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1. Introduction

Boiling is a complex process in which mass, momentum, and
energy transfer (single and two-phase) involving a solid wall, li-
quid, and vapor are tightly coupled. Consider a bubble nucleating,
growing, and departing from a single site on a heated surface. The
bubble is assumed to nucleate when the superheated liquid layer
above the site grows sufficiently thick to cause the vapor/gas
trapped within the cavity to overcome the surface tension force
and grow according to the theory of Hsu (1962). We are not con-
cerned here with details of the nucleation process, but only with
how a bubble growing on a heated surface removes energy.

Once a bubble nucleates, it grows through evaporation of liquid
at the liquid/vapor interface. Numerous mechanisms are available
through which energy is transferred from the wall as illustrated in
Fig. 1a. A quickly growing, hemispherically shaped bubble can trap
a thin layer of liquid between the growing bubble and the super-
heated wall (the microlayer), and evaporation of this liquid con-
tributes to bubble growth (qm;). The energy to evaporate this
liquid comes from the energy stored in the superheated wall. Li-
quid can also grow through evaporation of the superheated liquid
layer surrounding the bubble cap (qy) (e.g., Van Stralen 1966a,b;
Van Stralen 1967). Inertially controlled growth occurs when the
heat transfer to the interface is very fast and the bubble growth
is limited by the rate at which momentum can be transferred to
the surrounding liquid. Thermally controlled growth occurs when
the bubble growth is limited by the rate at which heat can be con-
ducted to the liquid/vapor interface. Another mechanism for bub-
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ble growth is through evaporation at the three-phase contact line
(qa) once a dry patch forms on the surface due to partial dryout
of the microlayer (Fig. 1a). The growing bubble can also perturb
the liquid adjacent to the bubble and disrupt the background nat-
ural convection boundary layer (q,c), resulting in energy transfer
by microconvection (qmc).

As the bubble grows, the buoyancy force continues to increase
and can initiate the bubble departure process. The available heat
transfer mechanisms as the bubble departs are illustrated in
Fig. 1b. Heat transfer through the microlayer (q.,) can still occur
if it has not completely dried out. Energy from the superheated li-
quid layer (qs) can continually be added through the bubble cap,
especially if the bulk liquid is not subcooled. If a dry patch has
formed on surface due to partial dryout of the microlayer during
bubble growth, the dry patch will be rewet with liquid as the bub-
ble departs. Heat transfer occurs at the three-phase contact line
(qa), but this heat transfer is expected to be smaller than the heat
transfer during bubble growth since the advancing contact angle is
steeper than the receding contact angle, resulting in a thicker li-
quid layer on the surface. Transient conduction into the advancing
liquid front occurs as the dry patch is rewet (q). The departing
bubble can perturb the liquid adjacent to the bubble resulting in
energy transfer by microconvection (gn.). The vortices in the wake
of the departing bubble can cause additional microconvection and
reduce the thickness of the superheated liquid layer.

Due to the many possible heat transfer mechanisms, it is not
surprising that the mechanisms by which individual bubbles trans-
fer heat have been debated over many decades, resulting in the
emergence of many competing, mutually exclusive models. The
use of relatively large, thermally massive heaters compared to
the departing bubbles in the vast majority of experimental work
have resulted in time averaged and space averaged heat transfer
measurements to be obtained -local, time resolved heat transfer
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Fig. 1. Bubble heat transfer mechanisms.

data were not available to confirm details of the models. These
experiments usually used a single heating element operated at
constant heat flux, making it difficult to obtain information about
local temperature variations underneath bubbles. Other experi-
ments utilized surfaces held at constant temperature averaged
over the entire heater, but the local heat flux and temperature
were not measurable and could vary significantly across the heater.
Within the past few years, however, numerous experiments have
been performed in which detailed, local measurements of the wall
heat transfer throughout the bubble growth and departure process
have been obtained, allowing details of the models to be tested.
Detailed numerical simulations of the bubble growth and depar-
ture process have also appeared. The purpose of this paper is to re-
view the recent literature and clarify the contributions of the
various bubble heat transfer mechanisms.

