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A Note on Latent Heat Transport

in Nucleate Boiling

A simple one-dimensional transport calculation is made which indicates that latent heat
transport, by simultaneous evaporation and condensation at different portions of the bubble
surfaces, can account for the major portion of the total heat flux in the neighborhood of the
departure from subcooled nucleate boiling (burnout). This differs from the previously held view
that the stirring action of the bubbles accounted for most of the heat flow in subcooled nucleate
boiling. Other evidence is discussed which favors the latent heat transport theory.

Until recently it seemed quite prob-
able that latent heat transport played
a minor role in nucleate boiling heat
transfer. This belief was based on
observations of the rate of vapor pro-
duction in subcooled nucleate boiling
of water at atmospheric pressure (1 to
3). These measurements indicated
that only 1 to 2% of the total heat flux
could be accounted for by the latent
heat content of the vapor evolved at
the surface. Tentatively it was con-
cluded that the bubbles acted prin-
cipally as stirring devices which in-
creased the turbulent intensity within
the boundary layer next to the heating
surface. This would imply that it
would make no difference whether the
bubbles were filled with vapor or with
inert gas. Indeed it has been shown
(4) that nonboiling heat transfer co-
efficients are increased by a factor of
2 or 3 by generating inert gas bubbles
at the heating surface, although the
resulting heat fluxes, even at the high-
est generation rate of inert gas bub-
bles, were in the range of the lower
limit of nucleate boiling.

This leads to the suspicion that
some other mechanism, such as trans-
port by net flow of vapor away from
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the heating surface, may dominate
near the upper limit of nucleate boil-
ing. For this to be true there would
have to be significant transport by
simultaneous vaporization near the
face of the bubbles and condensation
at the top. This further implies that
the heat transfer coefficients at the
surface of the steam bubbles must be
considerably greater than those cal-
culated by Gunther and Kreith (2),
who assumed that the bubbles were
surrounded by a stationary film of
liquid. The requirements for latent
heat transport to be significant were
discussed by Snyder and by Bankoff
(20).

Direct experimental evidence con-
cerning these points has been quite
difficult to obtain because of the sta-
tistical nature of the boiling transfer
and because of the small time and
length scales for the temperature vari-
ations in the liquid. Recently however
some direct measurements of the heat
transfer coefficient at the surface of a
rapidly growing and collapsing steam
bubble in a turbulent subcooled liquid
stream (5) have been presented.
These coefficients ranged from 13,000
to the phenomenally high figure of
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over 300,000 B.tuw/hr./sq. ft./°F.
and indicate that at least several maxi-
mum bubble volumes of steam flow
through the bubble during its lifetime.
From these measurements it was
shown that latent heat transport be-
comes the dominant mechanism near
the upper limit of nucleate boiling in
the subcooled nucleate boiling experi-
ments of water at atmospheric pres-
sure performed by Gunther (I).

The purpose of this note is to point
out, apart from this direct evidence,
several other pieces of indirect evi-
dence and to present some simple
calculations which indicate that latent
heat transport dominates at high
fluxes. This means that as the bubbles
become closely packed, the principal
heat transfer into the bulk stream oc-
curs from the bubble surfaces, rather
than from the portions of the solid
surface between the bubbles. This
seems quite reasonable on the basis of
physical intuition.

Some significant results can be ob-
tained simply by examining the shape
of the curves of a maximum heat flux
in nucleate boiling vs. reduced pres-
sure as reported for water (6) and
several organic liquids (7). These
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curves show a maximum at a reduced
pressure in the neighborhood of 0.3 to
0.5. The maximum heat flux in nucle-
ate boiling (popularly called burnout)
represents the existence of a critical
packing fraction of bubbles on the
heating surface, such that coalescence
of neighboring bubbles becomes prob-
able. The mean turbulent intensity
induced by the bubbles in the liquid
between them has been calculated for
an assembly of bubbles growing and
collapsing on a surface in subcooled
nucleate boiling (8). The resulting
expression for the rms velocity in-
duced by the bubbles u’, is

- 2F
Y !
Us 1—F ( )

