenbruch an der beheizten Oberfliche geschehen und nicht fiir die
Wirmeiibertragung beim Sieden von gesattigten oder fast gesittigten Fliissigkeiten. Im letzteren Fall ist
durch die mannigfaltige Blasendynamik ein wesentlicher Beitrag des Latentwirme-Transports denkbar.

POJIb CKPBLITOW TEIMJIOTHI MAPOOBPA3OBAHUWS [MPU 11Y3blPBKOBOM
KHUIMNEHWUKW C HEAOI PEBOM

AHHOTAUMA — AHATU3UPYETCS pOJib CKPLITOH TEIIOTbl

napoobpa3oBaHHs [PH  Iy3bIPLKOBOM

KMIEHHN HENOTPETON XUAKOCTH. I BOIBI, HCMOJIb3ys JIKCNEPUMEHTAbHbIE 3aBUCHMOCTH pOCTa
paavyca OTAENbHbIX My3bIPbKOB OT BPEMEHH, PACCYUTHLIBAETCA KOJIMYECTBO CKPBITON TEMIOThI Napo-
06pa30oBaHUs, NEPEHECEHHON Yepe3 My3bipb 33 BPEMS €ro CyLeCTBOBaHUA, DTa CKpblTas Tenyora
3HAYUTENbHO MEHbIIE U3MEPECHHOIO NOTOKA TEIU1a Yepe3 My3biPb. BLIACHEHO, YTO MUKPOKOHBEKLMS
ABASETCA BAXKHBLIM MEXaHM3MOM MHTEHCHOUKauuH TemoobmeHa B HelorpeToi sxuakoctu. Pe-
3yAbTaThbi AaHHOW paboThl MPUMEHUMBI TOAbLKO K CHJLHO HEAOTPETBIM XHAKOCTSM, TAe poCT
Ny3blpbKa ¥ €10 OTPhIB NIPOUCXOOAT HA HATPETOM NOBEPXHOCTH, A HE K TENNOOOMEHY NPU KUIEHUH B
YCJOBUAX HACHILLEHHS WK OM3KNX K HACBILIEHMIO. B mOCneAHeM Ciiy4ae MMeET MeCTO COBEPLICHHO
MHAs OWHAMMKA My3biPbKa, NPH KOTOPOM BO3MOXEH CYLIECTBEHHbIH BKNAld CKPbITOH TENjoTsl
napoobpa3oBaHus.



