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Abstract

The liquid motion induced by surface tension variation, termed the Marangoni effect, and its contribution to boiling
heat transfer has been an issue of much controversy. Boiling heat transfer theory, although acknowledging its existence,
considers its contribution to heat transfer to be insignificant in comparison with buoyancy induced convection. How-
ever, recent microgravity experiments have shown that although the boiling mechanism in a reduced gravity environ-
ment is different, the corresponding heat transfer rates are similar to those obtained under normal gravity conditions,
raising questions about the validity of the assumption. An experimental investigation was performed in which distilled
water was gradually heated to boiling conditions on a copper heater surface at four different levels of subcooling. Photo-
graphic investigation of the bubbles appearing on the surface was carried out in support of the measurements. The
results obtained indicate that Marangoni convection associated with the bubbles formed by the air dissolved in the
water which emerged from solution when the water was heated sufficiently, significantly influenced the heat transfer rate
in subcooled nucleate pool boiling. A heat transfer model was developed in order to explain the phenomena observed.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Due to its high efficiency, nucleate boiling, with its
wide range of possible applications, has been studied
extensively over the past decades. Nucleate boiling is
associated with a change in phase from liquid to vapour
at a solid-liquid interface, which is characterized by the
formation of vapour bubbles that nucleate, grow and
subsequently detach from specific locations on the sur-
face called nucleation sites, that occurs when the surface
temperature exceeds the liquid saturation temperature at
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the corresponding liquid pressure. One of the main char-
acteristics of the nucleate boiling process is the very high
heat transfer rates associated with the phenomenon,
making the application especially valuable when limited
space is available to accomplish large energy transfer.
Despite the great technical importance and the exten-
sive experimental and theoretical studies that have been
performed, boiling heat transfer is still not well under-
stood, primarily because of its complexity. Because of
the latent heat of evaporation released by the virtue of
the phase change, the theories developed emphasized the
influence of the buoyancy force which arises from the
density difference between the liquid and vapour phase
in the presence of a gravitational field and causes
the vapour bubbles to detach from the heated surface.
The thermocapillary or Marangoni effect, induced by
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Nomenclature

A area (m?)

C specific heat (J/kgK)

f frequency of bubble emission (Hz)

g gravitational acceleration (m/s%)

H Henry’s law constant (atmospheres of air

pressure/(moles air/mole water))
heat transfer coefficient (W/m>K)
thermal conductivity (W/mK)
characteristic length (m)

number of bubbles

pressure (Pa, atmos)

heat flux (W/m?)

radius (m)

temperature (°C)

growth time (s)

waiting time (s)

velocity (m/s)

vapour pressure of water (Pa, atmos)
mole fraction

distance from the surface (m)
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Greek symbols

o thermal diffusivity (m?/s)

p volumetric thermal expansion coefficient
(1/°C)

0 superheated layer thickness (m)

U dynamic viscosity (Ns/m?)

v kinematic viscosity (m?/s)

0 temperature difference (°C)

p density (kg/m’)

sum
o surface tension (N/m)

Dimensional numbers

_ 3
Gr Grashof number, BTy — T )L

2
do dT p2
Ma Marangoni number, drd:"b
Nu Nusselt number, hL/k o
Pr Prandtl number, v/x 3
Ra Rayleigh number, W
Subscripts
atmos  atmospheric
b bottom/bubble
bt bubbles total
c cavity
cond conduction
i ith bubble
L characteristic length
1 liquid
m Marangoni/middle
nb nucleate boiling
nc natural convection
sat saturation
sub subcooled
sup superheat
t top/total
v vapour
w heater wall
00 bulk liquid

the surface tension variation at the vapour-liquid inter-
face, was assumed to be negligible and its contribution
to heat transfer was not taken into consideration. How-
ever, experiments performed in a microgravity environ-
ment by Straub [1] showed that the boiling process
was attainable even when buoyancy was greatly reduced
and furthermore, that the heat transfer rates obtained
were similar to those obtained under terrestrial condi-
tions. These surprising results led to a series of investiga-
tions in order to determine the mechanism responsible
for the behaviour observed. Contrary to what was previ-
ously assumed, it is now believed that the Marangoni ef-
fect is significant and its contribution to boiling heat
transfer must not be overlooked. This study is an at-
tempt to investigate convection heat transfer due to
the Marangoni effect in subcooled nucleate pool boiling
water at atmospheric pressure. The experiments were
performed at four different levels of subcooling 40, 50,
60 and 70 °C and different levels of surface heat flux var-
ying over a range up to 700 kW/m?.

2. Literature review
2.1. Surface tension induced flow

The liquid motion due to the surface tension varia-
tion at a gas/liquid interface, referred to as the Maran-
goni effect, has been studied in the past by various
researchers from different perspectives. Early works by
Pearson [2], Scriven and Sternling [3] and Smith [4] dealt
with the onset of cellular motion and the flow stability
produced in terms of the dimensionless Marangoni num-
ber, representing the ratio between the surface tension
and viscous forces, defined as

(de/dT)(dT/dz) 2
o

Ma = )

By employing linear stability analysis, these researchers
argued the existence of a minimum, or critical, value
of Marangoni number, Ma,., above which the transition
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from the buoyancy to the surface tension driven flow
would occur.

The effect of temperature variation on a spherical free
surface was examined first by Young et al. [5] who ob-
served experimentally that the small air bubbles in a
liquid sample could be held stationary or driven down-
wards by a sufficiently strong negative temperature gra-
dient in the vertical direction. The phenomenon was
attributed to the surface tension variation at the bubble
surface due to the temperature field present.

