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Summary
Thermal Marangoni convection about a 1mm radius air bubble situated under a heated 

wall o f constant temperature immersed in a silicone oil layer {Pr = 220) of constant 

depth 5mm was experimentally investigated using a flow imaging technique known as 

particle image velocimetry, or PIV. The response to increasing temperature gradient 

and Marangoni numbers in the range 145<Ma<363 was investigated. For all 

experiments, steady-state convection was observed and primary, thermocapillary- 

driven vortices were seen to develop on both sides of the bubble, along with a jet-like 

flow of liquid from the bubble tip that protruded into the bulk liquid below it. Beneath 

these primary flow structures, secondary, slower-moving vortices were also observed, 

and these buoyancy-driven vortices rotated in opposite direction to the primaries.

To investigate the influence of Marangoni number alone, simulations were performed 

using the software package Fluent, consisting of a two-dimensional axisymmetric grid 

with a 1mm radius air bubble situated on a heated wall of constant temperature 

immersed in a silicone oil layer {Pr = 82.5) of constant depth 5mm. Simulations were 

carried out for Marangoni numbers in the range 0<Ma<915 under zero gravity 

conditions. By analysing the flow and temperature fields, an insight into the mechanism 

governing local heat transfer was obtained. The increase in the local and surface 

average heat flux on the wall to which the bubble was attached was computed and it 

was determined that, compared with pure conduction, thermocapillary convection 

enhanced the local heat flux on the hot wall to over 65%. Furthermore, the enhanced 

heat transfer penetrated a distance of approximately seven bubble radii along the hot 

wall, and four bubble radii along the cold wall. Cold wall local heat flux values were 

calculated to be up to 180% greater than conductive heat flux values. The concept of an 

area o f enhanced heat transfer around the bubble was introduced. The numerical results 

indicated that the ratio o f Marangoni heat transfer to conduction over a constant area of 

enhancement displayed a slightly exponential relationship. For the range of Marangoni 

numbers tested, a 23% improvement in the average heat transfer in the vicinity of the 

bubble has been calculated for the hot wall, and up to 90% for the cold wall.

For a Marangoni number o f Ma = 915 using the same fluid as above, the influence of 

the magnitude o f gravitational acceleration was investigated. Increasing the gravity
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Summary

level above a certain magnitude was found to cause the formation o f secondary vortices 

which prevented the primary vortices growing to fiill size, and limited the extent of the 

jet-like flow from the bubble. The increasing gravity levels corresponded to a reduction 

in the effective radius and area of enhancement. For Ma = 915, maximum enhancement 

occurred under zero-gravity conditions.

The gravity level was also varied at different Marangoni numbers in the range 

0<Mo<915. It was determined that at low temperature gradients and therefore low Ma, 

increasing the gravity level actually increased heat transfer, which contrasted the 

behaviour at higher values of Ma. At 1-g, the improvement in the average heat transfer 

along the hot wall in response to increasing Ma displayed different characteristics to 

that at 0-g. It was postulated that when the Marangoni number was increased in the 

presence of gravity, the primary vortices lost some mechanical energy to the secondary 

vortices.

The influence of Prandtl number was also investigated. It had been suggested by some 

authors that an inverse relationship between heat transfer enhancement and Prandtl 

number existed, but following the dimensionless solution obtained in this study, one 

may conclude that the Prandtl number has little to no effect on the heat transfer.

Three-dimensional grids were constructed which included a second bubble. The 

spacing between the two bubbles was varied between simulations to analyse the 

influence of the separation distance between them. For zero gravity conditions, it was 

determined that the local wall heat flux was greatest for the smallest separation of three 

bubble radii, but that the increase in heat transfer over the whole domain was greatest 

for a separation of ten bubble radii.

When the effects of gravity were included in the model, the behaviour was observed to 

change between the cases. At large separations between the bubbles, increasing the 

gravity level was found to decrease the local wall heat flux, which was consistent with 

much of the two-dimensional work. At small separations however, the increase in 

gravity led to an increase in the local wall heat flux, which was caused by a buoyancy- 

driven flow formed by the interaction o f secondary vortices.
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Chapter 1: Introduction
This chapter introduces the concept o f  M arangoni convection, providing a b rie f 

historical background on the topic before a general overview  o f  the problem  under 

investigation in this study. A n outline for the thesis is also detailed at the end o f  the 

chapter.

1.1 Surface tension driven fluid motion

The M arangoni effect is now  know n as the m ass transfer along an interface due to 

(therm al) surface tension gradients. How ever, the nam ing o f  the phenom enon has been 

the subject o f  som e debate over the years. The phenom enon o f  surface-tension-driven 

fluid m otion was supposedly first discovered by B elfast-born engineer and physicist 

Jam es Thom son in 1855 during his now  fam ous ‘tears o f  w ine’ experim ent [1-3]. W hen 

a w ine w ith high alcohol content was placed inside a w ine glass, a ring o f  clear liquid 

form ed near the top o f  the glass. A t the m eniscus o f  the w ine, capillary forces caused 

the liquid to clim b the glass walls. The liquid started to evaporate, but the alcohol in the 

liquid evaporated faster than the water. Since there was less alcohol present in the ring 

o f  liquid, the surface tension increased. The bulk wine, which had a low er surface 

tension due to its greater alcohol content, was then draw n tow ards the evaporating film. 

Som e droplets form ed at the evaporating ring, and were seen to fall dow n to the bulk 

again under their own weight. The cause o f  this behaviour was surface tension 

gradients. A lcohol has a low er surface tension than w ater {oethanoi ~  0.023 N /m , abater ~  

0.072 N /m ) [2, 3], and it was determ ined that regions o f  low er alcohol concentration 

pulled  m ore vigorously on the surrounding fluid than regions o f  h igher alcohol 

concentration. H ence, liquid was seen to flow aw ay from  the regions o f  higher alcohol 

concentration, a m otion which is now  also known as the soluto-capillary effect.

1.1.1 Rayleigh-Benard convection

Som e o f  the m ost im portant work relating to fluid convection w as perform ed by Benard 

[4], and Rayleigh [5]. In 1900, Benard conducted experim ents on a long, thin horizontal 

layer o f  liquid heated from  below  w ith an upper free surface. W hen instabilities form ed 

in the liquid layer, Benard observed flow patterns com posed o f  individual polygonal 

flow  structures, consisting prim arily  o f  hexagonal cells. W ithin each cell, the fluid flow 

w as directed upw ard at the centre and dow nw ard at the perim eter. The flow  pattern
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typically displayed ‘honeycomb’ symmetry. Initially it was thought that steady-state 

laminar convection in horizontal layers was responsible for the formation of these 

hexagonal cells. However, subsequent investigations in which the top free surface was 

covered with a solid lid showed remarkable differences in the flow patterns. These new 

patterns consisted primarily o f a collection of convective rolls which were 

approximately two-dimensional.

The obvious differences between the flow patterns led Benard and others to investigate 

the influence o f surface tension, in particular its dependence on temperature. It was 

later determined that the formation of the hexagonal cells witnessed by Benard was the 

result of a strong ‘thermocapillary effect’. Contrastingly, the roll patterns observed with 

the lidded layer resulted from buoyancy-driven (thermal or thermo-gravitational) 

convection solely [6].

The opinion that surface tension effects were responsible for the hexagonal patterns 

was confirmed in experiments by Block [7], and later by Pearson [8], who observed 

similar structures for Ra < Rocru and even for Ra ~ 0. This ruled out the influence of 

thermal and thermo-gravitational convection. The hexagonal flow pattern became 

known as Benard convection.

For the case where the thin layer was sandwiched between two plates, only buoyancy 

was therefore responsible for the fluid motion. Rayleigh, in 1916, developed the theory 

which found the condition for the onset of convection. He formed a dimensionless 

number known as the Rayleigh number, Ra. The critical Rayleigh number determines 

the critical temperature difference ATcru required for a particular fluid layer perturbed 

with disturbances of wave number W to be in the marginal state. This means the fluid is 

on the verge of becoming unstable. Any increase in temperature difference above ATa-it 

should result in the entire fluid layer changing spontaneously from a fluid at rest to one 

entrained to convective rolls, provided the temperatures on top and bottom are uniform 

[6, 9, 10]. This type of fluid motion became known as Rayleigh-Benard convection.
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1.1.2 Marangoni convection & the Marangoni effect

From the lUPAC Compendium of Chemical Terminology [11], the Marangoni effect is 

defined as follows:

“Motions o f the surface o f a liquid are coupled with those o f the subsurface flu id  or 

fluids, so that movements o f the liquid normally produce stresses in the surface and 

vice versa. The movement o f the surface and o f the entrained fluid(s) caused by surface 

tension gradients is called the Marangoni effect

The Marangoni effect, and its associated dimensionless parameter, the Marangoni 

number, are named after Italian scientist Carlo Marangoni, who graduated in 1865 from 

the University of Pavia, Italy. His dissertation was entitled ‘Sull’ expansiome dell 

goccie di un liquido galleggianti sulla superficie di altro liquido’, which translates to 

‘On the expansion of a liquid drop floating on the surface of another liquid’. The 

Marangoni number represents the ratio of (thermal) surface tension forces to viscous 

forces. The Marangoni effect was responsible for the hexagonal flow patterns observed 

by Benard. It is also commonly known as the thermocapillary effect. The presence of a 

gas-liquid or vapour-liquid interface subject to temperature gradient can initiate this 

form of natural convection.

The temperature dependence of surface tension is described by Straub [12] and Larkin 

[13]. At a gas-liquid or in some cases a vapour-liquid interface, attractive forces 

between liquid molecules cause surface tension effects. These interfacial tension forces 

increase or decrease with temperature, depending on the working fluid. In most cases, 

higher temperatures cause a reduction in strength of the intermolecular forces that bind 

the liquid together at the surface. The surface tension consequently decreases and 

becomes equal to zero at a critical temperature Tcnr- If a temperature gradient is present 

at the surface, local stress diminishes toward the hot side and intensifies toward the 

cold side. The surface tension variation induces a ‘tank-tread-like’ motion of the gas- 

liquid or vapour-liquid interface which causes a convective flow tangential to the 

interface.

Nowadays, the majority of natural convection processes in terrestrial environments are 

buoyancy driven and caused by unstable density gradients due to temperature
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differences within the system [14], However, thermal Marangoni convection is also 

independent o f  gravitational acceleration and therefore the only natural convection 

mechanism in microgravity applications.

1.2 Bubble-induced Marangoni convection

For the case o f  a gas bubble affixed to a heated surface, thermocapillary or Marangoni 

convection can influence the wall heat transfer by acting as a pump which transports 

hot fluid near the wall into the cool bulk liquid, as depicted in Figure 1.1. A jet-like 

flow develops from the top o f the bubble, travelling along the centreline, and a major 

vortex develops on either side o f the bubble centreline. Heat transfer is enhanced in a 

region close to the bubble as the colder fluid is re-circulated by the vortices and 

transported toward the hot surface. At some point from the gas-liquid interface, the 

bubble-induced Marangoni convection will cease to have effect, and heat transfer will 

be purely by molecular diffusion, or if  gravity is present, natural convection. This 

location may depend on many factors; bubble geometry, fluid properties and/or 

operating conditions such as gravity and the temperature gradient. As o f yet, there is 

little to no information quantifying the magnitude and area over which Marangoni 

convection impacts upon local surface heat transfer.

X i k

boundary' layer T ^ a i r

heated wall

Figure 1.1: Marangoni convection about a bubble fixed to a heated wall
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1.3 Outline o f the report

A comprehensive literature review o f the most important works concerning Marangoni 

convection is provided in Chapter 2. The motivation for this research is expressed in 

Chapter 3, in particular focussing on the need for information about the heat transferred 

by Marangoni flow about gas and vapour bubbles on heated surfaces. Chapter 4 

describes the experimental work undertaken in this study, and the results o f  the 

experiments are presented. The numerical methods employed, governing equations, and 

validation o f the numerical work are presented in Chapter 5, and the results o f the 

single bubble 2D axisymmetric numerical simulations are outlined in Chapter 6. 

