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Abstract

Bubbles have been observed rapidly sweeping along very fine heated wires during subcooled nucleate boiling with jet flows emanating
from the tops of the vapor bubbles. This paper analyzes the physical mechanisms driving the bubble and the jet flows from the tops of
these moving bubbles. The flows are analyzed by numerically solving the governing equations for the velocity and temperature distribu-
tions around the bubble and the heated wire as the bubble moves along the wire. The bubble motion is due to the non-uniform temper-
ature distribution in the liquid and in the wire caused by the bubble as it moves along the wire. The flow is driven by the horizontal
Marangoni flow induced by the temperature difference across the bubble which thrusts the bubble forward. Comparisons with experi-
mental observations suggest that the condensation heat transfer at the bubble interface is restricted by non-condensable gases that
increases the surface temperature gradient and the resulting Marangoni flow.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nucleate boiling is encountered in many fields, such as
energy utilization, manufacturing processes and chemical
processing. In the last part of the 20th century, boiling
has been increasingly applied to many new areas, such as
spacecraft thermal control, electronic cooling, and bioengi-
neering. However, even though a wide variety of boiling
models exist, no general theoretical models accurately pre-
dict boiling heat and mass transfer rates over a variety of
conditions and even the basic mechanisms are not entirely
understood [1,2]. Dhir [1] presented an extensive review of
the available research, but noted that ‘‘Boiling is an extre-
mely complex and illusive process, which continues to
baffle and challenge inquisitive minds.’’

The phenomena of bubble motion along a heated wall has
been investigated many times, especially in forced flow boil-
ing, tube boiling and boiling on downward facing or inclined
walls. During forced convection boiling on vertical walls with
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upflow [3], the bubbles slide along the heater wall and typi-
cally do not lift off, while with downflow, the bubbles either
lift off directly from the nucleation site or slide some and then
lift off. The process of vapor bubble sliding appears to
enhance the energy transfer from the heating surface as evi-
denced by larger heat transfer coefficients for upflow than
for downflow under otherwise identical operating conditions.
Similarly, heat transfer with boiling around tubes is more due
to bubbles sliding around the tubes than the nucleation on
the surface [4–6]. Cornwell et al. [5] and Cornwell and Grant
[6] analyzed the contribution of bubble motion to the heat
transfer to show that heat transfer was largely through a thin
layer of liquid under the bubble as the bubble slid.

At the microscale level, the flows in and around a vapor
bubble attached to a wall during nucleate boiling form the
basis for the boiling heat transfer mechanisms. Larkin [7]
gave perhaps the first reported observation of thermocapil-
lary jet flows (Marangoni convection) emanating from
the tops of vapor bubbles. The development of digital
measurement and visualization techniques has provided a
new tool for studying these microscale heat transfer
mechanisms during boiling. Peng et al. [8] observed
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Nomenclature

Ab bubble surface area
Aw wire cross-sectional area
c specific heat
FP pressure force on bubble
Fthrust thrust acting on the bubble
h convection coefficient
hfg heat of vaporization
hj equivalent interfacial heat transfer coefficient
k z-direction unit vector
M vapor molecular weight
n normal direction
R universal gas constant
p pressure
Pw wire perimeter
Q distributed energy source term in wire
Qb localized energy source term in wire due to bub-

ble
Rb bubble radius
s tangential direction
t time
T temperature
Tv vapor temperature
T̂ excess temperature in wire
u, v velocities
U bubble velocity
x, y, z Cartesian coordinates

Greek symbols

a thermal diffusivity
/ polar angle from the z-axis
k wire thermal conductivity
l dynamic viscosity
qv vapor density
h azimuthal angle in the x–y plane from the

x-axis, temperature difference
r surface tension
r̂ accommodation coefficient
sr,/ tangential shear stress
n moving z-coordinate