2. Review of bubble heat transfer models

Many of the early models were based on bubble agitation/
microconvection being the primary heat transfer mechanism.
These models did not include phase change, but relied on an anal-
ogy with forced convection, i.e., the role of the bubble was to
change the length and velocity scales used to correlate data (e.g.,
Rosenhow 1952; Forster and Zuber, 1955; Forster and Greif
1959; Zuber 1963; Tien 1962). For example, the vapor-liquid ex-
change model proposed by Forster and Greif (1959) assumed that
bubbles act as micropumps that remove a quantity of hot liquid
from the wall equal to a hemisphere at the maximum bubble ra-
dius, replacing it with cold liquid from the bulk. The heat trans-
ferred from a single site was the energy required to heat this
volume of liquid from the bulk temperature to the average of the
wall and bulk temperatures.

2.1. Transient conduction model (TC)

Building on the work of Han and Griffith (1965), Mikic and
Rohsenhow (1969) developed a model of bubble heat transfer that

assumed a departing bubble scavenges away the superheated layer
surrounding the bubble over an area twice the bubble departure
diameter, allowing colder bulk liquid to contact the surface
(Fig. 2). No wall heat transfer was assumed during the bubble
growth process. The superheated layer is only renewed during
the waiting time (the time after bubble departure and before
nucleation of a new bubble) by transient conduction into a semi-
infinite liquid. Transient conduction into this bulk liquid after bub-
ble departure was assumed to be the dominant mode of heat
transfer.

If this model were correct, we would expect to observe a very
large, spatially uniform heat transfer immediately after bubble
departure over an area about twice the bubble departure diameter
that would then decay during regrowth of the superheated liquid
layer. The heat transfer during the bubble growth and departure
process would be negligible.

2.2. Microlayer heat transfer model (ML)

Snyder and Edwards (1956) first suggested that growing bub-
bles could trap a thin layer of liquid at the wall which could then
evaporate and transfer substantial amounts of energy. Moore and
Mesler (1961) measured temperature fluctuations on the wall un-
der bubbles during nucleate boiling. Hendricks and Sharp (1964)
correlated the wall temperature fluctuations with high-speed vid-
eos of individual bubbles and showed that the rapid temperature
decrease in the wall temperature was associated with bubble
growth. Cooper and Lloyd (1969) obtained temperature measure-
ments during boiling of toluene and isopropyl alcohol on glass
and ceramic substrates whose backsides were radiantly heated.
Both surfaces were instrumented with thin film thermocouples
that were less than 0.5 pm thick. A typical bubble grew hemispher-
ically forming a microlayer on the surface. Their results are shown
in Fig. 3. Temperature-time data indicated an initial sharp drop in
temperature as the microlayer evaporated, a recovery in tempera-
ture after formation of a dry spot, then a small drop in temperature
and subsequent recovery as liquid rewet the surface during bubble
departure. The heat flux deduced from these temperature-time
curves by integration of the heat conduction equation indicated
large heat transfer during microlayer evaporation and a much
smaller heat transfer during rewetting of the surface. They argued
that the initial thickness of the microlayer varied according to

50:C2\/V1tg (1)

where C; = 0.8, v is the liquid kinematic viscosity, and tg is the time
required for the microlayer to form. Comparison of the observed
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Fig. 2. Bubble heat transfer mechanism suggested by Mikic and Rohsenhow (1969).
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Fig. 3. Wall temperature and heat flux results. From Cooper and Lloyd (1969).

bubble volume with the volume evaporated from the microlayer
was within 17% for a saturated fluid, indicating that bubble gained
most of its energy through microlayer evaporation. It should be
noted that the bubbles were quite large (20-30 mm diameter) with
long growth time (~50 ms).

This model predicts a high heat transfer under the bubble dur-
ing bubble growth as the microlayer evaporates (the highest heat
transfer would occur where the microlayer is thinnest just next
to the perimeter of the dry patch), and negligible heat transfer out-
side of the bubble footprint. The heat transfer during the bubble
departure process should only be limited to the evaporation of
the residual microlayer and there should be little heat transfer as
the dry patch is rewet with liquid. The bubble volume should be
obtainable from the microlayer evaporation.

2.3. Contact line heat transfer model (CL)

This model by Stephan and Hammer (1994) assumes that the
dominant mode of heat transfer is due to the evaporation of a thin
liquid meniscus at the three-phase contact line. Although the ex-
tent of the meniscus is small, the heat transfer through the thin li-
quid film can be very high (Wayner et al., 1976). The meniscus in
the vicinity of the contact line can become very thin due to stretch-
ing of the meniscus, resulting in high heat transfer in this region.