That Marangoni flow might be of importance as a
heat transfer mechanism in nucleate boiling was origi-
nally suggested by McGrew et al. [6] who questioned
the explanation that high boiling heat transfer rates
are attributed to intense vapour bubble agitation of
the liquid boundary layer adjacent to the heating surface
and bulk liquid entrainment by bubble detachment from
the surface. A series of experiments was performed in
which the liquid was heated from above and cooled from
below, with slowly increasing heat flux. Observations of
the flow profile around air bubbles placed on the heating
surface and vapour bubbles produced during boiling
conditions were enabled by small tracer particles sus-
pended in the liquid. As a result of the identical flow pat-
terns observed around air bubbles and vapour bubbles,
McGrew concluded that Marangoni flow would occur
around any bubble present in a region subjected to a
temperature gradient and that the phenomenon ob-
served served as a primary factor in the heat transfer
mechanism in those situations where bubbles remained
attached to the surface for relatively long periods of
time.

2.2. Flow distribution around a bubble on a heated wall

Since liquids, in general, have a negative temperature
coeflicient of surface tension, the preferred set-up in the
majority of experiments performed is that shown in Fig.
1. Heating the liquid from above ensures that buoyancy
and surface tension forces act in opposite directions so
that Marangoni flow cannot be overwhelmed by buoy-
ancy driven flow. The studies performed all agreed on

heated wall, Ty, wall heat flux, q"

AT

air bubble

isotherms

Marangoni flow T=T(z)

r
‘ liquid z

Fig. 1. Surface tension induced flow around an air bubble at a
heated wall.

the general liquid flow profile around a spherical gas
bubble attached to a heater surface. The difference in
the temperature of the bubble at its base and at its top
establishes the surface tension gradient which leads to
a liquid flow in the direction of increasing surface ten-
sion. Although the resulting surface tension force is op-
posed by the shear stresses within both the gas and
liquid phase, the shear stress in the liquid is much larger
than that in the gas, leading to the conclusion that the
shear forces on the gas side at the gas/liquid interface
can be neglected.

The first numerical study of the Marangoni effect
around a hemispherical bubble placed on a solid wall
subjected to constant heat flux was conducted by Larkin
[7] who obtained time dependent numerical solutions for
the flow and temperature fields, which were dependent
upon the Prandtl number and the Marangoni number,
for Prandtl numbers of 1 and 5 and Marangoni numbers
ranging from 0 to 10°. The liquid was observed to move
toward the wall, then flow around the bubble surface
and leave the bubble as a jet. The extent of the jet in-
creased with increasing Marangoni number and de-
creased with increasing Prandtl number. Larkin
reported that the flow built up quickly and then gradu-
ally declined with time but was unable continue the solu-
tion until steady-state was reached because of the
enormous computer time required.

A theoretical estimate of surface tension induced flow
on the thermal equilibrium of a vapour bubble located
at a heated wall was investigated by Gaddis [8] for the
range of Marangoni numbers between 0 and 125 and
Biot numbers from 0 to 100. Gaddis concluded that
the surface tension induced fluid flow reduced the tem-
perature difference between the wall and the vapour in-
side the bubble and therefore resulted in a lower wall
superheat needed for the incipience of nucleate boiling.
The analysis performed by Kao and Kenning [9] ex-
tended the work of Larkin and Gaddis by examining
the steady-state flow for a range of Marangoni numbers
from 50 to 2.5x10° and Biot numbers from 0 to 5000.
Their observations were in qualitative agreement with
those previously reported by Larkin. They also showed
that even a small amount of contaminants could pro-
duce considerable differences in liquid properties, result-
ing in the suppression of Marangoni flow.

The most comprehensive description of the Maran-
goni flow was given by Hupik and Raithby [10] who
examined surface tension effects in water boiling on a
downward facing heated surface. The water temperature
in all experiments performed was below the saturation
temperature. An air bubble placed on the wall resulted
in a formation of a strong jet of fluid, moving downward
along the centerline of the bubble. The surrounding
cooler liquid was induced to flow toward the heater sur-
face and the base of the bubble. At heat fluxes large en-
ough to produce a large number of vapour bubbles, an
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increased tendency of bubbles to coalesce was observed,
resulting in the formation of a vapour blanket that cov-
ered a large portion of the surface. Vigorous Marangoni
flow was observed at the periphery of the blanket, draw-
ing the liquid over the heater surface and propelling it
along the vapour interface.

An important observation was reported in the com-
prehensive work of Schwabe and Metzger [11] concern-
ing the relative importance of the surface tension
induced flow in liquid crystal growth with high Prandtl
number. In their experiments, ethanol was placed in a
rectangular cavity with a free upper surface. The temper-
ature gradient in the bulk liquid was provided by means
of two bulk heaters placed at diametrically opposite
locations on the outer wall of the cavity. In order to vary
the temperature difference across the free surface inde-
pendently from that in the bulk liquid, two thin surface
heaters were placed at the surface level above the corre-
sponding bulk heaters from which they were thermally
insulated. In this way, it was possible to vary the temper-
ature gradient in the bulk liquid and across the surface
independently and consequently to separate the influ-
ence of the buoyant and surface tension forces. The re-
sults obtained clearly showed the Marangoni flow
produced and its increasing significance with increasing
temperature gradient. The surface tension forces ob-
served were always significant in the experiments per-
formed and the authors recommended that surface
tension effects should be given much more attention.