Subscripts

1 convection coefficient before bubble
2 convection coefficient after bubble
b back side of bubble
f front side of bubble
s bubble surface, saturation
w wire
v vapor; vertical
x, y, z coordinate directions
1 ambient conditions
r, h, / spherical coordinate directions
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nucleation jets from inverted stationary vapor bubbles.
Wang et al. [9–12] observed various types of jet flows ema-
nating from nucleation sites on microwires and from bubbles
on the microwires including stationary bubbles and bubbles
sweeping along the microwires with jet plumes trailing
behind the bubbles. Single and multiple jet flows were
observed around both stationary and moving bubbles [13]
with numerical investigations showing that for stationary
bubbles, multiple jets would develop if the bubble diameter
was larger than the wire diameter. Bubble sweeping on ultra-
thin wires was observed for a variety of conditions with bub-
ble sweeping observed on horizontal, vertical and inclined
wires with the observed sweeping velocities seemingly inde-
pendent of the orientation [14]. Wang et al. [14] also observed
bubble motion on the sides of the heated wires as well as the
tops. For stationary vapor bubbles, Wang et al. [15] observed
that the measured velocities in the bubble top jets were
essentially independent of orientation relative to gravity
indicating that buoyancy was not the primary mechanism
driving the flows. Bubbles have also been observed returning
towards the wire after some perturbation pushed the bubble
away from the wire (usually another smaller bubble) with
calculations showing that the thrust from the Marangoni
flow is sufficient to cause the bubble to return [16].

Analysis of the flow dynamics of stationary bubbles on
microwires [13] showed that Marangoni flow is the most
significant force driving the flows around the vapor bub-
bles. Their experimental and numerical results both verified
that natural convection had little effect on the flow field,
most likely due to the very small size of the wires. The flow
dynamics around a bubble on a flat surface, either above or
below the heated surface, would be very different due to the
much larger area of the heated surface.

The present paper presents a natural extension of the
analysis of flows around stationary bubbles [13] to the
much more complex analysis of the fluid and thermal
dynamics driving the bubble motion observed along heated
ultrathin platinum wires and the thermal jets observed
flowing from the tops of these bubbles. The analysis is
based on the experimental conditions for ethanol, but
similar moving bubbles were also observed in water. The
analysis considers the effects of natural convection and
Marangoni flow as well as the heat transfer due to the con-
vection and evaporation within the bubble.

2. Theoretical analysis

2.1. Bubble sweeping dynamics

Vapor bubbles have been observed moving along heated
wires due to Marangoni flow from the front to the rear of
the bubble driven by the surface tension gradient occurring



Fig. 1. Typical moving bubble with trailing jets.
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Fig. 2. Bubble-jet geometry and coordinate system with the bubble
moving in the z-direction.
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when the front bubble surface is warmer than the rear sur-
face. Marangoni flow occurs because the surface tension
for nearly all fluids decreases with temperature so that fluid
is pulled from higher temperature regions to lower temper-
ature regions along the liquid surface. The bubble
depresses the wire and fluid temperatures in the vicinity
of the bubble due to the larger heat transfer caused by
the bubble as compared to natural convection [10].
As the bubble then begins to move due to some perturba-
tion, the leading edge of the bubble moves into warmer
fluid while the trailing edge is exposed to cooler fluid. Thus,
the front surface will be warmer than the back surface cre-
ating Marangoni flow from the front to the back which
provides thrust to further move the bubble forward. The
bubble quickly accelerates until the increasing drag bal-
ances the thrust. The motion continues until the bubble
encounters some obstacle, typically another bubble. A
numerical analysis was, therefore, used to verify if the
Marangoni thrust was sufficient to drive the bubbles at
the observed velocities of 20–60 mm/s.

Marangoni flow also occurs in the vertical direction
from the bottom to the top of the bubble due to the vertical
temperature gradient along the bubble interface. Since the
vertical temperature gradient is much larger than the hori-
zontal temperature gradient, the vertical velocities are lar-
ger with obvious jet plumes observed in the experiments.
The jet plumes were especially evident in the jet plumes
above stationary bubbles [15] but were also observed ema-
nating from moving bubbles. The experimental observa-
tions also showed that the bubbles moved up and down
along vertical wires and along inclined wires, indicating
that the dynamics are independent of gravity. The veloci-
ties of the jet flows from the bubble tops were also essen-
tially independent of the orientation to gravity, so this
description of the dynamics refers to a bubble on a hori-
zontal wire only to simplify the description. The most sig-
nificant observation of the effects of gravity is that no
bubbles were observed moving along the underside of wires
even though stationary bubbles with downward flowing
bubble top jets were observed underneath the wires. While
buoyancy would be expected to cause moving bubbles to
slide around to the top of the bubble, the results also show
that the thinner natural convection boundary layer under-
neath the wire also severely limits the bubble motion due to
the smaller induced temperature gradients along the bubble
interface.