Chapter 7 details the 3D numerical work, with numerical validation o f  the 

axisymmetric approach provided before progression to the two bubble simulations. The 

final section outlines the major conclusions from this investigation.
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Chapter 2: Literature Review
This chapter provides a comprehensive literature review of the most important works 

concerning Marangoni convection. Observations of the phenomenon during boiling of 

vapour bubbles are detailed, as well as the investigations to discover what mechanisms 

and parameters cause the onset of this convection during boiling. Relevant studies of 

Marangoni convection caused by free surfaces are briefly reviewed. Several studies 

have been performed in non-boiling conditions to investigate the flow structure about 

gas bubbles, and these papers are also summarised. Finally the few, but significant, 

attempts to quantify the influence upon heat transfer are described in detail.

2.1 The role of Marangoni convection during boiling

McGrew et al. [15], argued the theory that high boiling heat transfer rates are due to 

intense vapour bubble agitation of the liquid boundary layer close to the heating surface 

and bulk liquid disturbance due to bubble detachment from the surface. Utilising tracer 

particles to observe the flow pattern around air bubbles placed on the heating surface 

and vapour bubbles produced during boiling, experiments were conducted in which the 

liquid was heated from above and cooled from below, with slowly increasing heat flux 

levels. The flow profiles were identical for both air and vapour bubbles. Some lateral 

motion of bubbles was also observed. Based on these findings McGrew et al. 

concluded that Marangoni convection would occur around any bubble present in a 

region subjected to a temperature gradient. McGrew et al. also suggested that this 

served as a primary heat transfer mechanism in those situations where bubbles 

remained attached to the surface for relatively long periods of time.

Straub et al. [16] performed experiments in microgravity and increased gravity to 

elucidate the influence o f gravity level on the nucleate boiling process, in particular on 

the heat transfer coefficients. According to Straub et al. the correlations for nucleate 

boiling at that time treated gravity as the primary driving force for boiling heat transfer. 

However, the usefulness of the correlations degraded very quickly as the parameters o f 

interest fell outside the range for which they were developed. All correlations for 

boiling heat transfer at the time were also based on conditions of earth gravity. Based 

on what was known about nucleate boiling on wires, a reduction in gravity level should 

have coincided with a large reduction in heat transfer coefficient. Results obtained by
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Straub et a l for 0-ĝ  showed that the heat transfer coefficient was the same at lower heat 

flux levels, and only 2% less at high heat flux levels when compared to results obtained 

at 1-g. Other results for boiling on a flat plate at low pressures indicated that the heat 

transfer coefficients were up to 50 times greater than those predicted by theory. Straub 

el al. proposed that the primary mechanism of the boiling heat transfer mechanism is 

the formation and growth of bubbles in the superheated liquid boundary layer caused 

by evaporation at the liquid-vapour interface. Additional heat transfer modes were also 

detailed, such as thermocapillarity along the liquid-vapour interface, and evaporation 

and condensation inside the bubble itself

Subsequently, Straub [12] experimentally investigated the role of surface tension in 

two-phase heat and mass transfer. By using a platinum wire immersed in several 

different liquids onto which a hemispherical bubble was positioned, Straub showed that 

heat transfer was enhanced due to thermocapillary convection. This behaviour was 

consistent for all of the liquids tested except for water. However, it was noted that 

water is extremely susceptible to contamination which acts to suppress 

thermocapillarity.

Chai et al. [17] extended their own research in nucleate pool boiling to include binary 

mixtures. They investigated the role of Marangoni convection in boiling of ethanol- 

water and methanol-water mixtures, and proposed a method for calculating the surface 

tension of binary mixtures with a bubble growing in the thermal boundary layer. As no 

pure liquid was used, Chai et al. suggested that the Marangoni effect was caused by 

both temperature and concentration gradients acting along the interface. It was 

determined that for their mixtures, the concentration effect had greater influence on the 

bubble behaviour, directing the flow of bulk liquid from the top of the bubble to the 

base, which is unusual. Later Chai et al. [18] theoretically and experimentally 

investigated these interfacial effects on nucleate boiling heat transfer coefficients of 

binary mixtures. They concluded that the Marangoni effect plays an important role in 

nucleate boiling heat transfer of binary mixtures other than resisting mass transfer. It 

was found that if  Marangoni effects were omitted, the theoretical results would not 

correlate with experimental results.
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In addition to the alcohol-water mixtures used in [17], Zhang and Chao [19] suggested 

that aqueous solutions of alcohols with chain lengths longer than four carbon atoms 

were ideal working fluids to study nucleate boiling heat transfer enhancement in 

microgravity conditions. These alcohols displayed the unusual characteristic whereby 

the surface tension gradient with temperature changed from negative to positive once a 

certain temperature was exceeded. It was pointed out that typical boiling points in 

nucleate boiling experiments were far in excess of this change in temperature gradient, 

and that the positive gradient was quite large at the boiling point. This meant that 

Marangoni convection would actually drive bubble detachment from the heater surface 

rather than hinder it.

Lee & Merte [20] performed varying gravity boiling experiments using a gold film on a 

quartz substrate immersed in R-113. Boiling behaviour was analysed under a wide 

range o f heat fluxes and subcooling levels. Under saturated conditions at large heat 

fluxes, dryout of the heater surface was observed, but an increase in subcooling to 22°C 

resulted in steady state nucleate boiling. A large bubble was seen to form above the 

surface, and remained constant in size due to a balance between condensation at the tip 

and evaporation at the base. Marangoni convection was seen to be an important 

additional mechanism, causing large vapour bubbles to be driven towards the heater 

surface. Heat transfer enhancements o f up to 32% were obtained in microgravity when 

compared to terrestrial conditions, indicating that overall heat transfer is somewhat 

inhibited under terrestrial conditions.

Peng et al. [21] performed experiments on a downward facing heater surface using a 

water-methanol mixture to investigate the transport phenomena produced by single 

bubbles in subcooled nucleate boiling conditions. At a certain applied heat flux, a 

bubble appeared in the thermal boundary layer. The appearance of the bubble coincided 

with the appearance of a jet-like flow protruding from the bubble tip which penetrated 

the bulk fluid in the direction opposing gravity. The intensity of the jet diminished 

some distance from the bubble. For larger applied heat fluxes, greater levels of 

subcooling, and larger bubbles, the je t was observed to penetrate further into the bulk. 

This behaviour led the authors to conclude that the jet-like flow was strongly linked to 

the temperature difference. The thermal boundary layer thickness decreased with the 

occurrence o f the jet flow, thus increasing heat transfer. Indeed, during the jet flow
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boiling mode, heat transfer was dominated by the jet. However, Peng et al. maintained 

that the occurrence of the jet-like flow was due to evaporation and condensation at the 

vapour-liquid interface rather than due to buoyancy or thermocapillary effects, a 

conclusion which had been drawn previously by some of the same authors in [22].

Sides [23] investigated the theory that mutual entrainment in thermocapillary flow 

causes bubbles to move toward each other during subcooled nucleate boiling, whereby 

in some cases coalescence occurs. It was postulated that bubbles containing small 

amounts on non-condensable gas would aggregate on or near a warm surface. Sides 

hypothesised that in subcooled nucleate boiling scenarios, once a growing bubble 

exceeds the uniform temperature layer and pushes into the subcooled region, a 

temperature gradient exists which causes thermocapillary fluid motion in the vicinity of 

the bubble thereby entraining nearby bubbles. This lateral motion of bubbles on the 

heater surface had been observed as early as McGrew et al. [15], albeit a different 

explanation was offered at that time. Sides developed an equation which stated that 

liquid flows toward the interface of a bubble at a rate proportional to the square root of 

the temperature gradient in the direction of flow. If bubbles were close enough and at 

least one of the bubbles was free to move, then coalescence would occur. However, the 

hypothesis did not take into account any contact line dynamics from bubbles attached 

to the surface.

In 1994, Stephan and Hammer [24] introduced a new single-bubble model for nucleate 

boiling heat transfer. Much of their work was based on the thin film evaporation 

concept of Wayner et al. [25] who had earlier investigated the evaporation of a liquid 

meniscus in a small area where the liquid approaches the wall. Wayner et al. 

discovered that a large portion of the supplied heat passed through this thin region (~ 

I^im). Stephan and Hammer used this information to formulate a new method of 

studying the regions in the immediate vicinity of bubbles on a heated surface.

The overall boiling system was separated into single bubble subsystems -  a valid 

assumption for boiling under low to moderate heat fluxes provided neighbouring 

bubbles do not interact [24]. The subsystem comprised a single vapour bubble situated 

on a heater wall surrounded by liquid. The single vapour bubble was modelled in two- 

dimensional axisymmetric coordinates, with constant fluid properties. The bubble

27



Literature Review

shape was assumed spherical in the macro-region, whereas changes in the curvature 

were incorporated in the micro-region. A portion o f  the heater wall was also included in 

the model. In this initial model, the height o f the liquid column was equal to that o f  the 

thermal boundary layer, <5,/,. The thermal boundary layer thickness was calculated from 

a natural convection correlation which assumed that heat was transferred within the 

thermal boundary layer by conduction normal to the heater surface. A depiction o f  the 

model and micro-region is given in Figure 2.1.
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Figure 2.1: Basic model used by Stephan and Hammer [24]

The curvature o f the liquid-vapour interface in the micro-region differs greatly from 

that in the macro-region. In the macro-region, the interface has constant curvature 

corresponding to the vapour bubble radius. This curvature changes through the micro

region until adhesive forces between the liquid and wall pull the meniscus to a flat, 

absorbed, non-evaporating liquid film [24-29]. The film covers the portion o f  the heater 

wall directly beneath the bubble base. The adhesive forces along with the change in 

interface curvature cause a pressure gradient which acts to drive liquid from the macro

region (bulk) toward the absorbed film. If the film is sufficiently thin, it is prevented 

from evaporating by Van Der Waals forces between the liquid and the solid [25].

In most boiling scenarios, the thermal conductivity o f the wall is much greater than that 

o f the boiling liquid. Heat transfer in the macro-region is governed by conduction in the
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thermal boundary layer, but the macro-region corresponds to an area o f high resistance 

to heat conduction. As the film thickness decreases, the micro-region corresponds to an 

area o f  high local evaporation rates. Thus, the thermal resistance o f  the thin liquid film 

in the micro-region is relatively low, and consequently very high local heat fluxes are 

found in this tiny portion o f the heater surface.

Stephan and Hammer used this information to obtain modelling equations for the 

micro-region which were solved in an iterative process along with solutions for the 

macro-region heat transfer. The model at this point was in its infancy, and there were 

several key areas that required further investigation. It was noticed that many boiling 

experiments included the use o f thermocouples and such devices to measure the wall 

temperature, and these devices were typically placed some distance from the heater 

surface. Such single point measurements were incapable o f predicting the true 

temperature profile in the heater wall. This prompted Mann and Stephan [26] to utilise 

the single bubble model described in [24] to numerically investigate the influence o f 

wall heat conduction on heat transfer to a growing bubble, hi an effort to study this 

effect, the thermal conductivity o f the wall was varied to mimic typical values for 

copper, stainless steel and a ceramic substance, whereas all other parameters were kept 

constant. It was expected that certain boiling mechanisms such as growth rates and 

waiting time between successive bubbles would be functions o f the wall temperature 

and therefore wall thermal conductivity. Mann and Stephan pointed out that changing 

the conductivity alone to represent a different material was not truly accurate, since one 

must also account for the change in surface characteristics which will also affect 

boiling mechanisms. For their simplified model, it was found that even for large 

variations o f  the wall thermal conductivity, the heat transfer to the growing bubble was 

only slightly affected. In particular, the effect on heat transfer in the micro-region was 

small; behaviour explained by to two ‘partly com pensating’ effects. Materials with 

lower conductivities caused lower heat flux in the micro-region, whereas the same 

materials are responsible for a thinner liquid film in the micro-region and thus greater 

heat conduction in the film. Mann & Stephan also investigated the impact o f liquid 

properties by comparing the results o f their numerical studies for different boiling 

liquids with the available experimental data in the literature. It was discovered that 

despite several assumptions made in the single-bubble model, it was accurate for low to 

moderate wall heat fluxes.
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In [28, 29] Kem and Stephan presented updated models to numerically calculate 

nucleate boiling heat transfer o f  binary mixtures. Unlike some o f the then existing 

correlations which were valid only within certain fluid or geometrical parameter 

ranges, Kem and Stephan proposed a model based on the conservation equations. 