The adsorbed layer is usually just a few molecules thick and cannot
be evaporated due to molecular adhesion forces. This force de-
creases rapidly with film thickness (F, « %), however, and heat
transfer by conduction across the liquid film occurs due to the tem-
perature difference (T,y,—Tsa¢). An optimum in the heat transfer oc-
curs when the film becomes thick enough such that the adhesion
forces become small, yet thin enough so the heat conduction
through the film is high. At larger film thicknesses, the conduction
resistance dominates, resulting in lower heat transfer. The contact
angle corresponds to the receding contact angle.

Stephan and Hammer (1994) constructed a model in which heat
could be transferred through the microregion (the three-phase
contact line) and the macro-region (the liquid adjacent to the
microregion and the wall) of a growing bubble. Capillary pressure
and curvature effects were included in the microregion model. Re-
sults were obtained for boiling of R-114 on a copper plate. For a
single bubble of radius 0.125 mm and wall superheat of 3.5K,
the extent of the microregion was found to be less than 1 pm,
but accounted for about 38% of the total heat transfer. A peak heat
flux of 1550 W/cm? was observed within the microregion. When
the superheat was increased to 4.2 K, about 60% of the heat passed
through the microregion.

If this model is correct, an extremely high heat transfer should
be observed at the three-phase contact line over a distance of
~107°m, and much lower heat transfer should occur in the
macro-region. It also predicts that the contact line heat transfer
should be higher as the bubble grows than when the surface is re-
wet by liquid during bubble departure since the contact angle cor-
responds to a shallower receding contact angle (0;) instead of the
larger advancing contact angle (6,).

2.4. Comparison of models

Since the heat transfer signatures of each of the above models
are quite distinct, comparison with the local heat transfer data
from recent experiments and simulations provides a unique oppor-
tunity to evaluate the merits of the above models. In the remainder
of this paper, the recent experimental, analytical, and numerical
data in which detailed, local measurements of the wall heat trans-
fer throughout the bubble formation and departure process were
obtained are reviewed and evaluated. The heat transfer signatures
provided in these studies can be combined with visual observa-
tions of bubble growth deduce the correct heat transfer
mechanisms.

3. Experiments
3.1. Microheater array data

Yaddanapuddi and Kim (2001) used a microheater array con-
sisting of 96 independently controlled heaters each nominally
0.27 x 0.27 mm? in size to measure the heat transfer distribution
under isolated bubbles. The heaters were kept at constant temper-
ature through the use of analog electronic feedback circuits and the
power required to do this was measured. The frequency response
of the circuit and heater combination was measured to be
15 kHz. Demiray and Kim (2004) performed similar measure-
ments, but using a microheater array with individual heaters that
were nominally 0.1 x 0.1 mm? in size.

The evolution of a bubble is shown in Fig. 4, where the individ-
ual heaters in the array have been colored according to the heat
transfer. The size and shape of the bubble can be inferred from
the dark ring shown in the images as shown in the schematic.
The outer diameter of the ring corresponds to the projected diam-
eter of the bubble, while the inner diameter gives an idea of the
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Fig. 4. Single FC-72 bubble (bubble L1) growing on a wall (Tyay = 76 °C, Tsae = 57 °C, Tpuk = 52 °C). From Demiray and Kim (2004).

shape of the bubble. A thin, dark ring corresponds to a hemispher-
ical bubble, while a ring whose thickness is equal to the bubble ra-
dius indicates a spherical bubble. Nucleation occurs between 0 and
0.27 ms. The bubble grows to it largest outer diameter between
1.62 and 1.89 ms after nucleation. The bubble shape appears to
be approximately hemispherical as indicated by the thin, dark ring.
A large increase in the heat transfer under almost the entire bubble
is observed during this time, consistent with evaporation from a
microlayer between the bubble and the wall. Starting from
1.89 ms, the development of a low heat transfer region at the cen-
ter of the bubble is observed, indicating progressive dryout of the
microlayer. The dry spot size, as evidenced by the inner circle,
reaches a maximum at 3.51 ms. The bubble departure process be-
gins at about 1.89 ms as indicated by a decrease in the inside diam-
eter of the ring, eventually rewetting the dry spot completely.
Higher heat transfer is observed on the center heaters as they are
rewet by the bulk liquid. Bubble departure occurs at 5.13 ms, and
is associated with a spike in heat transfer at the center heaters that
then decays with time.