2.2. Numerical solution of the Navier–Stokes equations

A typical moving bubble is shown in Fig. 1. The mea-
sured bubble movement velocities were typically in the
range of 20–60 mm/s with the bubbles very quickly acceler-
ating to a steady-state speed. Therefore, the analysis only
considers the steady-state bubble dynamics since the bub-
ble velocities were constant most of the time. The three-
dimensional flow geometry shown in Fig. 2 included the
heated wire, the bubble with evaporation and condensation
at its surface and a large liquid region around the bubble.
The bottom surface of the bubble was assumed to be sep-
arated from the wire surface by a 2 lm thick microlayer
based on visual observations made during the experiments
that the bubbles did not seem to be actually touching the
wire and on Sharp’s [17] observations that the microlayer
is 0.5–2.5 lm thick. Simulations of stationary bubbles with
1.5 lm or 2 lm thick microlayers yielded essentially the
same flow velocities and heat transfer rates [13] so the
uncertainties in the microlayer thickness are thought to
not have a significant effect on the overall results. The bub-
ble is held to the wire not by surface tension forces since the
contact area is very small, but by the thrust of the vertical
Marangoni flow from the bubble top. The flow and heat
transfer were analyzed by numerically solving the steady-
state, laminar, three-dimensional Navier–Stokes equations
with the energy equation [13]. The problem statement was
transformed so that the bubble was stationary while every-
thing else moved at the experimentally observed bubble
velocity in a moving Cartesian coordinate system, includ-
ing the wire and the outer surface of the computational
domain.

The energy equation boundary conditions included a
heat source in the wire, Q, and a specified bulk subcooling
temperature at the outer boundary which was about 30
bubble diameters away from the wire. The outer boundary
was specified as a moving, solid wall to facilitate conver-
gence. Tests with larger boundaries and open (constant
pressure) boundaries indicated that the outer boundary
was sufficiently far removed to have no effect on the flow
field near the bubble. The boundary condition at the
bubble interface used to model the evaporation and
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condensation at the interface was based on a convective
heat transfer coefficient [15]
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and a vapor temperature equal to the saturation tempera-
ture for the pressure inside a bubble of the given size based
on the LaPlace and Clausius–Clapeyron equations:
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2rT s

hfgqvRb

ð2Þ

For ethanol at atmospheric pressure with the bubble radius
of 0.1 mm used in most of the calculations, the correction
to the vapor temperature in Eq. (2) is only about 0.1 �C.
The accommodation coefficient in Eq. (1) is generally as-
sumed to be 0.03 as suggested for water [15].

The momentum equation boundary conditions at the
wire were the no slip condition with the wire moving at
the bubble velocity. The boundary condition for the
momentum equation at the bubble interface was modeled
using the Marangoni boundary condition:
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where n indicates the normal direction and s indicates the
tangential direction to the interface.

The inlet conditions were a specified uniform axial flow
velocity equal to the bubble velocity with the u, v and T dis-
tributions calculated assuming pure natural convection
from the wire as would occur for an undisturbed wire in
the liquid pool.

The equations were solved using the finite volume method
with second-order central differencing of the advection
terms using FLUENT 6.0. First-order upwind differencing
was first used to approach a converged solution with the dif-
ferencing method then changed to second-order central dif-
ferencing to finish the calculation. A large jump in the wire
temperatures was typically observed when the differencing
method was changed. The QUICK method [18] gave the
same results as the second-order central differencing.

The grid included about 320,000 tetrahedral elements
with a double layer of hexahedrons on the bubble interface
since the Marangoni boundary condition calculation is most
accurate with hexahedrons. Calculations with about 450,000
elements yielded similar results, in terms of the bubble veloc-
ity, fluid velocities and heat fluxes, to those described here.
The results with about 120,000 elements were somewhat dif-
ferent with lower equilibrium bubble velocities and an unre-
alistic temperature distribution along the wire due to the
restricted heat transfer between the bubble and the wire
caused by the small number of elements there.