Wozniak et al. experimentally examined the effective-
ness of particle-image—velocimetry for the visualisation
of the flow induced by surface tension variation in both
normal gravity, Wozniak, Wozniak and Rosgen [12] and
reduced gravity, Wozniak, Wozniak and Bergelt [13].
Normal gravity experiments, performed again with an
air bubble inserted in silicon oil under a heated wall fac-
ing downward, clearly identified the flow pattern which
led to the conclusion that the technique employed could
be used effectively for Marangoni flow investigations.
The experiments performed in microgravity, where the
surface tension variation was the only reason for the in-
duced flow, showed that the influence of the flow pro-
duced penetrated much deeper into the bulk liquid and
led to a jet-like liquid flow.

For higher Marangoni numbers, oscillatory Maran-
goni flow was observed and reported by various
researchers [11,14-18].

2.3. Marangoni heat transfer

The first attempt to examine the relevance of
Marangoni heat transfer was performed by Larkin in
the course of his analytical study on Marangoni flow
around a hemispherical bubble. By making a number
of assumptions, Larkin analyzed the influence of the sur-
face tension driven flow on the Nusselt number and con-

cluded that the impact of the mechanism on heat
transfer was an increase of only 30% in the rate of heat
transfer at a very high Marangoni number of 10°. Lar-
kin concluded that before Marangoni convection be-
came an important heat transfer mechanism, the
Marangoni number had to exceed a value of 10°. How-
ever, boiling experiments performed in microgravity led
to the striking observation that the heat transfer coeffi-
cient in nucleate boiling was hardly influenced by the
gravity level according to Straub et al. [19] for a wide
range of fluid states and heat fluxes examined. The con-
clusion was in strong contradiction with the existing
boiling theories which generally assumed that the heat
transport mechanism was dominated by buoyancy
forces due to the density difference between the liquid
and vapour phase. Gravity was therefore seen as an
important factor in all physical based or empirical corre-
lations for pool boiling heat transfer. Microgravity
experimental results raised questions about the mecha-
nism responsible for high heat transfer rates obtained
under reduced gravity conditions since buoyancy was
suppressed in those cases and was no longer playing a
role in the heat transfer process. Straub pointed out that
among mechanisms neglected in the boiling heat transfer
models was Marangoni convection which was caused by
the surface tension variation and was therefore inde-
pendent of gravity. From a series of experiments and
numerical investigations, Straub demonstrated that,
contrary to what was believed until then, surface tension
induced flow was significant and that its contribution to
heat transfer could not be neglected. Furthermore, an
experimental investigation with an air bubble resting
on a platinum wire heater submerged in methanol
showed 100% increase in the heat transfer rates due to
the Marangoni convection when compared with pure
buoyancy convection. When water was used as the
working fluid, it was reported that no enhancement of
heat transfer was observed. Straub repeated the experi-
ments with double-distilled, deionized and tap water,
but could not detect any difference in the results. Straub
suggested that water contamination could be the reason
for the observed behaviour and concluded that further
investigation was needed.

Arlabosse et al. [20] performed an experimental anal-
ysis of the contribution of Marangoni convection to heat
transfer for an air bubble injected in silicon oil. The test
cell used in the experiments was an enclosure with a flat
heated plate on top, through which an air bubble was
introduced, a brass wall at the bottom and plexiglass
sidewalls. Based on the results obtained for Prandtl
number values of 220, 440 and 880 and Marangoni num-
bers in the range from 0 to 600, it was determined that
the ratio of Marangoni convection heat transfer to heat
transfer by pure conduction changed with the square
root of the Marangoni number in accordance with
q"/q" .4 = 1 +0.00841Ma">. However, Marangoni con-

con
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vection contribution was relatively small for the config-
uration and range of parameters investigated.

Another Nusselt number correlation was reported by
Betz and Straub [21] who extended the investigations
previously performed by Straub et al. [19,22]. For the case
where buoyancy and Marangoni flows acted in opposite
directions, and the Bond number, the ratio of gravita-
tional and surface tension forces, was equal to 0.1, it
was determined from the experiments performed in vari-
ous liquids that Nu=1+ CMa’>* where C was depend-
ent on the height of the liquid and the bubble volume.

An interesting observation, obtained during an
experimental investigation of boiling heat transfer per-
formed with the very experimental apparatus employed
in the present study, was reported by Robinson and
Judd [23]. Under conditions of highly subcooled boiling
of water, air bubbles which stayed attached to the boil-
ing surface were observed coming out of solution. As a
result of the bubble formation, a 20% increase in the
heat transfer coefficient was measured. It was postulated
that the mechanism responsible for the increased heat
transfer rates was Marangoni convection. The conclu-
sion made was in agreement with one made many years
earlier by Pike et al. [24], who investigated the effect of
dissolved air and carbon dioxide on surface boiling of
water and glycerine. The results showed that dissolved
gas caused the onset of surface boiling to move to a
lower surface temperature for boiling to start, indicating

bulk liquid thermocouples

water out

ﬁ digital camera

liquid level\A : ot

that heat transfer from the surface to the bulk liquid was
enhanced. At the time, no explanation was given for the
phenomenon observed, but it would seem from the pre-
sent point of view, that one of the mechanisms involved
was Marangoni convection.