This quantity may be identified with
the mean turbulent intensity of the
liquid between the bubbles and hence
with the stirring action of the bubbles.
At the upper limit of nucleate boiling
the critical packing fraction F, is of
the order of 0.5. Hence the stirring
effectiveness depends primarily upon
the mean wall velocity of the bubbles
and only weakly on the critical pack-
ing fraction at burnout. However El-
lion (9) pointed out from a simple
bubble wall heat balance that the
average bubble growth rate in nucle-
ate boiling should decrease continu-
ously with increasing system pressure,
partly because of the increased volu-
metric latent heat content of the vapor
and partly because of the decrease in
the liquid superheat. The trend has
been confirmed experimentally (10)
over a limited range of pressures (0 to
25 Ib./sq. in. gauge) for several lig-
uids. The shape of the maximum heat
flux curves therefore implies that the
stirring effect of the bubbles cannot
be the dominant mechanism for heat
transfer, at least up to a reduced pres-
sure of about 0.5. Significantly it may
be noted that the volumetric latent
heat content of the vapor in general
has a maximum in the range of re-
duced pressures of 0.3 to 0.7. Several
semiempirical correlations have been
proposed (11 to 14), where the maxi-
mum heat flux in nucleate boiling is
proportional, or nearly proportional, to
the volumetric latent heat content of
the vapor.

One can make the observed shape
of the maximum heat flux vs. reduced
pressure curve more understandable
by a simple calculation. If, as the bub-
bles become closely packed, most of
the heat transfer to the bulk liquid oc-
curs from the tops of the bubbles
rather than by convection of the liquid
between the bubbles, it follows that
substantial vapor flow occurs within
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the bubble owing to simultaneous
vaporization of superheated liquid near
the base of the bubble and the con-
densation of vapor at the cooler upper
walls of the bubble. This means that
the average temperature of the evap-
orative surfaces of the bubbles T, is
greater than the average temperature
of the condensing surfaces T, The
problem may be idealized by con-
sidering the steady state, one-dimen-
sional flow of vapor between two
liquid surfaces held at different tem-
peratures T, and 7. The solution,
which has been given by Plesset (15),
is

Re T 1/2
g =Ferpp \ —— 1+

2aM

Plv _T'_l) ][ <£)1/2]_1
(&) (@) [+ (z) T e

In general, because of the high heat
transfer rates from the tops of the
bubbles, T, is appreciably less than
the saturation temperature T, in order
to maintain the driving force for con-
densation. Apart from the subcooling
of the polar regions of the bubbles
one may expect that there will be ap-
preciable amounts of superheated lig-
uid at the base of the bubbles. To
understand this in more detail it is
necessary to consider the mechanics of
liquid flow near the base of a bubble
which is growing on the surface of a
heated solid. Because of the no-slip
condition at the solid surface the lig-
uid cannot be directly displaced from
the solid as the bubble expands. A
thin film of superheated liquid remains
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in contact with the solid surface and
is not displaced by the advance of the
bubble wall. This film continuously
evaporates at the base of the bubble.

One now proceeds to make some il-
lustrative calculations of the maximum
heat flux as a function of the reduced
pressure for several liquids, as pre-
dicted by Equation (2). Although, as
noted above, T, < T,, in order to
demonstrate the importance of the
evaporation of superheated liquid at
the base of the bubbles one shall as-
sume T, = T, and that T, = T..
Cichelli and Bonilla (7) have meas-
ured the wall superheat and the heat
flux at maximum pool nucleate boiling
rates for five organic liquids. Their
data for the wall superheat are closely
approximated by an expression of the

form
T, —T,=—45log, p. (3)