2.3. Equilibrium force balance on the bubble

The bubble velocity (actually the velocities of the inlet,
the wire and the outer surface) was based on the equilib-
rium between the pressure drag on the bubble and the hor-
izontal thrust caused by the Marangoni flow. The pressure
drag on the bubble was calculated by integrating the pres-
sure component in the z-direction over the bubble surface.

F P ¼
Z

pð~n � kÞdAb ð4Þ

The thrust due to the Marangoni flow along the bubble
interface was calculated by integrating the z component
of the tangential shear stress, sr,/, over the bubble surface.

F thrust ¼
Z
ð�sr;/sin ð/ÞÞdAb ð5Þ

A negative value indicates thrust while a positive value
indicates drag. The bubble will move at uniform velocity
when the pressure force on the bubble given by Eq. (4)
and the thrust on the bubble given by Eq. (5) are balanced.

2.4. Analytical solution for the wire temperature

The heat transfer from the bubble to the wire can be
approximated as a moving point source in a wire with uni-
form heat generation and convection from the outside of
the wire. However, the convection from the wire before
the bubble passes is only due to natural convection
while the convection after the bubble passes is due to signif-
icantly more fluid motion due to the bubble wake; there-
fore, the heat transfer coefficient around the wire is
higher behind the bubble than in front of it. The governing
equation for the temperature distribution in the wire is the
one-dimensional, transient heat conduction equation with
the convection heat flux from the surface treated as a heat
loss term
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where the convection coefficient before the wire is h1 and
that after the wire is h2. The solution was adapted from
the moving heat source solutions given by Eckert and
Drake [19]. After transforming the time derivative to a
moving z derivative and defining the temperature difference
h as T � T1, Eq. (6) becomes
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where h = h1 for n < 0 and h = h2 for n > 0 and n = z �
U * t with U as the moving source velocity (i.e., the bubble
velocity). The boundary conditions are that the tempera-
tures at z = ±1 are equal to the excess heat temperatures
due to the heat generation defined as

T̂ z¼�1 ¼
QAw

h1P w

þ T1; T̂ z¼þ1 ¼
QAw

h2P w

þ T1 ð8Þ

and that the sum of the heat transfer rates at z = 0 from
both directions is equal to the heat transfer due to the mov-
ing source which in this case is the bubble heat transfer, Qb.



Fig. 3. Temperature distribution around a vapor bubble moving along a
heated wire at 28.3 mm/s.
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The interface temperature between the solutions for n less
than zero and for n greater than zero is
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The solution for n < 0 is then:
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while the solution for n > 0 is:
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As will be shown in the results, these two equations give a
reasonable approximation of the wire temperature distribu-
tion given by the numerical solution of the 3D Navier–
Stokes equations for the entire flow field.

3. Results

The experimentally observed movement of vapor bub-
bles along heated wires was analyzed by solving the
Navier–Stokes and energy equations to model the flow
around the bubble moving along a heated wire. The results
reported here are based on the properties of ethanol at the
boiling point, 77 �C. Similar results were observed in water.
The two bubble sizes analyzed in the calculations had diam-
eters of 0.2 mm and 0.4 mm, which were typical of the
experimentally observed bubbles. The wire was made of
platinum with a diameter of 0.1 mm. The bulk liquid sub-
cooling was varied from 20 �C to 50 �C as in the experi-
ments. For these conditions, the convective heat transfer
coefficient at the bubble interface given by Eq. (1) was
153000 W/m2K. Since these bubbles were relatively large,
the saturation temperature at the vapor pressure inside
the bubble would also be essentially 77 �C. The wire temper-
atures in the experiments were 10 �C–15 �C above satura-
tion with heat generation rates in the wire of about
1 · 1010 W/m3 with several percent of the energy lost from
the wire to the supports. In the analysis, the heat generation
rates in the wire were adjusted until the evaporation and
condensation rates in the bubble were in equilibrium, which
resulted in heat generation rates that were 10–20% less than
the experimental values. The predicted wire superheats and
bubble velocities agreed well with the measured values.