The area averaged heat transfer due to bubble nucleation,
growth, and departure for this bubble as well as others are shown
in Fig. 5. Bubbles L1 and L2 were preceded by a relatively long
waiting period. Both these bubbles are associated with a sharp
peak in the wall heat transfer at t ~ 1.2 ms which is consistent with
the formation and evaporation of a microlayer between the bubble
and the wall. The heat transfer decays with time as the bubble rew-
ets the surface and departs and continues to decay after bubble
departure as the superheated thermal boundary layer is
regenerated.

The wall heat transfer data shown in Fig. 5 can be used to com-
pute an equivalent bubble diameter (deq) by assuming that the heat
transferred from all of the heaters through contact line heat trans-
fer and microlayer evaporation appears as latent heat:

2, ()
V6

t
he= [ gt @)
0

where time t = 0 is assumed to be the start of nucleation for a single
bubble. The bubble is assumed to be full of vapor at the prevailing

pool pressure. The equivalent diameter is plotted in Fig. 6 along
with the measured bubble diameter. It is seen that deq is signifi-
cantly smaller than the physical bubble diameter during the bubble
growth time, indicating the heat transferred from the wall cannot
account for the bubble growth alone. For example, bubbles L5 and
L6 reach a diameter of 0.5 mm in 0.54 ms. If a hemispherical bubble
shape is assumed during this early bubble growth period, the diam-
eter of a spherical bubble of equivalent volume is 0.4 mm. This is
over twice as large as the dq derived from the wall heat transfer
measurements, indicating that the wall heat transfer due to micro-
layer evaporation (gn;) and contact line heat transfer (qy) could
have contributed at most (%4)* or 12.5% of the energy required to
produce the bubble. The bubble must have gained the balance of
its energy from the superheated liquid layer surrounding it. The
superheated liquid layer thus acts as a reservoir of energy from
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Fig. 5. Heat transfer from the microheater array for a series of bubble nucleating on
the heater. Bubble preceded by an L were obtained with: Ty = 76 °C, Tsa = 57 °C,
Touik =52 °C). Bubble preceded by an H were obtained with: T,y =76°C,
Tsat = 57 °C, Tpuk = 41 °C). From Demiray and Kim (2004).
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Fig. 6. Comparison of physical and equivalent bubble diameters. From Demiray and
Kim (2004).

which the bubble draws during its growth. Conduction and micro-
convection during bubble growth and after bubble departure are
the mechanisms through which this energy is replenished. Heat
transfer measurements and comparison with a simple model under
sliding and oscillating bubbles also indicated that transient conduc-
tion during the rewetting process is dominant (see Demiray and
Kim 2004 for details).

Myers et al. (2005) operated a microheater array in constant
heat flux mode to investigate the effect of thermal boundary con-
dition on the heat transfer mechanisms. Each heater in the array
dissipated the same heat flux, and the temperature variation of
the heaters were measured. A 3-D, transient, finite difference
numerical simulation was used to compute the instantaneous tem-
perature distribution within the substrate from which the temper-
ature gradient at the wall, and thus the substrate conduction, was
computed. The substrate conduction was then subtracted from the
heater power to obtain the local wall-to-liquid heat transfer. The
data indicated that most of the energy required for bubble growth
came from the superheated liquid layer around the bubble. Micro-
layer evaporation and contact line heat transfer accounted for no
more than 23% of the total heat transferred from the surface. The
dominant heat transfer mechanism was transient conduction
and/or microconvection into the liquid during bubble departure.