Equations (2) and {3) were used to
calculate g, for three organic liquids.
The accommodation coefficient ranges
from about 0.2 for polar organic com-
pounds, such as ethanol, to approxi-
mately 1.0 for nonpolar compounds,
such as pentane (16). The product Fe
has been used as a scaling factor in
determining the curves shown in Fig-
ure 1. It will be seen that the shape of
the calculated heat flux curve is quite
similar to those of the experimental
curves. Appropriate values of Fe are
less than 107 The corresponding
values of F are an order of magnitude
less than the critical packing fraction,
which shows that even if T, is con-
siderably less than T.., this mechanism
will still dominate.
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These results have some interesting
and important consequences. First
they support the turbulent heat trans-
fer hypothesis previously advanced
(17) for bubble growth and collapse
in subcooled nucleate boiling. In highly
subcooled boiling the radius-time curve
is symmetrical, the growth and col-
lapse portions of the curve being mir-
ror images of each other. This implies
that the liquid film around the bub-
ble cannot be stagnant, since the
reversibility of the heat flow process
would violate thermodynamic princi-
ples. It was shown, by comparison of
experimental data with the Rayleigh
solution for bubble growth and col-
lapse, that the bubbles grow and col-
lapse under an approximately constant
pressure difference during their entire
visible lifetime. To account for this
constant restraining pressure it was
postulated (17) that the film of super-
heated liquid next to the heating sur-
face is considerably thinner than the
maximum bubble radius. Hence the
bubble begins its rapid growth while
entirely submerged in the thin super-
heated layer but begins to burst out
of this layer about the time it becomes
visible. The bubble is therefore grow-
ing fastest when first observed, in
agreement with experiment. This is
equivalent to the growth and collapse
of a cavitation bubble, which receives
its original impulse from the conver-
sion of some of the superheat energy
to mechanical energy. It was further
postulated, because of the high rates
of turbulent heat transfer at the con-
densing surfaces of the bubbles, that
the vapor within the bubble was not
in equilibrium with the liquid at the
bubble wall. The pressure within the
bubble is intermediate between the
saturation vapor pressures of the lig-
uid at the evaporative and condensing
surfaces of the bubble. It was pro-
posed that the observed constant dif-
ference between the pressure within
the bubble and the pressure of the
surroundings represents the driving
force for condensation at the bubble
walls necessary to maintain a relatively
constant heat flux from the bubble to
the liquid.

With these hypotheses used, the
variation in initial kinetic energy im-
parted to the bubble and in the re-
straining  pressure  during bubble
growth and collapse with the bulk
liquid velocity and temperature and
with the wall heat flux were predicted
qualitatively. for the data of Gunther
(I1). This picture of the bubble dy-
namics in subcooled nucleate boiling
is now further reinforced by high tur-
bulent heat transfer coefficients from
the bubble surface (5) and appreci-
able latent heat transport.
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The corresponding conclusions can-
not as yet be drawn for saturated
boiling, partly because of the greater
experimental difficulty in obtaining
bubble populations and partly because
of the more complex flow pattern re-
sulting from bubble detachment and
entrainment of superheated liguid.
However the results discussed above
seem to argue strongly that the thermal
boundary-layer thickness cannot be
much larger than the maximum bub-
ble radius, since in this event latent
heat transport would be negligible.
One may also note the observation of
Griffith (18), which is in agreement
with the unpublished observation of
Mikesell (19), that in saturated boil-
ing the bubbles are detached by the
inertia of the surrounding liquid, which
pulls the bubble off the surface when
the bubble growth rate slows down
suddenly.

Finally one may note a rather in-
structive analogy to the increase in
heat transfer coefficient in nucleate
boiling as compared with forced con-
vection heat transfer at the same bulk
liquid velocity. This is similar to the
large increase in heat transfer coeffi-
cient in drop-by-drop condensation of
vapors as compared with noncondens-
ing heat transfer at the same gas
stream velocity (21). In this case the
liquid droplets grow slowly, so they
cannot be considered to agitate the
vapor near the wall very much (at
least in comparison with the agitation
required to obtain equal heat transfer
in a noncondensing system). Eucken
(22) has attributed the increased heat
transfer rate to a reduction of the
thickness of the layer of supercooled
vapor near the surface by diffusion
into the droplets, which is directly
analogous to the latent heat transport
mechanism proposed above.
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NOTATION

F = time-average fraction of the
surface covered by bubbles
molecular weight of vapor
reduced pressure of the sys-
tem

g, = latent heat flux
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saturation temperature
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average temperature of bub-
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average temperature of bub-
ble condensing surfaces
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rms velocity induced by ar-
ray of growing and collaps-
ing bubbles

accommodation  coefficient
for evaporation or conden-
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latent heat of vaporization
equilibrium vapor density at
liquid temperature T,
equilibrium vapor density at
liquid temperature T,
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