Parameter studies led to the identification o f the physical phenomena governing heat 

transfer coefficients o f binary mixtures, in particular the description o f the heat and 

mass transfer processes occurring in the micro-region where the liquid-vapour interface 

approaches the heater wall.

Heat was transferred from the macro-region (wall) through the micro-region into the 

vapour. Using finite element analysis (FEA) the 2D heat conduction was calculated in 

the heater wall, along with the associated temperature distribution. It was found that the 

heat flow was concentrated toward the micro region underneath the bubble. Indeed, 

about 30% o f the supplied total heat flow passed through this micro-region. 

Furthermore, calculations pertaining to the micro-region clearly showed that the 

thermal resistance o f the thin liquid film decreased with its decreasing thickness 

leading to an increase in heat flux. However, heat flux was also found to be reduced by 

adhesion pressure. Strong concentration gradients occurred since one constituent o f the 

mixture evaporated before the other. This led to an increase in saturation temperature in 

the direction o f the liquid flow into the micro-region. This explains the reduction in 

heat transfer o f  binary mixtures when compared with pure substances [28, 29], For the 

binary mixtures, the variation o f  the liquid composition influenced the local phase 

equilibrium and thermophysical properties, while also inducing diffusive mass transfer 

and Marangoni convection (solutocapillary).

Stephan and Kem [30] eventually came to the conclusion that nucleate boiling heat 

transfer can be well predicted using the theoretical models which now included 

microscale heat and mass transfer. The variation in thermophysical properties and 

solutocapillary Marangoni convection was found not to be important in micro-region, 

with negligible impact on heat transfer.

Fuchs and Stephan [31] updated the model to include transient heat and fluid flow. The 

bubble growth, detachment and rise were now computed using a free surface, while 

simultaneously calculating the microscale effects detailed above. During the bubble
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growth cycle the wall temperature isotherms showed that heat flow was concentrated 

toward the micro-region because o f the larger heat fluxes in this location. Once the 

bubble detached, the micro-region ceased to exist, and the heat flow within the heated 

wall became one-dimensional. Hence, the micro-region had great influence on the wall 

heat flow during bubble growth and departure. The heat flow through this micro-region 

was found to increase during bubble growth, decrease during bubble departure, and 

equal zero during bubble rise. Indeed, for this study, 32% o f the total heat transferred 

passed through the micro-region. A sketch o f the model is shown in Figure 2.2.
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Figure 2.2: Expanded model used by Fuchs and Stephan

Genske and Stephan [32] made fiirther improvements to the model, analysing the 

macro-region in much greater detail. Until this point, the micro-region was modelled 

primarily, with the macro-region modelled in a simplified way. The new model utilised 

a moving mesh to track the interface as the bubble grew. Flow and heat transfer 

conditions were calculated inside and outside the vapour bubbles. The aforementioned 

micro-region models were used to produce the boundary and initial conditions for the
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macro model -  for example the vapour inflow velocity to the growing bubble. As 

before, a single vapour bubble was modelled in two-dimensional axisymmetric 

coordinates, with constant fluid properties, except for the temperature dependent 

density which was introduced via the Boussinesq approximation. The assumption of 

constant fluid properties was deemed valid since temperature differences in nucleate 

boiling are typically small.

Initially, a flow normal to the bubble surface developed. As the bubble grew, vapour 

circulation within the bubble itself along with the movement of the interface caused 

liquid close to the interface to flow down along the bubble surface toward the heated 

wall, thus increasing local heat transfer. Far from the bubble, there was no increase in 

wall heat transfer. Since the macro-region displayed such a difference in local heat 

transfer, Genske and Stephan suggested that the macro-region could therefore be 

divided into two sections; one region in the immediate vicinity of the bubble where 

heat transfer increased significantly, and another where the effects of the bubble are 

diminished and conduction remains the primary mode o f heat transfer. It was 

determined that buoyancy was of little importance compared to forced convection.

Difficulty arose when attempts were made to verify the existence of the micro-region 

experimentally. Firstly, the length scale o f the micro-region is such that traditional 

measurement devices such as thermocouples are too large and do not offer sufficient 

spatial resolution. Secondly, the position o f the micro-region changes as the vapour 

bubble grows and departs. Furthermore, bubble detachment frequency under terrestrial 

conditions can be high, meaning high temporal resolution is also required. However, in 

low gravity the bubble detachment frequency is greatly reduced.

To validate the predicated temperature field around a vapour bubble growing on a 

heated surface during nucleate boiling in low gravity, Sodtke et al. [33] and Wagner et 

al. [34] designed experiments to measure the local temperature distribution by using 

thin metallic foil coated with un-encapsulated themio-chromic liquid crystals and a 

high speed colour camera. In both cases, the working fluid was FC-72. Experiments 

were carried out using parabolic flights to emulate low-g conditions. An artificial 

nucleation site was used to trigger bubble nucleation at a known location. Since the 

micro-region is extremely small, high spatial and temporal resolution TLCs were used.
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The measured temperatures were typically two degrees greater than those computed for 

similar test conditions. The measured temperature distribution showed a temperature 

drop in the vicinity o f the bubble, a phenomenon which Sodtke et al. and Wagner et aJ. 

claim confirms the existence of the micro-region and its predicted effect on the heat 

transfer.

A significant problem with many o f the proposed models for nucleate boiling is the 

lack of sufficient experimental and theoretical data which could be used to validate 

these models. In [35], Heng et al. used a transient three-dimensional inverse heat 

conduction model to estimate the local heat fluxes on the boiling surface. A specially 

designed experiment was created that ensured only a single bubble was formed from 

one artificial nucleation site. The measured temperature field on the back of the thin 

metallic heater was then used as the starting point for the inverse heat conduction 

problem. From their estimation results, Heng et al. observed that the boiling heat flux 

remained relatively constant in most regions of the surface. However, it was remarked 

that the numerical models were still not completely validated on the relevant space and 

time scales, with the limiting factor being the low resolution of the experimental 

velocity and temperature fields, and the fact that many measuring methods such as 

thermocouples are invasive and distort the results merely by their presence.

Stoica and Stephan [36] utilised phase-shift interferometry to analyse the temperature 

distribution around a single growing vapour bubble created on an artificial nucleation 

site. The bubble was created on a downward-facing heated wall immersed in slightly 

subcooled iso-pentane. The vapour bubbles grew until a balance between evaporation 

at the base and condensation at the cap was achieved. From the interferometric results, 

it was clear that the fringe density was greater close to the heater and at the bubble 

interface, and less dense near the cooling module situated at the bottom part of the test 

cell. This meant that a greater temperature gradient existed in and around the bubble as 

expected. The temperature distribution inside the bubble could not be obtained however 

due to light scattering at the interface. Stoica and Stephan claim that an uncertainty 

analysis showed a temperature error o f only 0.6K, with high resolution close to the 

three-phase contact line. Unfortunately, phase-shift interferometry is limited to steady- 

state or slow moving processes. A further summary of recent developments can be 

found in [37].
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2.1.1 Onset o f  thermocapillary convection during boiling

Marek and Straub [38] investigated the influence o f non-condensable gas as the origin 

of thermocapillary convection in subcooled nucleate pool boiling by a combined 

analytical-numerical approach. For a vapour bubble growing in the super-saturated 

boundary layer, condensation will take place at the top of the bubble once the bubble 

size exceeds the thickness of the boundary layer and extends into the subcooled liquid 

region. The evaporating liquid will typically contain dissolved gas impurities. These 

impurities become gassified at the base of the bubble, and are carried along with the 

vapour to the top of the bubble. Although the vapour may condense here (due to the 

surrounding subcooling liquid), the gas may not, and accumulates along the vapour- 

liquid interface. The total pressure of the vapour and the non-condensable gas inside 

the bubble is governed by the liquid pressure. Bubble size remains constant if there is a 

steady mass flow rate through the bubble; a balance between evaporation at the base 

and condensation at the top. The partial pressure of the vapour along the interface and 

the saturation temperature decreases towards the top of the bubble, creating a 

temperature gradient along the interface, producing a thermocapillary effect.

The non-condensable gas being carried towards the interface impedes the arrival of 

new vapour and reduces the heat transfer rate. To ensure a steady-state mass flow 

through the bubble in the presence of accumulated non-condensable gas, an increase in 

liquid heat transfer is necessary, which is possible by thermocapillary convection. 

Thermocapillary convection must therefore strip heat from both the heater surface and 

the bubble itself. It was determined that if  thermocapillary convection does not meet 

the required rate of heat removal, then the bubble will grow in size. Conversely, if 

thermocapillary convection exceeds the necessary rate of heat removal, condensation 

takes place at a greater rate than evaporation, and the bubble shrinks.

Much of the experimental work concerning nucleate boiling from a flat horizontal 

heater had involved the use of rather large heating surfaces, much greater than 

individual bubble sizes. In an effort to examine the local heat flux behaviour. Rule and 

Kim [39] designed an experiment to measure the local wall heat flux variations during 

boiling of FC-72 on a small heater array o f 2.7mm x 2.7mm. The microscale array 

comprised 96 individual heater elements. Each of these elements was 0.26mm x 

0.26mm in size and was capable o f maintaining a constant surface temperature
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boundary condition. Kim and Benton [40] used this design to study subcooled boiling 

at various gravity levels. During their experiments, steady state boiling was attained in 

both low gravity and microgravity under subcooled conditions. At every superheat 

tested in both micro and low gravity, a large primary bubble was seen to form on the 

surface by the coalescence of smaller satellite bubbles. Contradictory to the stationary 

bubble behaviour witnessed by Lee and Merte [20], this primary bubble was seen to 

move in a random direction at low superheats, and in a circular path at higher values of 

superheat. The bubble occasionally caused nucleation as the dry spot moved over 

different areas of the heater surface. The size of the primary bubble was seen to 

increase with increasing wall superheat, but for a given superheat the bubble was 

observed to remain relatively constant in size. Kim and Benton concluded this was an 

indication of a balance between evaporation at the overheated bubble base and 

condensation at the cooler bubble tip.

Strong Marangoni convection was observed in low gravity, with a jet-like flow leaving 

the tip of the bubble and protruding into the bulk fluid. This flow was also responsible 

for producing a reactionary force to keep the bubble attached to the heater surface. 

Again, this behaviour contradicted that seen by Lee and Merte [20], where the bubble 

was seen to detach slightly from the heater surface. Kim and Benton developed boiling 

curves for their experimental results. It was found that the boiling curves for low 

gravity and high gravity tests were very similar, though heat fluxes for high gravity 

tests were larger at greater superheats, since at low-g the bubble grows to a greater size 

on the heater surface. This large bubble in low-g caused low heat transfer relative to the 

high heat transfer associated with the satellite bubbles. Recorded heat fluxes were 

lower at earth gravity than at high gravity for all superheats, but the heat flux associated 

with the smaller satellite bubbles was similar at all gravity levels, leading Kim and 

Benton to conclude that the magnitude of gravitational acceleration has little effect on 

small scale boiling.

Henry et al. [41] performed an investigation into the mechanisms by which 

thermocapillary convection occurs during boiling o f a predominantly pure liquid under 

low gravity conditions. Previous suggestions by Straub [12], Marek and Straub [38], 

and Kim and Benton [40], had led to theories that small amounts of dissolved gas 

within the bulk liquid can accumulate within the vapour bubble, thus forming local
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concentration gradients which give rise to the interfacial temperature gradients that 

drive thermocapillary flow. In their experiments, Henry et al. boiled 99.3% pure n- 

perfluorohexane with and without the presence of a non-condensable gas. Experiments 

were performed on a 7x7mm micro-heater array to measure time and space resolved 

heat fluxes at various wall superheats under periods o f increased and decreased gravity.