3. Experimental investigation
3.1. Boiling vessel

A cross-sectional view of the apparatus used in the
experimental study is presented in Fig. 2. The distilled
water inside the vessel used as the working fluid was
heated by two main heaters located on the outer surface
of the vessel. The desired bulk liquid temperature was
achieved by simultaneously heating the bulk liquid with
the main heaters and cooling it by passing cold water
through the subcooling coils within the vessel. The flow
rate through the subcooling coils was regulated by a nee-
dle valve and monitored continuously. For the bulk lig-
uid temperature measurements, two thermocouples, T}
and T, were inserted into the vessel through fittings in
the cover plate and located at approximately 5 and 10
mm from the vessel centerline, ostensibly 40 mm above
the working surface.

A copper heater block was mounted in a stainless
steel sleeve on the centerline of the stainless steel skirt.

fiber optic cable
water in

T~ cover plate

| vessel wall

fiberglass e <
insulation \

M
main heaters //1
\\

/ window

| subcooling coils

heater surface

side window \ E %%

guard heater —— 5 jﬂﬂ 2 |7 stainless steel
e S, S8 skirt
cartridge heaters %{\ ’ ,,m@g, T /\/:F?\ copper block
T
support disc / i; stand
T
(XX I 10 cm
| air thermocouple scale

Fig. 2. Experimental set-up.
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The skirt was supported by a stainless steel flange
welded to the inside of the vessel wall. Two 25 mm diam-
eter circular glass windows were installed at diametri-
cally opposite locations in the outer wall of the vessel
affording visual observation of the phenomena occur-
ring at the heater surface.

The temperature of the air between the stainless steel
sleeve and the vessel wall was controlled by the guard
heater located on the outer surface of the vessel. The
presence of the guard heater in this region minimized ra-
dial heat losses from the copper block and the axial heat
losses from the bulk liquid. The power to the guard hea-
ter was varied in such a way that the air temperature
around the stainless steel sleeve was as close as possible
to the average temperature of the copper block located
in the sleeve. In addition, the entire outside surface of
the vessel was covered with a fiberglass insulation layer,
thereby reducing the heat losses to the environment.

In order to obtain photographic images of bubble
formation on the heater surface, a stainless steel tube
with a glass window at the bottom was inserted through
the cover plate and located approximately 80 mm above
the heater surface. The position of the tube was fixed

Thermocouple location

with respect to the cover plate with silicon cement.
The glass window was kept clean by a wiper, designed
and fixed to the tube for this purpose.

3.2. Heater surface

The heater surface was made from a cylindrical bar
of ultra pure copper as shown in Fig. 3. The upper
end of the copper block served as the heater surface.
The lower end was machined to receive the cartridge
heaters that provided the heat flux to the surface. The
diameter of the copper block was reduced in order to
create an air gap between the block and the surrounding
stainless steel sleeve. The air gap served as insulation to
minimize the radial heat losses from the copper block.
The heater block was welded to the stainless steel sleeve
and 10 mm holes were drilled in the copper block to re-
ceive the thermocouples 7, T, and T}, used for the heat
flux determination. In order to reduce the 60 Hz noise
around the thermocouples inserted in the copper block,
an AC to DC converter was connected in series with the
120 V, 10 A Variac employed to supply power to the car-
tridge heaters. The circuit was connected to digital multi-

31.50 mm
28.96 mm

17.50 mm_
J— heater surface 9.50 mm

. . 7l
stainless steel skirt (}

Tm

N

cartridge heater—"|

vessel wall 7

> ‘
Ty

air gap

stainless steel sleeve /1

BN
\\\

N
—
scale

10 mm

Fig. 3. The heater surface assembly.
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meters that provided the current and voltage readings of
the power input. Although the electrical power readings
were not employed for surface heat flux determination,
they were recorded and compared with heat flux values
obtained from the axial temperature distribution in the
copper block. The agreement provided confidence in
the estimation of the radial heat losses present in this re-
gion. The average difference was found to be £4% which
was considered to be acceptable.

The heater surface temperature was determined from
the measurements of the thermocouples inserted in the
copper block which measured the axial temperature dis-
tribution. Three thermocouples, Ty, Ty, and T}, were in-
serted into the 10 mm diameter holes drilled into the
copper block, located along the copper block centerline
at distances of 1.60, 9.50 and 17.50 mm from the heater
surface respectively. These temperature measurements
were used to determine the heat flux to the heater surface
as well.

All thermocouple readings were monitored by the
display of an Omega Engineering DP116 Digital Panel
Meter. The readings were found to be in a good agree-
ment, £0.5 °C, with a mercury thermometer and a Fluke
79 (Series III) digital multimeter at the freezing and boil-
ing temperatures of water. Since the thermocouple read-
ings were to be used to determine steady-state
conditions, a Phillips PM 8202 single pen chart recorder
was employed to indicate the approach of thermal equi-
librium. Although the chart recorder was calibrated, it
was not used for the thermocouple readings since it
was found to be less accurate and less convenient to
use than the digital panel meter.

The bulk liquid subcooling level was found in accord-
ance with Og,, = T — T, Where T, represents the bulk
liquid temperature based on the averaged bulk liquid
thermocouple measurements, 7., = % (T + T,) and Ty
is the water saturation temperature determined from
the barometric pressure reading. The uncertainty in the
calculated subcooling level is the result of the uncer-
tainty in the bulk liquid temperature measurement
which is introduced by the digital panel meter and the
thermocouples employed. The meter was calibrated
and the maximum error was found to be £0.5 °C. The
resulting uncertainty associated with 40 °C subcooling
was found to be 1.25%.