Similar observations were made by Lee et al. (2003a,b) using
R11 as the working fluid. They obtained the bubble volume from
side view images of the bubble shape, and assumed changes in
the bubble shape were due to evaporation of liquid:

. dR
q = rithg, = 41 hR? @ 3)

The heat transfer rate was measured using a microheater array. The
heat flow required to grow the bubble to the observed size was
found to be approximately twice as large as the heat transfer from
the wall, indicating that the additional heat required must have
been supplied through another surface (the liquid-vapor interface).
Kim et al. (2006) made additional measurements using R113
(Tsar = 47.6 °C) at various bulk fluid temperatures. They computed
the ratio of measured wall heat transfer to the heat transfer re-
quired to grow the bubble to the observed size for superheated, sat-
urated, and subcooled bulk fluid temperatures (Fig. 7). When the
bulk liquid was superheated (Tyyx = 49 °C), the ratio was 0.44, indi-
cating additional heat must have been supplied through the liquid-
vapor interface. As the bulk temperature decreased, the ratio in-
creased, reaching as high as 3.6 at a bulk temperature of 32.2 °C
as a result of condensation at bubble cap. The bulk fluid tempera-
ture at which the required and measured heat balanced was 40 °C.
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Fig. 7. Ratio of measured wall heat transfer to heat required to grow bubble to
observed size. From Kim et al. (2006).

3.2. Micro heat flux sensor data

Moghaddam and Kiger (2008) obtained measurements under
isolated bubbles of FC-72 growing from an artificial nucleation site.
Surrounding the nucleation site were two layers of temperature
sensors separated by an insulator (BCB) that enabled measurement
of local heat flux with a resolution of 22-40 pm. Bubbles with and
without a waiting time between nucleation events occurred when
the wall temperature was set at 80.5 °C, while bubbles without
waiting time occurred at 86.4 °C, 91.4 °C, and 97.2 °C. Their mea-
surements indicated that microlayer heat transfer accounted for
between 16.3% and 28.8% of the total heat transfer, and the combi-
nation of transient conduction and microconvection was the
remainder for the cases without waiting time between bubbles.
In those cases with waiting time, the microlayer contributed
26.5% and the balance of the heat transfer was through transient
conduction and microconvection, confirming the results obtained
using the microheater array. By measuring the heat transfer out-
side of the bubble projected area during boiling, and comparing
to cases where no boiling occurred on the surface, they were able
to separate out the contribution of natural convection and micro-
convection induced by bubble motion. They observed that the
microconvection contribution became increasingly important as
the wall temperature increased (Fig. 8). They concluded that evap-
oration at the three-phase contact line it was about 2-3 orders of
magnitude less than their measured heat transfer and was there-
fore negligible.

3.3. Liquid crystal data

Unencapsulated liquid crystals applied to the backside of thin,
electrically heated metallic plates have been used by numerous
researchers to obtain temperature distributions during nucleate
boiling (e.g., Watwe and Hollingsworth 1994; Bayazit et al.,
2003; Kenning et al.,, 2001; Sodtke et al., 2006). Typically, the
hue component vs. temperature is obtained from an in-situ calibra-
tion which also takes into account changes with viewing angle. To
obtain high resolution temperature data, narrow-band liquid crys-
tal must be used, but this limits the temperature range that can be
measured. Mixtures of liquid crystal formulations with differing
colorplay range could be applied as a thicker layer to extend the
range at the expense of frequency response. An additional time de-
lay on the order of a few milliseconds or longer can result since
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Fig. 8. Surface heat transfer contribution of various mechanisms: (a) heat transfer
magnitude and (b) relative contribution. From Moghaddam and Kiger (2008).

heat must diffuse through the plate, complicating the interpreta-
tion of the temperature data. Due to the limitations and difficulties
associated with liquid crystal use, researchers have generally
moved to using infrared cameras.

3.4. Infrared camera data

Wagner and Stephan (2009) used an infrared camera to mea-
sure the temperature distribution on the backside of a 20 pm thick
stainless steel heating foil during boiling of FC-84 (Tsa =80 °C,
1 atm) and FC-3284 (T, = 50 °C, 1 atm) at 500 mbar and 950 mbar
while imaging the bubble shape from the side. The local heat flux
was obtained by performing an energy balance for each pixel tak-
ing into account the sensible heating, heat generation within the
foil, heat conduction laterally within the foil, and heat lost to the
fluid. Examples of heat transfer distributions are shown on Fig. 9.
The total latent heat transferred into the bubble (Q_bub) was com-
puted from changes in the bubble volume between time steps. The
heat transferred through the microregion (Q_mic) was the wall
heat transfer shown in Fig. 9, and could include microlayer evapo-
ration, contact line heat transfer, transient conduction, and micro-
convection. Both Q_bub and Q_mic during are shown in Fig. 10. The
heat transfer through the wall under the bubble for both cases be-

x 10
2
1.5

t=56 ms t=58 ms t=60 ms t=62 ms !
0.5
t=64 ms t=66 ms t=68 ms t=70 ms

Fig. 9. Heat flux distribution during boiling of FC-3284 at 500 mbar, q=1.29 W/
cm?. From Wagner and Stephan (2009).
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Fig. 10. Bubble volume and heat transfer vs. time, FC-84 at q = 12,000 W/m? (top)
and FC-33284 at q = 12,900 W/m? (bottom). From Wagner and Stephan (2009).