For high-g and lower wall superheats, buoyant natural convection was the dominant 

mode o f heat transfer. For low-g at similar wall superheats, the boiling process was 

observed to be dominated by single phase conduction into the liquid, with lower values 

of wall heat flux obtained when compared to high-g. Bubble departure, unlike under 

high-g, did not occur, and boiling was dominated by surface tension effects. The 

agreement found between the gas-saturated and degassed boiling curves under high 

gravity indicated that gas content has little effect at high gravity. Under low gravity 

conditions, the boiling curves obtained indicated that boiling behaviour was vastly 

different depending on gas content if the liquid was subcooled. Recorded heat fluxes 

for the degassed fluid were much larger than for the gas-saturated fluid, with critical 

heat fluxes (CHF) almost 2.8 times higher for the degassed case. In the nucleate boiling 

regime of the degassed fluid, a primary bubble surrounded by smaller satellite bubbles 

was observed. As the superheat was increased toward CHF, the thermocapillary flow 

around the primary bubble also increased, which decreased the bubble size due to the 

increasing condensation. For the gas-saturated fluid, bubbles grew much larger and 

caused surface dryout over relatively large areas of the heater array. Henry et al. 

proposed that these bubbles were predominately gas bubbles.

Henry et al. found that Marangoni convection around the bubble was stronger in the 

degassed fluid, and that the bubbles were smaller -  a theory completely paradoxical to 

those proposed by Straub [12], Marek and Straub [38], and Kim and Benton [40], A 

comparison of the boiling curves implied that high heat transfer could be obtained 

under low-g conditions if the fluid was degassed. Results suggested that 

thermocapillary convection in low-g may be capable of transferring similar amounts of 

heat as buoyant natural convection does in high-g. Henry et al. concluded that the 

accumulation of non-condensable gas in the bubble can result in temperature gradients 

along the interface, but due to increased size of the bubble in a gas-saturated liquid, this 

driving temperature gradient is reduced and causes weaker thermocapillary flow.
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Opposed to the theory o f Straub [12], Henry et a l  proposed that the origin o f 

thermocapillary convection in their low-g experiments was down to a non-uniform heat 

transfer coefficient.

The somewhat contradictory nature o f the theories proposed by Straub [12], Marek and 

Straub [38] and Henry el al. [41] prompted Barthes et al. [42] to perform experiments 

o f their own. Barthes et al. experimentally investigated the instabilities formed in the 

liquid layer during single vapour bubble growth in a subcooled FC-72 liquid medium. 

A single vapour bubble was created in the centre o f a downward facing heater element 

which delivered constant power. Flow visualisation was achieved by means o f 

shadowgraphy. Results were compared for a non-degassed and degassed liquid to 

detennine the influence o f the non-condensable gas on the origins o f thermocapillary 

convection in such environments. The results displayed significant differences.

For the non-degassed liquid, Barthes et al. observed three different modes of 

convective instabilities during vapour bubble growth. An axisymmetric mode initially 

formed, corresponding to a stationary state in which a stable vortex appeared around 

the bubble. As the bubble continued to grow, a non-symmetric mode developed. For 

the larger bubbles, the convection became periodically spaced and time dependent. The 

onset o f the oscillatory mode was found to be linked to the vapour bubble size and also 

to the thermal conditions. Finally a third kind o f fluid motion appeared in the test cell 

which the authors described as “complex”.

For the degassed liquid, no stationary or oscillatory states were observed. When the 

growth periods for both the non-degassed and degassed liquids were compared, it 

became clear that the non-condensable gases present in the liquid strongly influenced 

the bubble dynamics; in particular the time taken to reach a particular bubble diameter 

was greater in the degassed case.

To determine whether the presence o f non-condensable gas was ultimately responsible 

for the onset o f Marangoni convection, or whether it was due to the nature o f  the test 

fluid FC-72, Barthes et al. tested with a fluid that had been previously degassed, into 

which non-condensable gases were introduced. The results led to a conclusion in
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agreement with Straub [12] and Marek and Straub [38]: that Marangoni convection 

occurrence was linked to the non-condensable gas presence in the liquid.

Recently, Raj and Kim [43] numerically investigated thermocapillary convection in 

reduced gravity environments, presenting a qualitative study on the effects of dissolved 

gas content, bubble shape and size, and heat transfer coefficient on the strength of 

thermocapillary convection. Steady-state simulations were carried out to calculate the 

flow around bubbles of various sizes with different amounts of dissolved gas for 

subcooled boiling in reduced gravity. For a given heat transfer coefficient with 

increasing bubble size, it was found that the strength of the thermocapillary convection 

increased before peaking and then decreasing. Furthermore, the peak was observed to 

occur at lower diameters when increasing the heat transfer coefficient. It was 

determined that an increase in dissolved gas content promoted the interfacial 

temperature gradient required for thermocapillary convection, but the simultaneous 

increase in bubble size reduced the gradient along the interface. Therefore, Raj and 

Kim concluded that the strength of thermocapillary convection is an indirect function 

of dissolved gas content, which in turn influences variation in heat transfer coefficient, 

and consequently the bubble shape and size.

2.2 Thermocapillary convection caused by free surfaces

Zebib et al. [44] numerically investigated steady thermocapillary convection in a 

square cavity with an upper free surface at zero-gravity conditions. They used a finite 

difference method to calculate the flow field resulting from heating and cooling the 

respective vertical boundaries in the two-dimensional geometry. Simulations were 

carried out for a range of Prandtl numbers, and for relatively high Reynolds and 

Marangoni numbers. Zebib et al. reported that the steady thermocapillary motion 

observed at low values o f Re and Ma continued to be present at higher values, where it 

may be expected that an oscillatory mode should develop and dominate. They 

postulated that this oscillatory mode may be a three-dimensional effect. Furthermore, 

Zebib et al. suggested that the experimentally observed instabilities may be due to high 

vorticity rather than parallel shear flows as put forward by some authors.

Further to the simulations conducted by Zebib et al. [44] on a square cavity, Behnia et 

al. [45] studied the problem o f combined buoyancy and thermocapillary convection in a
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cube with a top flat free surface with a contact angle (p = 90°. A temperature gradient 

was introduced by setting two opposite facing walls to different temperatures. All other 

surfaces were considered impermeable, no-slip and insulated. Interactions with the 

gaseous phase were neglected. The model was set up so that Marangoni convection 

could support or oppose buoyant convection, depending on the sign of the Marangoni 

number. Simulations were performed using a Pr -  1 (and later a fluid with Pr = 0.01 

[46]) fluid to study how the two effects interacted at different combinations of Rayleigh 

and Marangoni numbers {Ra = 0, 1000 and 10,000 with Ma = - 1000, 0 and 1000). In 

the cases where the buoyancy effect aided Marangoni convection, the flow field was 

seen to behave as one recirculating vortex-like structure, where increasing Ra resulted 

in a larger area of recirculation. As buoyancy became the dominant mode of 

convection, the centre o f the vortex moved downward toward the centre of the cube. 

For the cases where Marangoni convection opposed the buoyant convection, two 

counter-rotating vortices were observed, with the Marangoni effect confined to an 

upper region close to the free surface.

Schwabe and Metzger [47] performed experiments with ethanol {Pr = 17) in a 

rectangular cavity with upper free surface and horizontal temperature gradients. The 

purpose of the research was to vary the buoyancy and thermocapillary forces almost 

independently to study their effect on fluid flow within the cavity. In agreement with 

the numerical simulations o f Zebib et al. [44], it was found that a thermocapillary roll 

was separated from a buoyancy-driven roll. The rolls also rotated in opposite 

directions. For increasing Ma, the thermocapillary roll was stronger than the buoyancy 

driven roll. The thermocapillary roll was confined to the upper region of the cavity near 

the free surface for those experiments where buoyancy forces were present. Schwabe 

and Metzger suggested that surface tension forces established a region of hot fluid on 

top of a region of cold fluid, and that this situation was indeed supported by the 

buoyancy forces. The authors also reported that for the case where buoyancy was 

absent, thermocapillary convection dominated the entire cavity.

Jieyong and Zebib [48] extended the earlier simulations of Zebib et al. [44] to 

incorporate oscillatory thermocapillary convection in both two and three dimensions, in 

particular analysing its ‘stability characteristics’; i.e. what causes the flow to change to 

an oscillatory mode. The onset of the oscillatory mode was dependent on the aspect
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ratio. It was shown that for some geometry configurations, the side walls play an 

important role in suppressing oscillations.

Jue [49] numerically studied the combined effect o f thermocapillary and solutocapillary 

convection in a two-dimensional square cavity similar to that used by Zebib et al. [44]. 

Once again, for zero-gravity conditions, Marangoni convection dominated the whole 

domain. The introduction of concentration gradients produced a secondary circulation 

in opposite direction to the main thermocapillary roll. Sundaravadivelu and 

Kandaswamy, [50], also numerically studied combined buoyant and thermocapillary 

convection within a square cavity with upper free surface. The simulated fluid was 

water and the top surface was flat or concave. The flow field was found to be 

dominated by thermocapillary convection, with separate buoyancy induced cells 

forming in the lower regions of the cavity. Thermocapillarity was found to have strong 

influence on local fluid velocities, with larger velocities found near the free surface 

compared to the bottom of the cavity. The average Nusselt number was found to 

increase with temperature difference.

Kamotani et al. [51] performed experiments in microgravity where lOcSt silicone oil 

was placed in a 10cm diameter circular container. In an attempt to study the effect of 

free-surface deformability on the oscillatory mode, both flat and curved surfaces were 

investigated. Thermistors were placed in the fluid to measure the temperature, while the 

surface temperature was recorded by an infra-red imager. Experimental data was 

compared with numerical results and good agreement was observed. No oscillations 

were observed in any tests and the flow remained steady at Marangoni numbers up to 

eight times greater than the critical Marangoni number for terrestrial experiments. 

Although the Prandtl number o f the silicone oil used in the microgravity experiments 

(Pr = 78-97) was greater than that used at 1-g (Pr = 19-51), the authors noted that it 

had been shown that Ma was not strongly dependent on Pr for l-g  tests [51]. Kamotani 

et a l  concluded that the difference in Pr could not account for the absence o f any 

oscillatory mode, and that the onset of oscillatory thermocapillary convection was not 

merely a function o f Marangoni number, but something more complex.

Kamotani et al. [52] subsequently experimentally and numerically investigated 

oscillatory thermocapillary flows in cylindrical containers o f different aspect ratio
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containing a high Prandtl number siHcone oil. A flat free surface was subjected to a 

temperature gradient to determine the onset conditions for oscillatory flow, and to 

investigate the velocity and temperature fields. It was found that the critical Marangoni 

number for oscillations, Mocnt, varied appreciably with diameter, and that Maait was 

greater in 1-g than microgravity as buoyancy distorted the flow within the container 

and delayed the onset o f the oscillatory mode. The onset conditions for the low gravity 

experiments were seen to be consistent with ground-based experiments in smaller 

containers conducted previously by the same authors. Kamotani et al. concluded that 

the Marangoni number is not the correct parameter to characterise the transition from 

steady to oscillatory flow.

Christopher and Wang [53-55] analysed Marangoni flow for boundary layer flow over 

a flat surface with an applied temperature gradient. The governing equations were 

solved using a similarity analysis applicable to both linear and nonlinear temperature 

gradients. Their predicted surface velocities compared well with measured values for a 

shallow pool o f liquid indium. For power law variations o f the temperature gradient, it 

was found that the Nusselt number was related to the Prandtl number by the following 

expressions;

P r< 0 .0 1  Nu oc?r-'^ (2.1)

P r> 1 0 0  (2.2)

According to Christopher and W ang, for an interface with evaporation and 

condensation at the surface, the temperature distribution along the interface is primarily 

a function o f  the vapour temperature and the heat transfer coefficient rather than the 

Marangoni flow. It was shown that the calculated temperature distribution in a vapour 

bubble attached to a surface immersed in a liquid layer was prim arily due to the heat 

transfer through the vapour bubble rather than in the liquid region. Furthermore, the 

temperature variation along the surface was not linear but could be described by a 

power law expression. Christopher & Wang claim that their results can therefore be 

used to calculate the Marangoni flow and resulting heat transfer for flow over a curved 

surface where the curvature is much greater than the boundary layer thickness.
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2.3 Bubble-induced thermocapillary convection

This section details the research performed on thermocapillary convection caused by 

bubbles in non-boiling scenarios. Bubble migration, flow visualization techniques and 

the special case of a gas bubble attached to a heated wall are all considered. 