The surface heat flux was calculated by assuming a
one-dimensional temperature distribution in the copper
block, in accordance with the Fourier law of conduction
q! = —k.dT/dz ~ —k.AT/Az, where k. represents the
thermal conductivity of the copper at the average copper
block temperature, and A7/Az is the axial temperature
gradient in the copper block, based on the thermocouple
measurements Ty, Ty, and T}, obtained at known dis-
tances from the surface. Since the ultra pure copper used
for the copper block fabrication has high thermal con-
ductivity, it was assumed that the temperature distri-

bution in the copper block was linear so the axial
temperature measurements used to determine surface
heat flux were fitted with a least squares linear fit. The
temperature gradient, AT/Az, was determined from the
slope of the line obtained and the surface temperature
T, was determined by extrapolation of the line to the sur-
face. The resulting uncertainty in the heat flux measure-
ment was determined to be 4.1%, based on the statistical
analysis performed by Shoukri [25] for the distribution of
temperature at a hole along the axis of the copper block
and further extended by Robinson [26] to the experimen-
tal set-up used in the investigation performed.

The surface superheat, 0., was determined by
Osup=Tw— Tsar where T, is the surface temperature
and T, is the water saturation temperature determined
by barometric pressure measurement. The uncertainty in
the surface temperature measurement and consequently
in the value of the surface superheat calculated was esti-
mated to be 1.2%.

3.3. Photographic investigation

In order to obtain clear images of the heater surface
needed for the investigation, a Redlake Motion Scope
digital camera was placed above the heater surface along
the vessel centerline. The use of this camera provided
photographs in a digital form which were convenient
for analysis. The images were captured by means of a
Pentax Macro-Tacumar 1:4/50 lens (Asahi Optical Com-
pany) and displayed on a Dell E770s monitor by means
of an Intel Pentium III Processor and camera software
(Redlake Motion Scope PCI). The necessary illumina-
tion of the heater surface was provided by a Fiber Optic
Illuminator (Dolan-Jenner Industries, Inc.). The optical
fiber cable was admitted to the vessel through an open-
ing in the vessel cover plate. An example of the photo-
graphs obtained is shown in Fig. 4.

The photographs obtained clearly displayed the air
bubbles attached to the heater surface. The investigation
performed required that size and distribution of the air
bubbles on the surface be analyzed. For this purpose
the “Digitize XY Data” computer program, created by
Impera Software, was used. The data was saved as a
Microsoft Excel file which was convenient for further
calculations.

3.4. Experimental results

In each experiment performed, three different regimes
were visually observed, distinguished by the observation
of the phenomena occurring at the heater surface. The
first regime, identified as natural convection, which
was characterized by the absence of bubble activity on
the surface and the presence of heat flow currents
observed above the heater surface, was present in the
initial heat flux range. The second regime, Marangoni
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Fig. 4. Air bubble distribution with increasing surface heat flux and 50 °C liquid subcooling: (a) ¢" =77.2 kW/m?, T, — T..=41.8 °C;
(b) ¢"=93.7 kW/m?, T\ —T-=458 °C; (c) ¢"=111.9 kW/m? Ty —T.,=48.9 °C; (d) ¢"=141.2 kW/m?, T\ —T-,=50.4 °C; (c)
q"=164.9 kW/m?, T,,— T, =56.4 °C; (f) ¢"=190.5 kW/m?, T\, — T =59.1 °C.

convection, began when the situation on the surface
changed. At certain levels of surface heat flux and liquid
subcooling, air bubbles started emerging from the solu-
tion and attached themselves to the heater surface. The
air bubbles promoted a change in the flow profile in
the surrounding bulk liquid, causing a change in the
governing heat transfer mechanism. The third regime,
nucleate boiling, started when the heat flux reached a
value large enough for vapour bubbles to nucleate on
the surface. It was characterized by the detachment of
the air bubbles, intensive vapour bubble production
and a noticeable sound.

The results of the investigation performed are pre-
sented in the form of a boiling curve in which the surface
heat flux ¢” was plotted against the temperature differ-
ence between the surface and the bulk liquid tempera-
ture, Ty, — T4, for each of the four subcooling levels
investigated. It can be seen in Fig. 5 that for each sub-
cooling level, the three different regimes described earlier
are present as indicated by the different trends associated
with the different regions of the curves. The change in

the boiling curve from natural convection to Marangoni
convection was preceded by the appearance of the air
bubbles attached to the heater surface. The air bubbles
were determined to be spherical by visual observation
through the side window of the apparatus. The appear-
ance of the air bubbles did not shift the curve immedi-
ately, in as much as it was evident that the change in
the governing heat transfer mechanism did not occur
until the rate of heat transfer by Marangoni convection
exceeded the rate of heat transfer by natural convection.

It was noted that for each value of surface heat flux,
the air bubbles would remain at the surface until a max-
imum size had been attained, after which they would de-
tach and a new bubble would appear at the same spot and
pass through the same life cycle. With further increase in
surface heat flux, and hence further increase in surface
temperature, the number of air bubbles on the surface
would increase. This trend continued until the rate of
heat transfer by nucleate boiling exceeded the rate of heat
transfer by Marangoni convection after which nucleate
boiling started at the surface.
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Fig. 5. Boiling curve for various subcooling levels.