3.1. Numerical results

The numerical solution of the governing equations for
the 3D velocity and temperature distributions yielded aver-
age wire temperatures for the various cases which were all
within the experimental uncertainties of the measured tem-
peratures. For the calculations, the bubble velocity was
varied until the pressure drag and the thrust were in equi-
librium, which would indicate a steady-state velocity. The
analysis showed that for these conditions, the bubble heat
transfer rate could only be balanced if the condensation
heat transfer coefficient within the bubble was much less
than the evaporation rate. Marek and Straub [20] showed
that the condensation heat transfer coefficient could be
reduced by more than 90% by a very small amount of
non-condensable gases. The evaporation coefficient is
probably not affected by the non-condensable gases, or
the effect is quite small, because such gases tend to accumu-
late at the condensing surface. A reduced condensation rate
increases the Marangoni flow driving force because it
increases the temperature gradient along the bubble inter-
face. The calculations showed that for these conditions,
the thrust could only balance the pressure drag if the con-
densation heat transfer coefficients were at least 20 times
smaller than the evaporation coefficients.

A typical temperature distribution along the centerplane
passing though the center of the bubble and the center of
the wire is shown in Fig. 3. These results are for a bubble
moving to the left with a velocity of 28.3 mm/s, a diameter
of 0.2 mm, a subcooling of 30 �C, a heat generation rate of
3.6 · 109 W/m3, an average wire temperature of 81.9 �C
and an evaporation/condensation heat transfer coefficient
ratio of 100. The microlayer between the bubble and the
wire is not visible in Fig. 3 since it is less than the line thick-
ness. The thermal hydraulics were analyzed for various
bubble velocities until the horizontal component of the
thrust generated by the Marangoni flow balanced the hor-
izontal force due by the pressure distribution as described
in Section 2.3. The calculation was based on the properties
of ethanol at its boiling point. The plume observed in the
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experiments is evident in the temperature distribution.
Such a distinctive plume can only occur as a result of
Marangoni flow along the interface. The calculated veloci-
ties near the bubble ranged from 50–100 mm/s which
agrees with the range of velocities measured using a PIV
system for these conditions [15]. The temperature contours
on the bubble interface are shown in Fig. 4 for the same
conditions. Two low temperature regions formed on the
top and on the upper part of the back side. The Marangoni
effect causes the liquid on the surface to flow towards these
two minimum temperature locations with jets leaving the
surface at these points. However, these jets quickly coalesce
into one jet above the bubble for these flow conditions. The
surface velocities are largest at the bottom where the tem-
perature gradient is the largest and decrease upward along
the interface. The surface velocities are the lowest between
the two low temperature regions with a small recirculating
zone above the bubble between these two points which
reduces the heat transfer in that area and increases the sur-
face temperature.

Fig. 3 also shows that the moving bubble absorbs the
energy in the boundary layer around the wire as it moves
across the wire. The liquid temperature distribution in
front of the bubble shows a normal heated boundary layer
around the wire. However, the temperature distribution
behind the bubble shows that the liquid in what was the
boundary layer region is substantially cooler due to the
heat transfer to the bubble. The temperature difference in
the liquid regions just in front of and just behind the bubble
then contribute to the surface temperature differences on
the bubble. The reduced heat transfer due to the higher
fluid temperatures in the front would be somewhat
increased by the higher heat transfer coefficients caused
by the flow impinging the front of the bubble; however,
since the front surface of the bubble is hotter than the back
Fig. 4. Temperature contours on bubble surface. The dark blue spots are
the coolest while the orange region at the bottom is the hottest. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
surface, the effect of the different fluid temperatures on the
heat transfer is more important than the effect of the differ-
ent heat transfer coefficients.

Other numerical results not presented here clearly
showed that natural convection without Marangoni flow
could not create such a distinctive plume and resulted in
maximum velocities that were far less than measured
experimentally.