tween nucleation through bubble departure is about 22% of the to-
tal bubble latent heat, indicating most of the energy for bubble
growth came from the only other source, the superheated liquid
layer.

3.5. Comparison with microlayer evaporation data
The recent experimental data discussed above indicates that

microlayer evaporation does not play a dominant role in bubble
heat transfer. This finding reinforces previous work in which
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microlayer parameters were directly measured. Judd and Hwang
(1976) used interferometric techniques to obtain time-resolved
profiles of the microlayer during boiling of methylene chloride
on an oxide coated glass surface. They found that the microlayer
only contributed a small fraction of the wall heat transfer, espe-
cially at low heat fluxes. For example, for a bubble departure radius
of 2.3 mm, the equivalent volume of fluid due to microlayer evap-
oration would have only produced a bubble of radius 0.26 mm at a
heat flux of about 2.7 W/cm?2. When the heat flux was increased to
6 W/cm?, the bubble departure radius decreased to 1.24 mm while
the equivalent microlayer evaporation was only 0.18 mm. Later
work by Fath and Judd (1978) found that decreasing the system
pressure could increase the contribution of microlayer evapora-
tion, but the contribution was still quite small (bubble departure
radius of 1.4 mm vs. equivalent microlayer evaporation radius of
0.19 mm) at the lowest pressure and highest heat flux.

Koffman and Plesset (1983) obtained microlayer profiles during
boiling of water and ethanol at a frame rate of 15,000 fps using a
Fastax camera. The bubbles grew and lifted off the surface within
a few milliseconds. The initial microlayer profile for ethanol
(26.5 W/cm?, 5.7 °C subcooling) had a thickness of 3 pum at a radius
of 0.25 mm, and decreased by 2.2 pm/ms initially and at 1.25 pm/
ms after about 1.4 ms. The heat removal rates were 138.5 W/cm?
and 78.7 W/cm?, respectively, but only occurred for a short time
and over a small area. Similar data for water (20.4 W/cm?,
21.7 °C subcooling) indicated evaporation rates of 1.04 pm/ms
decreasing to 0.35 um/ms after about 2 ms. The corresponding
heat transfer was 226 W/cm? and 75.7 W/cm?, respectively. They
concluded that microlayer evaporation could not account for more
than 50% of the bubble heat transfer, and that “microconvection
must play at least an equal role”.

4. Analysis

Liao et al. (2004) constructed a numerical model of bubble
growth to predict the bubble growth rate in saturated pool boiling
on a heater kept at constant tempeature. Both heat transfer
through the microlayer and heat through the bubble dome were
considered. The microlayer was assumed to have a linear profile
whose slope was given by

Gyt

as suggested by Cooper and Lloyd (1969). Their model was applied
to simulate the bubble growth experimentally obtained by Yadda-
napuddi and Kim (2001). In the early stage of bubble growth, heat
transfer was primarily by microlayer evaporation, which enabled
them to determine the value of C, in Eq. (4) to be 3.0. The heat
transfer through the bubble cap depended on the thickness of the
superheated liquid layer (d) surrounding the bubble. The value of
d was found to be 30 mm through comparison with the heat trans-
fer data. The model indicated that 70% of the heat gained by the
bubble was through the bubble cap, which was consistent with
the experimentally obtained results of Yaddanapuddi and Kim
(2001).