4. Analysis and discussion
4.1. Heat transfer model

The analysis is based on a heat transfer model suc-
cessfully used in the past by Judd and Hwang [27] to
analyze boiling heat transfer phenomena. As depicted
in Fig. 6, the total heater surface area A, is considered
to be comprised of the total area influenced by the air/
vapour bubbles A4y, which is associated with Marangoni
convection/nucleate boiling heat transfer and the area
free of bubbles A, which is associated with natural con-
vection heat transfer. The total heat transfer rate from
the heater surface to the bulk liquid is then given by

q"Ac = qheAne + GuAne (2)

A=At Ap =Apct )y Ay,

i=1

A~ total surface area
A .— area associated with Natural Convection
Ay, — total area associated with air/vapour bubbles
Ap;— area associated with i-th bubble

N, — number of bubbles on the surface

Fig. 6. Representation of the surface heat transfer model.

where ¢, represents the heat flux due to natural convec-
tion in the area A,. and ¢, is the heat flux due to
Marangoni convection/nucleate boiling in the total area
occupied by air/vapour bubbles Ay,.

The heat transferred by the bubbles g;, 4y can be ex-
pressed as the product of the heat flux ¢, and the area

influenced by bubbles Ay, in accordance with

Ny
Aol = g > Avi 3)
=1
where Ny, is the total number of bubbles on the surface
and Ay, is the surface area influenced by a single bubble,
taken to be four times the projected bubble area as dis-
cussed by Judd and Lavdas [28]. Substituting Eq. (3)
into Eq. (2), replacing 4,,. = 4, — folAbi and rearrang-
ing yields

Ny,
q' = .+ lay — anc] (Z Abf/fh) 4)
i=1

4.2. Natural convection

Heat transfer between the heated surface and the
bulk liquid is attributed to natural convection, the mode
of heat transfer resulting from buoyancy effects in which
the heat transfer rate due to natural convection is pre-
dicted according to Newton’s law of cooling by
Gne = hdune(Tw — Tox).

The average heat transfer coefficient is produced by
the flow conditions on the surface which can be ex-
pressed in terms of an average Nusselt number
Nu; = hL /ki. In the case of a circular disk, the character-
istic length is L=A/P=(zR*)/(2nR)= R/2 where R is the
radius of the disk. For the present situation, a heated
surface facing upward toward a cold liquid, McAdams
[29] proposed that

3 1/4
¥, — CRaV — C {gﬁlm —V?O)(m) PF} o)
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Khalifa [30] reported that values of the coefficient C
could be found in the range from 0.54 to 0.71 in the lit-
erature. It was determined that the value of 0.62 gave the
best agreement with the experimental data obtained in
the present investigation. Substituting the value of the
heated surface radius R yields

8 1/4
gl = 2,126k1{‘i—2Pr} (T — To)** (6)
i

which was used in the evaluation of the surface heat flux
rates due to natural convection for comparison with the
experimental data where the fluid properties were evalu-
ated at the film temperature Ty, = % (Ty — Tw). As seen
in Fig. 5, the experimental results obtained fit the curve
predicted by Eq. (6) extremely well.

4.3. Incipience of air bubble formation

The change in the governing heat transfer mechanism
from natural convection to Marangoni convection was
closely related to the appearance of bubbles on the hea-
ter surface. A mixture of air and water vapour is present
in each bubble and Dalton’s law of partial pressures
states that the total pressure of the gas mixture is equal
to the sum of the partial pressures of its components in
accordance With pPamos =Pair T Pwatervapour- Air is also
present in the bulk liquid, due to its ability to dissolve
in water. At equilibrium, the rates of air entering and
leaving the liquid, as well as the air partial pressures in
the gas and liquid phase, are equal. The equilibrium vol-
ume of air dissolved in the bulk liquid is determined by
Henry’s law. For a dilute solution of air in water,
Henry’s law states that air is dissolved in the water in
the amount proportional to the partial pressure of air
above the liquid p,;;= Hx. Raoult’s law gives the rela-
tionship between the partial pressures of the components
in the liquid solution in accordance with p,imes=Hx+
VP(1 —x). The vapour pressure VP and values of
Henry’s law constant H corresponding to temperatures
in the range 0-100 °C were inserted in the equation
above in order to solve for the concentration of air dis-
solved in a saturated air/water solution x and the varia-
tion of air partial pressure p,;; which is plotted as a
function of temperature 7 in Fig. 7.

The pressure differences indicated in Fig. 7 represent
the difference in air partial pressures calculated at the
bulk liquid temperature and the surface temperature
for the conditions at which the first bubble emerged
from the solution at each of the four subcooling levels
investigated. According to nucleation theory, small
imperfections always present in a heated surface, serve
as nucleation cavities for bubble formation. During the
initial contact between the surface and the liquid, a mix-
ture of air and water vapour is trapped in the cavities.
The partial pressure of the air entrapped in the nuclea-
tion cavities decreases as the surface temperature in-

1.000
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Fig. 7. Analysis of air bubble initiation.

creases. The difference in the partial pressures of the
air present in the bulk liquid and the air in the cavity
causes air to diffuse from the liquid towards the cavity,
resulting in the formation of a bubble. The partial pres-
sure differences are tabulated in Table 1.