The numerical results verify that Marangoni flow is the
most likely mechanism causing the bubble to move. The
thrust in Eq. (5) pushing the bubble forward is the result
of the horizontal component of the velocities along the
bubble interface, which is the result of the horizontal tem-
perature gradient along the bubble interface. The surface
temperatures shown in Fig. 4 decrease from the front
towards the back (left to right in Fig. 4) with a temperature
difference from the front to the back of the bubble of about
2 �C. Although most of the flow is directed upwards, the
flow has a small horizontal component that is sufficient
to push the bubble forward. The temperature gradient
from the front to the back occurs as the large amount of
heat transfer associated with the bubble cools the liquid
and the wire near the bubble causing the liquid behind
the bubble and the back side of the bubble to be cooler
than the front side.

The surface normal velocities due to the evaporation
and condensation at the bubble interface can also be esti-
mated from the numerical results. The maximum evapora-
tion rate, which occurred only in a very small region near
the wire, was approximately 6 · 105 W/m2 which would
result in a liquid velocity normal to the bubble interface
of less than 1 mm/s which is far less than the velocities in
that region. The condensation rates were far less since they
were spread over a much larger area, so the velocities due
to condensation would also be negligible. Although the
surface normal velocities due to evaporation and condensa-
tion can be neglected, the heat transfer due to evaporation
and condensation can not be neglected since both signifi-
cantly affect the temperature distribution around the bub-
ble. In addition, further calculations showed that if the
evaporation and condensation heat transfer are neglected,
the top of the bubble is much cooler than the bottom
resulting in extremely large, unrealistic velocities due to
the Marangoni flow. Therefore, the heat transfer effects
were included in the numerical model while the resulting
normal velocities were not.

The heat flux from the wire surface behind the bubble
was significantly increased by the Marangoni flow around
the bubble and by the flow disturbances due to the wake
behind the bubble. Although the maximum heat flux
occurred directly underneath the bubble, the area affected
by the wake behind the bubble was much larger which
resulted in more heat transfer from this area than from
underneath the bubble. The heat transfer in this wake
region was enhanced by relatively cool fluid drawn up from
below the wire by the Marangoni effect and by the dis-
rupted boundary layer which substantially increase the
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cooling of the wire in that area. Typical heat transfer rates
in the wake region were 3–6 times greater than the heat
transfer due to evaporation from the liquid region directly
underneath the bubble.

3.2. Analytical results using the model in Section 2.4

The predicted wire temperature distribution given by the
analytical solution described in Section 2.4 is compared with
the wire temperatures given by the numerical solution for the
entire flow field in Fig. 5. The moving heat source that repre-
sents the excess heat transfer due to the bubble and the
Marangoni flow around the bubble, Q = 0.0027 W is at
n = 0. The heat transfer coefficients before and after the bub-
ble were calculated using the average heat flux on the wire
and the average wire temperatures given by the numerical
solution 1 mm before the bubble and 2 mm after the bubble.
Fig. 5 shows that the analytical solution given by Eqs. (10)
and (11) gives a reasonable representation of the full numer-
ical solution so Eqs. (10) and (11) can be used to model the
heat transfer in the wire as the bubble passes by. This result
also confirms that the relatively large heat transfer rate due
to Marangoni induced flow around the wire in the bubble
wake must be included in the heat transfer model. The rela-
tively lower surface temperatures after the bubble passes
explain the significantly lower nucleation rates observed
experimentally for some time after the bubble passes until
the wire surface temperature again recovers back to its origi-
nal value. The relative temperatures before and after the
bubble are very sensitive to the heat transfer coefficients
before and after the bubble. For example, if the heat transfer
coefficient behind the bubble were the same as in front of the
bubble, the temperature behind the bubble would increase
rather than decrease very soon after the bubble passes. The
temperature at n = 0 predicted by the analytical model for
unequal heat transfer coefficients, Eq. (9), was 82.2 �C,
which was the same as that predicted by the numerical
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Fig. 5. Temperature distribution along the wire for ethanol with a
subcooling of 30 �C, a bubble diameter of 0.2 mm, a bubble velocity of
28.3 mm/s, and a heat generation rate of 3.6 · 109 W/m3.
model. The temperature difference between the locations
on the wire corresponding to the front and rear surfaces of
the bubble was 0.9 �C for the conditions in Fig. 5. The tem-
perature difference from the front to the back of the bubble
calculated from the data in Fig. 4 was 2 �C which again indi-
cates the importance of the heated boundary layer fluid
impinging the front of the bubble on the heat transfer to
the bubble interface.