Unfortunately, due to the nature of the problem, much of the experimental work 

relating to Marangoni convection concerns analysis of the flow and temperature fields 

without correlation to the heat transfer. However, much of the experiment-based 

literature is highly relevant, especially for rig design and flow measurement techniques. 

Furthermore, several authors have also researched thermocapillarity resulting from 

isolated bubbles or bubbles moving through a medium (thermocapillary migration). As 

the progression of this research is towards the study of thermocapillary convection 

during bubble growth and boiling, this information may be applicable during the bubble 

departure process.

2.3.1 Thermocapillary bubble migration

Thermocapillary bubble migration is the motion of bubbles caused by thermocapillary 

effects. It can be enhanced by other forces such as buoyancy. Although this review 

pertains to non-boiling cases, thermocapillary bubble migration may have applications 

in boiling, in particular during the bubble departure phase.

Young et al. [56], were the first to examine the effect of spherical free surfaces in the 

presence of a temperature gradient. Young discovered that small air bubbles in a liquid 

sample could be held stationary or even driven against gravity with a sufficiently strong 

temperature gradient in the direction adverse to gravity. This was attributed to the 

variation in surface tension along the bubble surface, a condition caused by variations 

in the temperature field of the fluid.

Hardy [57] investigated the mofion of air bubbles in a high viscosity {v  = lOOOcSt) 

silicone oil layer of depth 3mm in the presence of buoyancy and Marangoni forces. One 

o f the primary aims was to calculate the temperature gradient required to keep the 

bubble stationary (when buoyant and Marangoni forces were equal in magnitude and 

opposite in direction). For their experiments, in which one large gas bubble and one 

small gas bubble were injected into the oil layer, it was shown that the convection field

42



Literature Review

of the larger bubble could influence the motion of the smaller bubble over several large 

bubble diameters.

Koukan el al. [58] experimentally studied the flow fields around small gas bubbles 

under the combined action of buoyancy and thermocapillarity. The test cell consisted of 

two horizontal copper plates, and vertical Plexiglas windows which housed a liquid 

silicone oil layer, heated from below and cooled from above. Very small air bubbles 

(Rf, < 75|^m) were injected into the test cell. Flow visualisation was achieved via 

particle-image-velocimetry (PIV). To describe the relative influence o f gravitational 

and Marangoni forces, Koukan et a/, introduced a parameter G, where

r _

dT

It was found that for G = 0.5, the bubble remained stationary as the upward acting 

buoyant forces were exactly balanced by the downward acting thermocapillary forces. 

Flow imaging revealed some interesting flow characteristics. For G = 1, the bubble 

moved upward with relatively large vortices on either side. For G < 0.5, the bubble 

moved downward, and the range over which the neighbouring fluid was disturbed 

decreased dramatically to a region in the immediate vicinity of the gas-liquid interface.

Wozniak et al. [59] extended their earlier work (Hadland et al. [60]) and performed 

experiments on the motion o f isolated air bubbles (and drops of Fluorinert FC-75) 

under the action of an applied temperature gradient. Experiments were performed under 

reduced gravity conditions aboard the Space Shuttle Columbia in orbit. The test cell
•3

consisted of a 60x45x45 mm (width x height x depth) interior containing Dow Coming 

silicone oil of kinematic viscosity lOcSt. Two aluminium surfaces were placed at either 

end, thermally coupled to Peltier elements. These plates together delivered a 

thermistor-controlled temperature gradient to within 0.2°C. Once the stable temperature 

gradient was attained, a bubble was injected at the cold plate via a software-controlled 

needle. The bubble was observed to traverse the liquid layer to the hot wall where it 

was extracted using a tube mounted in the middle of an extraction net. Temperature 

profiles within the continuous phase were obtained using a shearing interferometer.
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For any bubble, migration velocity increased from injection as the bubble accelerated 

towards the hot wall. Wozniak et al. reported that experimental results obtained at large 

values o f Marangoni number supported the theory o f an asymptotic migration velocity 

proposed by some researchers [61-63],

The results of the experiments were compared to the predictions of a numerical model. 

Qualitative agreement was seen for the isotherm distribution. The agreement between 

numerical and experimental data was found to be better in the forward half o f the 

bubble, whereas significant discrepancy was found for the rear half of the bubble, 

where wake formation was occurring. Wozniak et al. proposed that the numerical 

model was not sufficient to model the problem accurately as it neglected temperature 

dependencies of fluid properties as well as wall effects on the flow and temperature 

fields.

Wozniak et al. also observed the temperature field in the vicinity of a stationary bubble 

that had completed the traverse. Interestingly, it was shown that the extent to which the 

bubble disturbed the neighbouring fluid was greater for a stationary bubble than a 

moving bubble. This was attributed to the theory that the moving bubble undergoes 

zero hydrodynamic force, and the disturbance velocity from the motion of the bubble 

decays rapidly with distance from the bubble. Contrastingly, a stationary bubble 

experiences a hydrodynamic force, which when within a low Reynolds number flow, 

causes disturbance relatively far from the bubble.

2.3.2 Thermocapillary flow  imaging

Wozniak and Wozniak [64] experimentally investigated the flow and temperature fields 

resulting from two bubbles placed in close proximity on a heated wall immersed in a 

liquid silicone oil (Wacker Chemie lOcSt) layer. By utilising liquid crystal tracer 

particles, the authors were able to simultaneously gather data on both the velocity and 

temperature fields within the system. It was found that the resulting flow pattern was in 

qualitative agreement with previous investigations by the same authors on single 

bubbles. However, no information on the effect on heat transfer was provided. The 

same authors later used liquid crystals and PIV to analyse Marangoni flow about a 

single bubble in the presence of buoyancy [65].
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Wozniak [66] subsequently presented a comparison of three different optical whole- 

field methods for thermo-convective flow analysis in microgravity. In the study, results 

for similar experiments were performed using a tracer technique, liquid crystals and 

interferometry. Wozniak outlined the major advantages and disadvantages associated 

with each technique. The use of tracer particles implies that the particle velocity 

represents the local velocity of the fluid itself. One assumes the motion of the fluid and 

the particle to be identical. In most cases, the velocity of the tracer particle deviates in 

direction and magnitude from the fluid velocity. The smaller the tracer particle, the 

better it represents the flow, but the lower the visibility. The application of tracer 

particle to thermo-convective flows is reasonable, since thermo-convective flows of 

liquids are relatively slow. Furthermore, their application in microgravity conditions is 

advantageous because buoyancy convection is almost negligible and liquid velocities 

are generally even lower. However, their use is restricted to low temperature gradients, 

as large temperature gradients cause strong refraction which induce serious optical 

distortions in the form of light beam bending such that no useful optical information 

can be obtained.

The liquid crystal technique is based on seeding the test liquid with liquid crystal 

particles which simultaneously indicate the velocity and temperature fields. Thus, this 

method is a modified tracer technique since the particles are also able to display the 

fluid temperature provided that appropriate white light is used to form the light sheet. 

Typical density values are quite similar to many of the silicone oils used for Marangoni 

flow analysis. In his experiments, Wozniak noted that sedimentation of the liquid 

crystal particles became visible after several days, much longer than the time required 

to undertake several experiments. Furthermore, it was found that the liquid crystals had 

little or no effect on the surface tension of the test fluid. A shearing interferometer was 

used to establish the temperature field within the fluid.

2.3.3 Experimental work -  bubble attached to a heated wall

Kao and Kenning [67] conducted experimental work in which an air bubble was 

injected using a syringe onto a downward facing heated copper block. The liquid flow 

was made visible by the use of hollow glass beads of 25|im diameter as tracer particles, 

and an illuminating laser sheet. From their calculations on the effect of contamination,
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it was known that a small amount of surfactant would suppress thermocapillary flow. 

The test liquid was distilled water, which had been passed through an ion-exchange 

column, distilled with alkaline permanganate and redistilled in an attempt to produce a 

pure liquid.

Kenning and Kao [68] investigated the contribution to convective heat transfer arising 

from bubbles injected into the upstream of a water channel with rectangular cross- 

section. It was found that an increase of up to 50% in heat transfer coefficient for water 

was possible, but the authors claimed that the contribution of thermocapillary flows to 

the heat transfer increase was negligible. Nitrogen bubbles of mean diameter ~ 1,25mm 

were injected into the upstream at a distance of 0.25mm from the heated wall. Kenning 

and Kao postulated that thermocapillary flows near hemispherical bubbles "‘’might be 

expected to influence wall-liquid heat transfer over a rather localized region o f  area 

not more than twice the projected bubble area”. They attempted to calculate the area 

over which an individual bubble affected the wall heat transfer, but were unable to 

define the role of thermocapillarity. It was concluded that for bubbles injected close to 

the wall into an upstream, the increase in heat transfer was due to long-lived secondary 

flows at relatively large distances from the bubbles.

Raake et al. [69] experimentally investigated temperature and velocity fields arising 

from surface tension flow caused by air bubbles. The experimental test rig consisted of 

a chamber with inside dimensions 100mm x 50mm x 50mm (width x height x depth), 

into which an air bubble was injected onto a downward facing heated surface immersed 

in silicone oil. Bubbles of large and controlled size {Rb ~ 4mm, Hb ~~ 2.6mm) were 

injected into the silicone oil once a stable temperature gradient within the system had 

been achieved. Raake et al. tested at different viscosities by changing the silicone oils 

between experiments. They found that the convective transport mechanism operated 

along the entire bubble boundary for low convective flows -  i.e. for flows with low Ma 

and relatively high Pr. Conversely, for highly convective flows where Ma is high 

compared with Pr, it was established that the convective transport mechanism operated 

along a small part o f the bubble surface near the wall. For their bubble diameter of 

8mm, Raake et al. found that a Marangoni number of 12,500 corresponded to the onset 

of an oscillatory mode which was axisymmetric. Increasing the temperature gradient 

caused the frequency o f oscillation to increase.
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Similar analysis was performed by Arlabosse et al. [70], who followed up their 

numerical work with an experimental investigation of Marangoni flow around an 

isolated bubble under a heated wall immersed in a liquid silicone oil layer. Experiments 

were performed with oils of different viscosities so that a wide range of dimensionless 

parameters were encountered. The influence o f the temperature gradient, oil viscosity 

and bubble shape was analysed. Flow visualisation was achieved via carbon tracer 

particles (diameter 40|im) and examination of the temperature field was by 

interferometry. Contrary to the experimental observation of Raake et al. [69] mentioned 

previously, thermocapillarity was seen to be active along the entire contour of the 

bubble and, in the immediate vicinity o f the bubble surface, was dominant over the 

buoyancy-driven convection. For higher temperature gradients, weak secondary 

counter-rotating vortices resulting from the interaction of surface tension and gravity 

forces were observed beneath the primary vortices. Arlabosse et al. concluded that the 

effects were coupled under terrestrial conditions: the thermocapillarity destroys the 

stable temperature stratification which causes natural convection as a secondary effect. 

The secondary vortices then reduce the size o f the main cells. With regards to the 

interfacial traits, the interfacial velocity was observed to increase with increasing 

Marangoni number, but the location of the maximum velocity was independent of the 

Marangoni number. Results from their experiments on bubble shape indicated that up 

to a radius of 1.3mm, the bubble remained spherical in shape. Beyond this radius, the 

bubble flattened in the vertical direction due to the hydrostatic pressure in the silicone 

oil layer. A change in bubble size modified both the Marangoni and Bond numbers, but 

it was found that for any Bond number, the maximum Reynolds number in the liquid 

increased linearly with Marangoni number. For a fixed Marangoni number, an increase 

in Bond number would result in a decrease in maximum Reynolds number.