These results were used to estimate the radius of the
cavity at which the first air bubble formed in accordance
with the relationship Ap =20¢/R... Substitution of the va-
lue of the surface tension of water o and Apaverage =
0.533395 atmos=54.05 kPa, yields a cavity radius
R. =2.3 pum. Subsequent air bubbles would form at
smaller cavities. The value obtained lies in the range of
nucleation cavity radii customarily encountered in boil-
ing heat transfer on a pure copper surface.

4.4. Marangoni effect

The air bubbles that emerged from the solution at the
nucleation cavities and attached themselves to the heater
surface caused a change in the governing heat transfer
mechanism from natural convection to Marangoni con-
vection. As depicted in Fig. 8, the bubbles extended the
thermal boundary layer at the surface and promoted a
flow from the hot wall to the cold bulk liquid due to
the surface tension variations along the bubble/liquid
interface. Liquid flow near the bubbles is the result of
the temperature gradient between the hotter heated sur-
face to which the bubbles were attached and the colder
bulk liquid. The temperature difference 0, =Ty — T
establishes the flow profile and the heat transfer rates
attained.

The heat transfer rate due to Marangoni convection
was obtained from Eq. (4), which expresses the heat
transfer model introduced earlier. By substituting the
expression developed for natural convection heat trans-
fer rates and the values of surface area associated with
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Table 1
Analysis of the conditions determining air bubble initiation
()sub (OC) Too (OC) Dairat 7., (atmos) Tw (OC) Dairat 7, (atmos) A[? = Pairat 7, ~ Pairat 7, (atmos)
40.0 60.0 0.803483 92.0 0.225397 0.578086
50.0 50.0 0.878347 89.0 0.333983 0.544364
60.0 40.0 0.927301 85.3 0.422817 0.504484
70.0 30.0 0.958219 84.0 0.451573 0.506646
APaverage=0.533395
v . same reference length for each combination of the
Marangoni flow \ *“ 4 bulk liquid, T. parame‘ters ‘involved and the results obtainefl are pre-
\ \ I ( sented in Fig. 9. In order to develop a functional rela-
R NN tionship between ¢ /¢” . and Marangoni number to
/// // | \\\ \\ compare with Arlabosse’s relationship, the data of the
N i/ ‘ \ \\ p T=T(2) present investigation was fitted with the best parabolic
\\j {7*‘1" bubble—f\;‘ \\// fit. It is seen in Fig. 9 that the relationship obtained fit-
R \ / ted the data reasonably well, leading to the conclusion
o~ ‘ L that the problem was modeled correctly. Furthermore,
T | T T T Teo Tw T the relationship obtained was identical to that obtained
by Arlabosse. It should be mentioned that the experi-
surface heat flux, q" N .. .
2Ry, heated surface, Ty mental set-up afforded a limited range of Marangoni

Fig. 8. Marangoni flow around an air bubble.

Marangoni convection and setting gf, = ¢, the follow-
ing relationship was obtained

Ao _  dm L )
qgond B (TW - TOC) ki

As explained by Arlabosse et al. [20], the reference
length should be proportional to the length of the fea-
ture over which the flow disturbance extends, so L was
set to Ry, where Rb is the radius of the bubble.

The values of ¢/, /g, obtained were plotted against
the corresponding Marangoni numbers based upon the

numbers to be investigated such that significant modifi-

cations of the experimental assembly would be needed in

order to extend the Marangoni number range.
Substitution of Eq. (7) into Eq. (4) leads to

q" = qy. (1 - Zb:Abi/At> + 4 <Zh:Abz‘/At>
—2. 126k1{gﬁ } (Ty — T (1 - iAb,-/Al>
v oS )

— (14 0.00841Ma"?)(
Rb
(8)

10
9L

gl =50°C subcooling
* 60°C subcooling

* 70°C subcooling
— Arlabosse

q"m/q"cond
(=2

0 . . .

"/ = 1+ 0.00841 Ma'?
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80000 100000 120000 140000
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Fig. 9. Variation of the Marangoni convection/conduction heat transfer ratio with Marangoni number.
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The total heat transfer rates predicted by Eq. (8) showed
good agreement with the experimental data plotted in
Fig. 5, leading to the conclusion that the relationship
was able to predict the heat transfer rates over a signifi-
cant range of parameters at different subcooling levels.

4.5. Incipience of nucleate boiling

Transition from the Marangoni convection to the
nucleate boiling heat transfer regime occurred when
the surface heat flux reached a value large enough for
vapour bubbles to nucleate on the surface. Vapour bub-
bles appeared at the nucleation sites at which air bubble
nucleation had occurred during Marangoni convection
under the conditions appropriate for nucleate boiling.
The change in the heat transfer regime was characterized
by rapid air bubble detachment from the heater surface,
intensive vapour production and the change in the slope
of the curve observed in Fig. 5. The transition from
Marangoni convection to nucleate boiling was deter-
mined by examining the heat transfer rates.

Classical nucleate boiling heat transfer theories asso-
ciate the heat transfer rates obtained during nucleate
boiling with energy transport from the heater surface
to the adjacent superheated liquid layer and its displace-
ment due to the departing vapour bubbles. Han and
Griffith [31] postulated that nucleation sites on the sur-
face would have to be surrounded by a superheated liq-
uid layer in order for vapour bubbles to grow. The liquid
layer would provide the necessary heat of vapourization,
resulting in the vapour bubble growth and eventually
departure from the surface. The bubble would remove
the portion of the superheated layer contained within
its area of influence when departing from the surface
and the void created in the thermal boundary layer
would be filled by the surrounding colder liquid resulting
in a heat flow from the hotter surface to the colder liq-
uid. The time required for the re-establishment of the
thermal layer, denoted as the waiting time ¢, is followed
by the time during which the bubble grows to departure
size, termed the growth time, 7, such that =1, +#,=1/f.