3.3. Effects of flow conditions on the bubble movement

Variations in the evaporation and condensation heat
transfer coefficients (which are essentially proportional
to the accommodation coefficients) significantly affected
the heat transfer rates and bubble velocities. Equal eva-
poration and condensation accommodation coefficients
(increased condensation heat transfer coefficient compared
to the results in Figs. 3 and 4) resulted in no bubble motion
because the much reduced temperature differences in the
horizontal and vertical directions resulted in very little
Marangoni flow around the bubble. The lack of motion
then actually reduced the heat transfer from the wire. Sig-
nificantly reduced condensation heat transfer coefficients
(with the evaporation coefficient kept constant) resulted
in slightly less heat transfer but larger bubble velocities as
the larger temperature differences across the bubble created
more horizontal Marangoni flow and thus more thrust.

Increases in the liquid subcooling increased the bubble
velocity and the heat transfer from the wire since the cooler
bulk liquid temperature not only increases the heat transfer
from the bubble and the wire to the liquid but also the tem-
perature difference across the bubble which increases the
bubble velocity. The effect of liquid subcooling was also
observed experimentally with large subcoolings required
to generate the observed bubble motions.

Analysis of the flow and temperature fields around a lar-
ger 0.4 mm diameter bubble showed that the larger bubble
increases the heat transfer from the wire by about 20%
while reducing the bubble velocities by about 30%. The
bubbles velocities are lower because the larger bubble cre-
ates more drag and since even though the larger bubble has
a larger temperature difference across the bubble surface,
the temperature gradient is less which reduces the Marang-
oni flow.

Experimental observations have shown that the bubble
top jet flows are essentially independent of orientation rel-
ative to gravity with bubble top jet flows going sideways
and down as well as up. Bubble motion was also observed
on vertical wires with bubbles moving both up and down
the wire at essentially the same velocities; however, bubbles
were not observed moving underneath the heated wires.
The numerical results confirmed that bubble motion under
the wire is less likely with a much lower bubble velocity of
8.0 mm/s predicted for the 0.2 mm diameter bubble with a
subcooling of 30 �C (rather than 28.3 mm/s for a bubble on
top of the wire). The bubble moves much slower because
the heated boundary layer under the wire is much smaller
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than on top of the wire so that as the bubble moves along
the wire, the temperatures around the bubble are more
uniform which reduces the Marangoni flow driving the
bubble. Even though the bubble velocity was reduced, the
heat transfer due to a bubble underneath the wire was
increased by about 30% relative to the case with a bubble
on top of the wire. Of course, buoyancy would also tend
to push a moving bubble from underneath the wire to on
top of the wire.
4. Conclusions

The heat transfer and fluid motion around a nucleation
bubble moving on a heated wire were analyzed numerically
by solving the Navier–Stokes equations with the energy
equation. The results show that the bubble motion must
be driven by Marangoni flow due to the temperature differ-
ence between the front and the back surfaces of the bubble.
The evaporation and condensation velocities normal to the
interface were too small too significantly influence the
velocity field; although the heat transfer due to the evapo-
ration and condensation is very significant. The results also
show that the temperature gradients on the bubble surface
and the resulting Marangoni flow will not be strong enough
to move the bubble unless non-condensable gases or some
other mechanism is present to reduce the condensation
heat transfer at the interface. The calculations show that
reductions in the condensation heat transfer while reducing
the overall heat transfer, work to increase the bubble
velocity.

The numerical results show that the convection heat
transfer due to the Marangoni driven flow along the wire
surface is significantly greater than the heat transfer
directly attributable to the evaporation under the bubble.
The results also show that, as expected, larger liquid sub-
coolings result in increased heat transfer rates and
increased bubble velocities.

A simple analytical solution for the temperature distri-
bution in the wire given as a function of the heat transfer
due to the bubble was shown to reasonably represent the
wire temperature to give further insight into the mecha-
nisms driving the bubble motion.
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