Heat transfer measurements were recorded using two heat flux sensors, o f surface area 

10310mm^, one glued in the middle of the bottom cooler wall, just beneath the bubble, 

and the second 10mm from the centre o f this wall. It was found that with increasing 

liquid layer depth, the enhancement in heat flux measured by the sensors decreased. For 

a 5mm layer, the enliancement was o f the order of the experimental error. The 

aforementioned counter-rotating vortices were suggested as a possible reason for the 

lack o f measurable enhancement. For a 3mm layer depth, Arlabosse et al. developed an
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empirical heat transfer relationship between the heat transferred with the bubble and the 

pure conductive case:

= 1 + 0.00841 M a”' (2 4)
Qcond

Kassemi and Rashidnia [71, 72] performed a combined numerical-experimental 

analysis of steady and oscillatory thermocapillary and natural convection flows 

generated by a bubble on a heated solid surface. In their work, they concentrated on the 

transient flow and temperature fields caused by the bubble at Marangoni numbers 

above and below the critical Marangoni number for oscillatory motion. For the 

experiments, a test cell of inside dimension 45mm x 40mm x 45mm was filled with 

silicone oil. A bubble was injected onto a concave portion of the downward facing 

heated surface. Analysis was performed by means of interferometry and flow tracer 

particles. It was found that a steady-state solution was achievable and that the solution 

was in good agreement with both visualisation experiments conducted by the authors 

themselves, and published experimental data in the literature. The authors discussed the 

influence of gravity level on the flow pattern, and produced results for oscillatory 

motion which were in good agreement with experiments.

Betz and Straub [14] experimentally investigated thermocapillary convection around 

single gas bubbles in various liquids. The overall heat transfer around single bubbles 

was measured using calorimetry, while liquid flow was measured with PIV and LDV 

(laser Doppler velocimetry). Experiments were carried out in a temperature gradient 

chamber consisting of two temperature controlled plates. Alcohols of Prandtl numbers 

in the range 7<Pr<120 were used as the test fluid. The temperature of the hot plate 

could be selected in the range 20°C<r/,<80°C. Experiments were performed in the 

range !0^<Mt<10^. It was found that the dependency of the flow field on the properties 

of the test liquid was small within the range o f Prandtl numbers tested. The usual 

vortex developed in the vicinity of the bubble for low Marangoni numbers, but at 

higher values o f Ma, the primary recirculation zone divided into multiple recirculation 

zones. The onset o f a steady oscillatory flow was seen to occur at Marangoni numbers 

between 3x10“̂ and 3.5x10'^. It was observed that the temperature gradients were 

reduced significantly at the gas-liquid interface during a period of strong
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thermocapillary convection. This reduction in driving temperature gradient caused 

thermocapillary motion to diminish. Eventually the temperature gradients recovered by 

means of conduction from the heated plate, and the Marangoni convection accelerated 

once again. According to Betz and Straub, this phenomenon occurred periodically and 

was the explanation for oscillatory Marangoni flow.

For a bubble with Bond number Bo ~ -1, The enhancement of heat transfer was 

expressed as a Nusselt number, defined as the ratio o f heat transfer with 

thermocapillary convection around the bubble in relation to pure heat conduction in the 

liquid around an adiabatic bubble, or equivalently

It was calculated that the experimental steady state overall heat transfer was described 

by the empirical relationship

The constant ‘/  is a function of the height of the liquid matrix and the bubble volume. 

It was determined that the Nusselt number increased with increasing bubble volume.

Reynard et al. [73] experimentally studied the influence of gravity level on the periodic 

thermocapillary convection around a bubble, by performing their investigations in 

reduced and increased gravity conditions. An air bubble was injected onto a downward 

facing heater surface immersed in a thermally stratified low Prandtl number silicone oil 

{Pr = 16.7). The test cell consisted of two horizontal brass walls delivering the 

temperature gradient, separated by 5mm thick liquid layer. Flow visualisation by 

shadowgraphy took place via the vertical Plexiglas walls.

It was determined that the temperature gradient required to drive the flow into the 

oscillatory mode increased when the bubble aspect ratio decreased, and for the same 

bubble aspect ratio the critical temperature gradient (corresponding to a critical 

Marangoni number) depended on the Prandtl number. Reynard et al. reasoned that

(2.5)

Nu = \ + f-Ma^^' (2 .6)
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lower Pr fluids, due to their lower viscosity, will induce greater thermocapillary 

velocities, thus the threshold is more rapidly reached.

Of particular interest was the influence of gravity on the initiation of the periodic 

oscillatory mode. It was determined that the onset of the oscillatory mode was not 

influenced by gravity level; rather that the gravity level affected the bubble shape, main 

vortex size and oscillation period. Under terrestrial conditions, the oscillation was 

symmetrical, but under reduced and increased gravity, the oscillation was found to be 

asymmetrical. The frequency o f oscillation was also found to be a decreasing function 

of the gravity level. Increasing gravity levels caused a flattening of the bubble and a 

squeezing in size of the main vortex, and the pushing of associated temperature fields 

towards the bubble.

Reynard et al. [74] later investigated fluid wall heat transfer induced by an air bubble 

under a heated wall under normal gravity. In their experiments a similar test cell to that 

seen in [70] was used. Two different silicones oils were utilised {Pr = 16.7, Pr =220). 

Heat flux values were measured directly with a fluxmeter, and the flow field was 

determined by shadowgraphy. The effects of bubble size and temperature gradient were 

investigated for each of the two test liquids, to determine their influence on the flow, 

thermal and heat transfer characteristics for both a stationary and oscillatory 

thermocapillary mode.

The increase in heat transfer caused by thermocapillary convection was expressed as 

the ratio between the heat flux density with a bubble introduced in the silicone oil layer 

and the heat flux density without a bubble. Reynard et al. report that for the two Prandtl 

numbers, the maximum increase in heat transfer was approximately 1.3, but the heat 

transfer regime was different for each Prandtl number. Indeed, from their results for the 

low Prandtl number oil, it would indicate that for the same bubble radius, for a given 

heat transfer enhancement, the temperature gradient required for the enhancement is 

lower for the stationary state than for the oscillatory state. In a way this makes sense, 

since the temperature gradient required to create the oscillatory mode is greater, but the 

flow characteristics during the oscillatory flow perhaps adversely affect heat transfer. 

For the stationary state, it was shown that for the Pr = 220 fluid an increase in bubble 

size increased the effective gain in heat transfer, but increasing the temperature gradient
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produced a more profound gain. It was also shown that the temperature gradient 

required for the onset of oscillatory thermocapillary convection decreased with 

increasing bubble radius. Since the Marangoni number increases by (Rb/H), this result 

is expected.

Reynard et al. concluded that in the case of the low Prandtl number oil, the effective 

gain depends on bubble size and is independent of the temperature gradient, since the 

effective gain at a fixed bubble size remained the same when the temperature gradient 

was increased and the flow state changed. For the larger Pr fluid, the temperature 

gradient becomes important. The two regimes are not induced by the state of the flow, 

moreover their behaviours are due to a different dominant effects according to the 

Prandtl number (thermocapillary effect for Pr = 16.7 and viscous effect for Pr = 220).

Reynard et al. [75] subsequently continued their research to determine the critical test 

conditions for the onset of oscillatory thermocapillary convection. Experiments were 

performed using a rig described in [74], with three different test fluids (silicone oils Pr 

= 16.7 and Pr = 228 and FC-72, Pr = 12.3). To study the occurrence threshold of the 

first oscillatory mode, the temperature gradient was fixed at a constant value. The 

influence of the Prandtl number on the threshold conditions was detailed for one fixed 

layer height of 4.5mm. Moreover, the effect of other parameters such as horizontal w'all 

temperature was tested for the Pr = 16.7 liquid.

It was discovered that the oscillatory thermocapillary convection did not occur for all 

three liquids. In the case of the high Pr silicone oil, only the steady state was observed. 

In the case of the low Pr silicone oil and the Fluorinert FC-72, both steady and 

oscillatory states were observed. Reynard et al. deemed that the height of the liquid 

layer influenced the occurrence of the first 3D oscillatory mode. For the same 

temperature gradient, the critical bubble radius for oscillatory motion increased when 

the height decreased. It was proposed that this behaviour could be due to two reasons; 

the confinement of the thermocapillary roll, or the effect of the horizontal wall 

temperatures.

In order to determine if the behaviour was due to the confinement or to the upper wall 

temperature change, experiments were conducted with a variable height by keeping the
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upper wall at constant temperature of Th = 33°C. It was then shown that the critical 

bubble radius and critical temperature gradient were the same regardless of distance 

between the heated walls. Reynard et al. concluded that the occurrence o f the 

oscillatory mode was independent of the confinement, and that different thresholds are 

induced only by the operating conditions. Furthermore, the occurrence of the oscillation 

did not modify the heat transfer. Heat transfer was found to be modified by changing 

bubble size, thus inducing a larger/smaller thermocapillary vortex.

2.3.4 Numerical work -  bubble attached to a heated wall

For the case of a bubble affixed to a heated surface, Larkin [13] was likely the first to 

investigate the contribution of Marangoni convection to local heat transfer, obtaining 

time-dependent dimensionless numerical solutions of flow and temperature fields for 

Prandtl numbers of 1 and 5, and Marangoni numbers in the range 0<Ma<10^. The 

liquid was seen to move towards the wall before being dragged along the bubble, 

finally leaving the bubble as a jet, the strength of which increased with increasing 

Marangoni number, and decreased with increasing Prandtl number. Larkin investigated 

the influence of the surface-tension driven flow on the Nusselt number, concluding that 

thermocapillary flow increased heat transfer when compared to heat transfer by 

conduction only, but this increase was modest. Increasing the Marangoni number 

increased heat transfer, but the Nusselt number was insensitive to the Prandtl number. 

Larkin found that above a Marangoni number of 10 ,̂ an increase in the rate of heat 

transfer o f 30% was achievable. It was assumed however that until this critical 

Marangoni number was reached, thermocapillary convection was not an important heat 

transfer mechanism. Unfortunately, due to computational limitations of the time, Larkin 

was unable to continue the solution to steady-state.

Gaddis [76] performed a theoretical analysis of the liquid motion generated in the 

vicinity o f a vapour bubble attached to a heated surface. The liquid motion was induced 

by evaporation and condensation at the liquid-vapour interface and by 

thermocapillarity. Results were used to understand the thermal equilibrium of the 

vapour bubble. Gaddis determined that thermocapillarity had a greater effect on the 

induced convection than condensation and evaporation, and was therefore more 

important in determining the temperature o f the equilibrium bubble.
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In 1972, Kao and Kenning [67] performed numerical work which extended Gaddis’ 

steady-state solutions to incorporate the range 0<M a<2.5xl0^, 0<Bi<5000, and 

examined the effect o f local temperature variations in the solid wall. It was found that 

the calculated flow pattern compared satisfactorily with flow visualisation experiments 

on a gas bubble with Ma ~ 10' .̂ Thermocapillary flow was calculated for bubbles of 

different radii to obtain order o f magnitude estimates for the effect o f contamination, 

with results indicating that the estimates were in reasonable agreement with 

experiments on gas bubbles. They used a finite difference code for a bubble positioned 

over a hemispherical cavity in a thick wall heated by a uniform heat flux, using a grid 

spacing much finer than those used by Gaddis [76] and Larkin [13]. It was determined 

that steady-state thermocapillary flows are easily suppressed by surface-active 

contaminants (surfactants) often at concentrations too low to be detected by surface 

tension measurement techniques o f that time.

Straub [12] and Straub et al. [77] also performed numerical simulations on a two- 

dimensional domain to numerically investigate the effect o f thermocapillary convection 

and gravity on fluid flow and heat transfer. Two different domains were studied;

• Two-dimensional gas bubble centred in a rectangular cross-section (due to 

symmetry only half o f the problem was modelled)

• Two-dimensional hemispherical bubble sitting on the lower wall.