Mikic and Rohsenow [32] argued that the instantane-
ous rate of heat transfer averaged over the whole bubble
period 7 yields the average heat flux due to nucleate boil-
ing over the area of influence which is given by

PR AN I ()
qnb—;/o Td’_f/o Ty

:2k1(TW_T00)\/J7

T

p1Ciki/f (Ty — To) )

Evaluation of the properties of water at the saturation
temperature 100 °C resulted in the expression

G, = 1870/ (T = T) (10)

The average frequency of bubble emission was ob-
tained from an experimental investigation performed
by MacKenzie et al. [33] on the same heater surface em-
ployed in the present study which yielded

fo =453 x 107022 (11)

sup

Based on his earlier experimental observations that the
bubble emission frequency decreases with increasing
subcooling level, Judd [34] has recently proposed a bub-
ble frequency correlation for subcooled boiling condi-
tions expressed by the relationship

f/fo =exp(—0.0268204,,) (12)
The combination of Eqgs. (11) and (12) yields

S =4.53x 107 exp(—0.026820,,, )0, (13)
Expressing the temperature difference in Eq. (10) as
Tw—Too=0sp+t Osup, the following relationship for
nucleate boiling heat flux was obtained

gl = 12586 /exp(~0.026820,0)0%2 (O + Ou) ~ (14)

sup

Eq. (14) was utilized to compute the heat transfer rates
due to nucleate boiling for comparison with the rates
attributed to Marangoni convection heat transfer. An
expression for the prediction of Marangoni convection
heat transfer rates was obtained by combining the previ-
ous relationships

g = (1+ 0.00841Ma1/2)§(Tw ) (15)
b

Fig. 10 presents nucleate boiling and Marangoni con-
vection heat fluxes evaluated at the film temperature and
an average bubble radius R,=0.55 mm, based on the
photographic investigation performed. It is seen in Fig.
10 that there are two regions distinguished by the dom-
inant heat transfer mechanisms. The four separate
curves on the graph for each subcooling level investi-
gated represent the Marangoni convection dominant re-
gion. In this zone, Marangoni convection heat transfer
rates are initially greater than the corresponding nucle-
ate boiling heat transfer rates, indicating that although
the wall temperature was higher than the saturation tem-
perature, boiling was suppressed by the Marangoni con-
vection heat transfer mechanism. Only after the nucleate
boiling heat transfer rates became greater than the
Marangoni convection heat transfer rates did vapour
bubbles begin to form on the surface and boiling started.

Experimental observations confirmed the conclusion
expressed above. For the four subcooling levels investi-
gated, the transition from Marangoni convection to
nucleate boiling regime occurred when nucleate boiling
heat transfer rates exceeded the corresponding Maran-
goni convection heat transfer rates. The intersections
of the curves plotted in Fig. 10 for subcooling levels of



S. Petrovic et al. | International Journal of Heat and Mass Transfer 47 (2004) 5115-5128 5127

10000000

1000000

100000

Surface Heat Flux, q" [W/mz]

1000

>
10000 " Nucleae Boiling - - - 60°C subcooling
,,,-/ ------ 60°C subcooling

p” — - 70°C subcooling

Experimentally Determined
Nucleate Boiling Incipience

Equation (14)

} Equation (15)

—— 40°C subcooling
—— 40°C subcooling
— = 50°C subcooling
——— 50°C subcooling

—-—=- 70°C subcooling

10 100

Wall Superheat, © sup[°C]

Fig. 10. Incipience of nucleate boiling.

40, 50, 60 and 70 °C, indicate that nucleate boiling starts
at superheats of 13, 15, 16 and 18 °C respectively. The
nucleate boiling incipience superheats reported in Petro-
vic [35] confirm these values.

5. Conclusions

An experimental investigation was performed in
order to examine the contribution of Marangoni convec-
tion to the rate of heat transfer in subcooled nucleate
pool boiling using distilled water heated on a copper
heater surface at atmospheric pressure and subcooling
levels of 40, 50, 60 and 70 °C. For each subcooling level
investigated, heat flux to the heater surface was gradu-
ally increased from zero to a value large enough for
nucleate boiling to become fully developed. During the
experimental investigation, the natural convection phe-
nomenon was confirmed and a relationship present in
the literature was found to give excellent agreement with
the experimental data obtained.

With increasing surface heat flux, a change from nat-
ural convection to Marangoni convection heat transfer
was observed. Analysis of the data obtained provided
confirmation of the presence of the Marangoni convec-
tion phenomenon. The ratio of the Marangoni convec-
tion heat flux and the heat flux due to pure conduction
was found to be in perfect agreement with the relation-
ship previously reported by Arlabosse. The heat transfer
rates predicted by the theory developed were found to
give excellent agreement with the experimental data,
supporting the conclusion that the situation encountered
during the experimental investigation was indeed
Marangoni convection.

With further increase in the surface heat flux, a
change from Marangoni convection to nucleate boiling

heat transfer was observed. The correlations developed
confirmed the nucleate boiling phenomenon and demon-
strated that the change from Marangoni convection to
nucleate boiling heat transfer occurred when the heat
transfer rates associated with nucleate boiling exceeded
those associated with Marangoni convection.
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