5. Numerical simulations

Although many numerical simulations of bubble growth have
been performed, the models were often built on an assumed heat
transfer mechanism. For example, Lee and Nydahl (1989) per-
formed a numerical simulation of bubble growth and departure,
assuming that the bubble had the shape of a truncated sphere
and a microlayer exists throughout the bubble growth period.
Not surprisingly, they concluded that microlayer evaporation ac-

counted for up to 87% of the heat transfer enhancement in nucleate
boiling. Other numerical simulations made considerable simplify-
ing assumptions (e.g., 2-D cylindrical bubbles in Son 2001 and
Bai and Fujita 1999), and are therefore not considered in this re-
view. Still other papers simulate the bubble growth and departure
process and compare with experimental results, but do not discuss
the relative contributions of the heat transfer mechanisms (e.g., Bai
and Fujita 2000; Mukherjee and Kandlikar 2007). The papers re-
viewed below simulated bubble growth with a minimum of sim-
plifying assumptions for realistic bubble geometries with a focus
on identifying the relevant heat transfer mechanisms.

Son et al. (1999) performed a numerical simulation of the
growth and departure of bubbles during boiling of water using a le-
vel-set method. The computational domain was divided into macro
(bubble and liquid surrounding the bubble) and micro (thin liquid
film between bubble and wall) regions. The thickness of the ad-
sorbed liquid layer was assumed to be 6 x 10~'° m, the contact an-
gle was fixed at 38°, and the initial size of the bubble was assumed
to be four times the mesh size. The waiting time was obtained from
experiment. The heat transfer contribution from the microregion
was found to be about 20%. Similar results for vertical merger of
two and three bubbles were obtained by Son et al. (2002), and
are shown in Fig. 11. The heat transfer contribution from the
microregion was found to be about 15-20% of the total heat trans-
fer for the three bubble growth and merger patterns. The variation
in Nu vs. time is quite different from what has been obtained
experimentally, however, and may indicate that some of the heat
transfer mechanisms were not modeled properly.

Fuchs et al. (2006) also performed numerical simulations of
bubble growth and departure including wall conduction effects
with special emphasis on the evaporating meniscus. The waiting
time between successive bubbles was specified as an input param-
eter. A spherical bubble shape was assumed for the bubble cap dur-
ing the bubble growth process from an initial bubble of diameter of
3 um, while a free deformable surface was assumed once the bub-
ble departed. The apparent contact angle during bubble growth
was obtained from a model of the microregion (Kern and Stephan
2003) and the accommodation coefficient was assumed to be the
maximum value of unity. Time dependent heat transfer profiles
through various interfaces (Fig. 12) indicate that the heat transfer
through the bubble cap (interface 5 or 6) and between the wall
and the bulk liquid in the macro-region (interface 2) each account
for about 44% of the total bubble heat transfer. Only 12% of the to-
tal heat transfer occurs through the thin-film microregion at the
three-phase contact line (interface 3)'. The heat transfer through
interface 3 is likely to be much smaller in real systems since the
accommodation coefficient is generally significantly smaller than
unity.

Mukherjee and Kandlikar (2006) numerically computed the
heat transfer associated with the advancing and receding contact
angle in an evaporating meniscus on a heated copper surface. Good
agreement with experiments (Kandlikar et al., 2005) were ob-
tained. They observed that the heat transfer coefficient at the
advancing meniscus was considerably higher than at the receding
meniscus even though the contact angle for the receding meniscus
was much smaller.

6. Effect of fluid properties

The experimental results described above may only be applica-
ble to the narrow range of fluids tested (FC-72, FC-84, and FC-
33284). The heat of vaporization for these fluids can be quite low
compared with the specific heat, so the impact of microlayer

1 Interface 3 in Fuchs et al. (2006) corresponds to q in this paper.
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vertical merger of three bubbles. From Son et al. (2002).

evaporation may be lower than for other fluids. The Jakob number,
defined as

]a = Cp(Tw - Tsat)/hfg (5)

is a measure of the sensible heat to the heat of vaporization. A sum-
mary of the Ja values for the experimental work discussed above
shown in Table 1 indicates that the sensible heating is quite large
compared to the heat of vaporization. The fluids used by Cooper
and Lloyd (1969) have significantly lower Ja than the FC fluids,
and may be a reason they observed a large microlayer heat transfer.
Results using other fluids with much larger heats of vaporization
have recently become available to test this hypothesis.
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Fig. 12. Definition of interfaces and the heat transfer across them (propane/n-
butane, p,=0.2, Ty—Tsac=8.7 K, X1 =0.245). Phases 1 and 2 correspond to the
bubble growth process, phase 3 corresponds to the bubble detachment period when
liquid rewets the wall, and phase 4 is the waiting time after bubble departure. From
Fuchs et al. (2006).