In both cases the gaseous phase was not modelled. The fluid properties were taken to 

be the same as water at 365K, with a Prandtl number o f Pr = 1.93. Variance in water 

properties with temperature was not taken into account because the maximum 

temperature difference was AT„,ax = 3.4K, with the exception o f density, whereby the 

Boussinesq approximation was implemented. The upper and lower walls had constant 

but different temperatures. Simulations were performed for pure thermocapillary 

convection and with buoyancy both assisting and opposing thermocapillary flow. 

Straub concluded that at low Marangoni numbers, thermocapillary flow could be seen, 

but had negligible impact on heat transfer, probably due to the moderate fluid 

velocities. At some Marangoni number, the effect on heat transfer would become 

noticeable, and would increase significantly after this point. Furthennore, for pure 

thermocapillary convection at larger Marangoni numbers (Ma > lO'"*), it was found that 

the strong increase in heat transfer would reduce due to the very strong interface
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velocities. This would coincide with an oscillatory mode, the onset of which occurred 

at Ma > 2.5x10^. Straub et al. noted that the maximum Reynolds number in the 

simulations did not exceed Re = 10 ,̂ meaning the flow should remain laminar. Since 

numerical errors from round-off, discretization and improper time-steps were also ruled 

out, it was concluded that no direct relationship between Reynolds number or the 

maximum velocity and the oscillations could be derived.

Arlabosse et al. [78] numerically investigated Marangoni convection caused by an 

isolated bubble situated under a heated surface immersed in a liquid layer subject to a 

vertical temperature gradient. They analysed the resulting flow and temperature fields 

to quantify the influence of the Prandtl, Marangoni and Rayleigh numbers. It was 

determined that the Prandtl and Marangoni numbers decreased and increased 

respectively the strength of the major vortex generated by the bubble, but that the flow 

pattern remained the same regardless. Conversely, the Rayleigh number had little effect 

on the strength of the major vortex but affected its location and size. Several 

correlations were developed by Arlabosse et al. For their simulations at Pr = 250 and 

Ra = 0.68, the strength of the primary vortex was given by

= 1.25^-10-'Afc“ * (2,7)

V'u =  C m  (2-8)

In the above equation, Cua is a constant dependent on the Marangoni number. By 

combining the above equations, Arlabosse et al. developed a flow rate law, where Crq 

is a function of the Rayleigh number:

¥  M ~ ^Ra ^  (2 -9)
Pr

In parallel with their experiments, Betz and Straub [14] performed numerical 

simulations using a 2D mathematical model employing a finite element method. 

Simulations were carried out at both terrestrial and microgravity conditions as a means 

of predicting the substantial differences in heat transfer and fluid flow on earth and in 

microgravity. Simulations were performed in the range 7<Pr<l20 and
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1000<Mo<27800. It was found that the numerical results for Nusselt number produced 

by a ‘real’ shaped bubble were greater than those determined experimentally. Betz and 

Straub attributed this to the fact that the 2D model could not accurately depict the 3D 

scenario. To investigate the influence o f gravity and thermophysical properties, Betz 

and Straub simulated a 2D bubble situated under a heated wall immersed in a liquid 

methanol matrix. A bubble o f constant shape and volume 0.4cm^ was used. It was 

determined that the overall heat transfer increased with increasing Marangoni number 

and decreasing Rayleigh number, corresponding to an elongation o f  the primary 

recirculating vortex from the heated plate toward the cooled plate. Betz and Straub 

concluded that the overall heat transfer in microgravity is o f the same magnitude as if  

thermocapillary convection acts in opposite direction to earth gravity (against 

buoyancy) after a considerable reduction o f the Bond number.

Bhunia & Kamotani [79] numerically investigated flow around a bubble on a heated 

wall in a channel with a cross-flowing liquid under microgravity conditions. The 

problem was set up so that forced and thermocapillary convection could act 

simultaneously. A hemispherical, slightly deformable bubble was placed at the origin 

o f a 2D coordinate system. A parabolic velocity profile was used to simulate a fully 

developed flow entering the channel from the left boundary. The centre o f the bubble 

was located at the middle o f  the heated wall, opposite to an insulated wall, separated by 

a silicone oil layer (v ~  5cSt, Pr ~  70) o f height H. It was shown that the channel flow 

velocity, length o f heated wall before the bubble and temperature difference between 

the heated wall and bulk fluid were the most important parameters governing the 

resulting flow and thermal fields, as well as the associated heat transfer characteristics.

It was determined that for zero channel flow velocity, thermocapillary convection 

occurred as symmetric vortices about the vertical bubble axis. The introduction o f a 

channel flow velocity caused a stagnation point to form on the bubble surface. Before 

this point, forced convection and thermocapillary convection act in the same direction. 

Beyond the stagnation point, the local fluid is re-circulated by Marangoni convection, 

and the two transport mechanisms act to oppose one another. It was found that 

increasing the temperature difference strengthened the thermocapillary flow, and 

moved the stagnation point fiirther upstream.
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Bhunia & Kamotani also investigated the influence on heat transfer. Although the 

bubble itself had an adiabatic condition imposed, data computed indicated that 

thermocapillary convection significantly enhanced heat transfer upstream o f the bubble, 

but decreased the heat transfer downstream o f the bubble. This interesting behaviour 

was explained by analysing the flow and temperature fields. In the absence o f 

thermocapillarity, the thermal boundary layer thickens with distance from the left hand 

boundary, reaching a maximum at the bubble-wall-liquid intersection. Upstream o f the 

bubble, Marangoni convection causes colder fluid to be pulled from above toward the 

heated wall, thus thinning the thermal boundary layer and augmenting heat transfer. 

Downstream o f the bubble, the recirculation o f fluid brings about an increase in the 

average local fluid temperature, thus reducing heat transfer compared to forced 

convection alone. From the results presented by Bhunia & Kamotani, one may 

conclude that increasing the temperature difference will increase heat transfer, 

including the area over which Marangoni convection has effect upstream of the bubble, 

but downstream o f the bubble, increasing temperature difference will decrease heat 

transfer.

Kasumi et al. [80] numerically studied the interactions between two bubbles on or very 

near to a hot or cold wall, extending the single bubble theory by solving the quasi

steady equations for the temperature and velocity fields for two bubbles, and producing 

a quantitative model for the relative velocity between two bubbles as a function o f both 

the distance between them and the gap between each bubble and the surface. It was 

maintained that bubbles on a heated rigid wall would move relative to each other when 

the surface is at a temperature different to that o f the bulk liquid. Previous 

investigations by Kasumi et al. [81] on the relative motion between two bubbles on 

heated and cooled surfaces were consistent with the notion that fluid convection 

induced by the temperature gradients caused the bubble motion. Temperature gradients 

present along the bubble interface cause Marangoni convection. For the majority o f 

fluids, if  near to the hot wall, Marangoni convection would entrain neighbouring 

bubbles, causing bubble aggregation and eventual coalescence. If situated on or near 

the cold wall, Marangoni convection would cause bubble separation.

In [80] two bubbles o f negligible viscosity and thermal conductivity were immersed in 

an ambient fluid. The temperature gradient within the fluid was linear in the absence o f
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the bubbles. The bubbles were of equal radius and separated from the wall by a small 

but constant gap. It was assumed that convective energy transport was negligible {Ma 

«  1). The governing equations were solved using a finite volume method with Fluent. 

In agreement with experimental observations, numerical results obtained by Kasumi et 

al. showed that the approach velocity of a pair o f bubbles increases as the separation 

between them decreases. This increase in velocity was due to the behaviour o f the 

thermocapillary force at small separations. The thermocapillary force was however 

relatively independent of gap height for small gaps. The magnitude of the velocities 

based on the numerical theory were found to be in reasonable agreement with 

experimental values measured in [81].

Morris and Parviz [82] presented numerical work to explain and perform the predictive 

design of Marangoni microfluidic actuators. The actuators in reality consisted o f a 

submerged drop of a particular liquid self-assembled onto a patterned surface. 

Marangoni convection was based on the solutocapillary effect rather than 

thermocapillary, whereby concentration gradients present along an interface generate 

surface tension gradients which drive the flow in a similar pattern to those mentioned 

previously. Simulations were performed on a 2D domain using the finite element 

software package Comsol to investigate the resulting flow pattern and how changing 

various parameters affected actuator operation.

The relative independence of Marangoni flow on Pr number was found to be consistent 

with the findings of Betz and Straub [14], and in contrast with those found by 

Arlabosse et al. [78] where several experimental studies were compared with numerical 

data. An inverse relationship between velocity and Pr was proposed by Arlabosse et al. 

[78], but in their numerical study simulations were carried out at fixed Ra, as their 

dimensionless approach decoupled the Rayleigh and Marangoni numbers. Morris and 

Parviz increased Ra with Ma in order to properly model the changing of the 

experimental concentration gradient. Results were found to be in good qualitative 

agreement with previous studies on the subject. Calculations of corresponding 

experimental surface tension gradient led to the conclusion that the solutocapillary 

Marangoni actuators were capable of delivering an equivalent 200°C cm"' 

thennocapillary effect at room temperature.
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Chapter 3: Research Motivation & Objectives
This chapter highlights the motivation for this research, explaining the relative lack of 

understanding of Marangoni convection and its influence on heat transfer, particularly 

in boiling scenarios. The chapter ends by outlining the major objectives of this study.

3.1 Motivation for the research

The motivation for this research project stems initially from some experimental boiling 

work conceming the variation of wall superheat with subcooling in nucleate pool 

boiling. Wiebe and Judd [83] conducted experiments where water was boiled on a 

copper heater surface at three levels o f heat flux and various levels of subcooling in the 

range 0<r™/,<60°C. The objective of the experiments was to determine the thermal 

layer thickness by analysing the liquid temperature distributions close to the surface. 

Some years later, Sultan and Judd [84] performed the same experiments using the 

identical apparatus and test conditions, this time investigating the interaction between 

bubbles forming at adjacent nucleation sites. Subsequently, Ibrahim and Judd [85] 

again used the same apparatus at three different heat flux levels in the subcooling range 

of 0<r,„fc<15°C to measure average bubble growth and waiting times at arbitrarily 

selected nucleation sites on the heater surface.

Judd et al. [86] presented an analysis that explained the variation of superheat with 

subcooling that had been observed by the aforementioned researchers [83-85] 

investigating nucleate boiling heat transfer at constant heat flux. Each investigation 

presented heater surface superheat data that rose initially with subcooling before 

eventually falling as subcooling was further increased. According to Judd et al. the 

superheat increased initially with increasing subcooling near saturated conditions 

because of changes in active site density and average bubble frequency. This in tum 

affected the rate of heat removal from the heater surface by enthalpy transport and 

microlayer evaporation. As subcooling was increased even further, it was expected that 

natural convection would play an important role in the heat transfer process. It was 

assumed that at some level o f subcooling, natural convection was solely capable of 

transporting the entire imposed heat flux regardless of the type of liquid/surface 

combination [86]. Further increases in subcooling would then cause surface superheat 

to decrease at a constant rate as predicted by natural convection theory.

58



Research Motivation & Objectives

Subsequently, Robinson [87] studied the effect o f subcooling on bubble formation in 

nucleate pool boiling. A sketch o f the apparatus used in [87] is shown in Figure 3.1. In 

the experiments, distilled water was gradually heated to boiling conditions on a copper 

heater surface under four different levels o f subcooling. Some surprising results were 

obtained by the author. Figure 3.2 plots the variation in wall superheat with liquid 

subcooling for a fixed heater input heat flux o f 210kW/m . According to what was 

known at the time, at high levels o f subcooling natural convection becomes the 

dominant mode o f heat transfer. The model which predicts this is graphed as a solid 

black line in Figure 3.2.