Delgoshaei and Kim (2009) obtained measurements of bubble
growing on a microheater array using pentane under near satu-
rated conditions (Tyy = 31.6 °C, Tsa = 35.8 °C, Pressure = 101 kPa).
Pentane has a Jakob number similar to the toluene and isopropyl
alcohol used by Cooper and Lloyd (1969). Their observations indi-
cate that the physical size of the bubble was significantly larger
than what could be accounted for by the wall heat transfer, consis-
tent with the results with the FC fluids (Fig. 13).

Gerardi et al. (2009) obtained boiling measurements with water
on a sapphire wafer coated with an indium tin oxide (ITO) heater. A
high-speed infrared camera was used to measure the temperature
distribution at the solid-liquid interface while a visible light cam-
era was used to image the bubble growth and departure. The Jakob
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Table 1

Summary of Jakob number calculation for experimental data.
Study Fluid G, (KI/kg K) Hg, (KJ/kg) Twan—Tsat (°C) Ja
Demiray and Kim (2004) FC-72 1.10 88.0 19 0.24
Myers et al. (2005) FC-72 1.10 88.0 38-50 0.48-0.62
Wagner and Stephan (2009) FC-84 1.10 90.0 21.1 0.26
Wagner and Stephan (2009) FC-3284 1.10 105.0 19.8 0.21
Cooper and Lloyd (1969) Toluene 1.69 350.0 17-33 0.08-0.16
Cooper and Lloyd (1969) Isopropyl Alcohol 2.57 667.0 42 0.16
Delgoshaei and Kim (2009) Pentane 2.37 357.8 16.2-20.2 0.11-0.13
Gerardi et al. (2009) Water 4.18 2257 9 0.017
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Fig. 13. Measured and equivalent bubble diameters for boiling of pentane. From
Delgoshaei and Kim (2009).
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Fig. 14. Measured and equivalent bubble radii for boiling of water. From Gerardi
et al. (2009).

number for water is an order of magnitude smaller than any of the
fluids discussed above, yet they also observed a physical bubble ra-
dius that was much larger than the equivalent bubble radius ob-
tained from wall heat transfer measurements (Fig. 14).

The data for fluorinerts, pentane, and water all indicate that
heat is gained by the bubble mainly through the bubble cap. The
dominant bubble heat transfer mechanism does not appear to be
dependent on the fluid properties.

7. Summary and conclusions

The recent experimental work performed using a wide array
of techniques by independent researchers along with recent
numerical and analytical work clearly indicates that the domi-
nant mechanism by which heat is transferred by isolated bub-
bles during boiling is through transient conduction and/or
microconvection. Heat transfer through microlayer evaporation
and contact line heat transfer do not account for more than
approximately 25% of the overall heat transfer and often sub-
stantially less.

It is also clear that none of the proposed bubble heat transfer
models described in the Introduction are consistent with the
experimentally observed heat transfer signatures. Contrary to what
would be expected from the transient conduction model of Mikic
and Rohsenhow (1969), a large heat transfer by transient conduc-
tion is observed during the wall rewetting process before the bub-
ble actually departs, not only during regrowth of the superheated
liquid layer after bubble departure. The heat transfer is also not
spatially uniform as their model suggests, and the area of influence
of the departing bubble is much smaller than twice the departure
diameter assumed in the model.

Although the formation of a microlayer between the bubble
and the heated wall was observed in many cases and was accom-
panied by large heat transfer rates, the duration was not nearly
long enough or large enough to account for the physical size of
the bubble, indicating that the bubble gained the great majority
of its energy for growth through the bubble cap and not from
processes at the wall. The heat transfer during the liquid rewett-
ing process during bubble departure was also observed to be sig-
nificantly larger in many cases than during microlayer
evaporation.

The contact line heat transfer model is lacking for similar rea-
sons. Extremely high heat transfer rates at the three-phase contact
line would have been expected as the microlayer dried out, but
higher local heat transfer was often observed during rewetting of
the dry area during bubble departure.

All of the above mechanisms contribute to the overall bubble
heat transfer to varying degrees. At present, a single model incor-
porating these submodels is currently not available. Future models
of boiling should be constructed based on the proper physics clar-
ified by the recent experimental data.
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