At low levels o f subcooling in the range 0<r5„/,<10°C, large vapour bubbles were seen 

to grow and depart from the heater surface. In the range 0<r™/,<40°C, the measured 

wall superheat rose and fell in a manner consistent with the theoretical model. This 

behaviour had previously been seen by several other authors [83-85]. As the subcooling 

level o f  40°C was reached, vigorous subcooled boiling was observed at the heater 

surface, with small diameter vapour bubbles rapidly growing and collapsing. As the 

subcooling was further increased, it was expected that the curve would asymptotically 

approach the curve for natural convection. However, this was not the case. Indeed, at a 

subcooling level o f approximately 42°C, large diameter (l~2m m ) bubbles were seen to 

form on the heater surface. As the subcooling was increased toward 60°C, the heater 

surface was eventually covered in these large gas bubbles that did not detach and there 

was a dramatic decrease in wall superheat. This corresponded to an increase in heat 

transfer o f about 30% over that o f subcooled nucleate boiling, which is significant. To 

ensure the phenomenon was not due to experimental error, the subcooling was reduced 

and conditions at the heater surface returned to a previous state o f boiling. 

Unfortunately, due to time constraints, Robinson was unable to investigate the problem 

in more detail, and it was not until some years later that Marangoni convection was 

determined to be the cause o f the drop in wall superheat and the corresponding increase 

in local wall heat transfer.
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Figure 3.!: Apparatus used by Robinson [87]
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Figure 3.2: Variation in wall superheat with liquid subcooling [87]

61



Research Motivation & Objectives

1000

100
cc

X
0 >

10

= l2 5 .S 6 ^ e x p (-0 .0 2 6 S 2 T ^ J T ^ ^^ (T ^ +

^  40°C subcooling

* 50°C subcooling

• 60° C subcooling 

o 70°C subcooling

3.762^ , ( T , - r J

' ' ' '

q "  = '?

10 100

Temperature Difference, T„[°C]

Figure 3.3: Surface heat flux versus zlT for four different levels of subcooling [88]

The experiments were repeated by Petrovic et al. [88] using the same apparatus (see 

Figure 3.1) in an attempt to clarify the mechanism of heat transfer at the heater surface. 

Typical results obtained are shown in Figure 3.3, which plots the variation in surface 

heat flux with temperature difference for four different levels of subcooling. From their 

results it was clear that three modes o f heat transfer were present in the subcooling 

ranges tested. Moving from left to right on the graph, there is initially a buoyant natural 

convection regime. As the temperature difference increases, gas bubbles form on the 

surface and Marangoni convection occurs and produces relatively high heat transfer 

when compared with natural convection. Finally, the temperature difference is 

sufficiently large to promote the third regime of subcooled nucleate boiling, with 

correspondingly high heat transfer. Also presented in Figure 3.3 are typical correlations 

for both the natural convection and boiling modes. Up to this point, there was no 

definitive correlation for Marangoni convection caused by the presence of gas bubbles.

This lack of knowledge prompted Petrovic et al. to search for a method of quantifying 

the total rate of heat transfer within their system. To do this, they analysed more closely 

what was happening at the heater surface. They took images of the surface from above 

using a digital camera. Figure 3.4 shows several images taken at different values of
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surface heat flux for a fixed subcooling. Increasing the heat flux caused more bubbles 

to form on the heater surface. By taking any section o f the heater surface, it is probable 

that a scenario such as the one shown in Figure 3.5 occurs. Figure 3.5 is a sketch o f two 

random bubbles on the heated surface separated by some distance sufficiently large so 

that buoyant natural convection takes place between the bubbles. These bubbles will 

likely be o f different size and shape, and each bubble will cause some Marangoni 

convection. It is likely that the strength o f the Marangoni convection and the area over 

which it has effect is determined by the individual bubble geometry, as well as fluid 

properties and surface conditions.

(a)q"=77.2kW/m" (b) q"= 93.7 kW/m" (c) q"= 111.9 kW/m

‘IV 4

(d) q"= 141.2 kW/m' (e) q"= 164.9 kW/m' (f) q"= 190.5 kW/m'

Figure 3.4: Digital images o f the heater surface in experiments in [88]

'__________ R»tT.h.(_________
h e a te d  w a ll-

Figure 3.5: Typical scenario at the heater surface for experiments in [88]
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3.2 Research objectives

As Figure 3.6 shows, Marangoni convection about a bubble will disturb the 

neighbouring fluid and cause motion in the bulk. If the bubble is situated on a heated 

surface, this motion will re-circulate the warm fluid from regions near the bubble into 

the bulk, as well as dragging cold fluid from the bulk toward the bubble, and thereby 

affecting local heat transfer. A typical heat flux profile is also given in the figure. The 

local wall heat flux increases in the immediate vicinity of the bubble, and reaches a 

peak before falling to a constant value at some distance from the bubble. The amount to 

which local heat transfer is affected is unknown. Furthermore, the area over which this 

effect occurs is also unknown.

cond

boundar>' layer T f a i r  bubbleV

i  i  hea ted  w a l l ---------- '

■eff e ff

Figure 3.6: Marangoni convection

To determine the total rate of heat transfer within the system, one must perform an 

energy balance. Petrovic et al. adopted an approach proposed by Judd and Hwang [89] 

shown in Figure 3.7. The model separates the total rate o f heat transfer into its 

constitutive parts. The total rate of heat transfer can be determined from Equation 3.1. 

The term q nc represents the heat flux due to natural convection, which acts over the 

entire area but is the only form of heat transfer over the area A^c- The heat flux due to 

Marangoni convection, q Ma, acts over a unique and different area for each individual 

bubble. The unknowns in the equation are the terms relating to Marangoni convection: 

the heat flux and the area over which this heat flux has influence. In accordance with 

the approach adopted by Judd and Lavdas [90], Petrovic et al. took the area influenced 

by each bubble to be four times the projected area of the bubble, twice that postulated
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by K enning and Kao [68]. How ever, this value was an estim ate, since from their 

experim ents it was im possible to determ ine the actual affected area, and the 

experim ental setup afforded only a lim ited range o f  M arangoni num bers to be 

investigated [88],

This quandary form s the basis for this research. By analysing the M arangoni effect 

caused by a single isolated bubble on a heated surface, one is essentially analysing the 

bubble in Figure 3.7. The affected area o f  heat transfer can be calculated and the 

overall enhancem ent due to M arangoni convection m ay be determ ined.

A(ot = total surface area
= area associated with natural convection 

total area associated with air/vapour bubbles 
A|̂ i = area associated with i-ith bubble 

= num ber o f  bubbles on the surface

Figure 3.7: Heat transfer m odel proposed by Judd & Hw ang [89]

A'y,

^ T O T ^ T O T  ~  ^  N C ^ N C  (3-1)
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The objective o f  this research is to  quantify the rate o f  heat transfer caused by 

M arangoni convection about a single isolated gas bubble situated on a heated surface 

im m ersed in a liquid layer. By analysing the local heat flux distribution and show ing a 

relationship  betw een it and the tem perature and flow fields w ith in  the liquid, the area 

over w hich M arangoni convection dom inates can also be determ ined. It is envisaged 

that a fundam ental understanding o f  the fluid m echanics and heat transfer will provide 

insight into how  therm ocapillarity increases heat transfer, and ultim ately lead to a 

correlation for M arangoni flow which relates any im provem ent to the therm al and flow 

conditions.
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Considering the photographic images provided by Petrovic et al. in Figure 3.4, as heat 

flux increases and more and more bubbles appear on the heater surface, it is likely that 

two or more bubbles would be situated near one another. In this scenario the bubbles 

may exert some influence on each other, thereby affecting local heat transfer 

performance. It is reasonable to assume that the ability of a particular bubble to affect 

another bubble is somewhat dependent on the distance between them. Although some 

studies have been performed involving thermocapillary convection in two bubble 

systems such as those in Kasumi et al. [80, 81], Nas [91], Sides [23] and Wozniak and 

Wozniak [64], there remains little to no information about how heat transfer is affected. 

Specifically, this study also investigates the local wall heat transfer behaviour in 

response to changing the spacing between two gas bubbles o f equal size on a heated 

wall of constant temperature.
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Chapter 4: Experimental Work
This chapter describes the experimental work undertaken in this study. Details are 

provided o f the experimental rig and associated procedures, along with a physical and 

mathematical description o f the image analysis technique known as particle image 

velocimetry, which was employed in this investigation. The chapter concludes with a 

presentation and discussion o f the experimental results obtained.

4.1 Rig/test facility

The test section consists primarily o f  two copper surfaces, one heated to a constant 

temperature which is varied between experiments, and one cooled to a low temperature. 

Both interior copper surfaces are sprayed with a thin layer o f matt black paint to 

minimise reflections from laser light. The copper surfaces are housed in a Perspex 

container which dictates the test cell height (i.e. the distance between the hot and cold 

surfaces) to 5mm. A sketch o f the test section is provided in Figure 4.1.

expansion
Feltier
element

outlet them iocouple
inlet

test
cell

air inlet

water flow  direction

Figure 4.1: Experimental apparatus

The upper wall was maintained at the elevated temperature by a sealed 30mm x 30mm 

Peltier element (Melcor, Peltier effect heat pump, part # CPI .0-127-05L-RTV), capable 

o f delivering a maximum o f 39W o f power. Once steady state was achieved, the 

temperature o f this wall could be maintained to within +/- 0.2°C o f  the desired 

temperature. Bubble injection onto the hot wall was achieved via an infiision pump and
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syringe combination, which was connected to a 0.8mm internal diameter flexible piece 

o f Tygon tubing. The tubing was placed within the upper wall, and connected with an 

orifice o f diameter 0.5mm located on the underside o f the heated wall. The volume o f 

the bubble was controlled with adequate accuracy by the infusion pump. A single 

bubble o f approximate radius 1mm was injected for each experiment in this study. A 

calibrated thermocouple was placed in the hot wall close to the orifice to monitor the 

wall temperature. Two holes were drilled in the upper copper section far from the 

bubble orifice to allow for expansion o f  the liquid under heating and bubble injection. 

The test cell was overfilled gradually with silicone oil seeded with tracer particles 

through the expansion holes using the syringe and infusion pump. This ensured the 

trapped air in the test cell was removed.

r—  Pellier Element
Power

Supply

Hot Wall 
Temperature

Thermocouple
Meier Needle

Syringe

Cold W all 
Temperature

Test cell Tilled

with silicone oilAlphacool GPU 

Waterblock Assembly

Pump Ice & W'ater

Reservoir

Filter
Power

Supply

Figure 4.2: Experimental flow loop

The cold wall temperature was maintained by a water flow loop. An off-the-shelf 

graphics card cooler (Alphacool Videocard NexXxos G PIX-N Geforce VGA 

Waterblock) was utilised, the surface dimensions o f which matched the desired 

dimensions o f the test cell (40x40x14mm length x width x height). As shown in Figure
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4.3 below, the underside o f the copper surface consists o f several channels. The use o f 

channels in the GPU cooler increases the surface area and improves heat transfer. The 

upper copper surface was smooth and polished. The copper piece was mounted on 

Plexiglas housing with an 0 -ring  to prevent leaking. Both copper and Plexiglas were 

connected via four screws. A stainless steel mounting plate o f 1mm thickness was 

located around the perimeter o f the underside o f the copper section. The Plexiglas 

housing was connected to 1/2” internal diameter tubing via two chrome G l/4  -1/2” 

fittings. The tubing ran to and from a w ater reservoir filled with crushed ice. The 

cooled water was pumped through the tubing to the copper waterblock, lowering the 

wall temperature close to 0°C. Since phase change is an isothermal process, the iced- 

water reservoir delivered a reliable constant temperature cold source. A thermocouple 

was placed in the lower wall close to the surface to monitor the cold wall temperature. 

Typically, the cold wall temperature was maintained at 0.2°C +/- 0.1 °C.

Figure 4.3: Alphacool waterblock with channels 

4.2 Particle image velocimetry

Particle image velocimetry (PIV) is a flow imaging and analysis technique that can 

offer excellent qualitative and in some cases quantitative data on a given flow field. 

The flow is seeded with small and ideally neutrally buoyant tracer particles which are 

meant to follow the exact path o f fluid particles at all times. In reality, this is obviously 

impossible since the tracer particle density will not match the fluid density exacfly at all 

times and all locations, as well as other contributing factors. The particles are 

illuminated with a laser light sheet formed by passing a laser through a series o f optical 

lenses. The laser pulses once or twice, depending on the setup, and the camera can take 

one or two separate images or one image exposed twice, once for each laser pulse. The 

ideal arrangement for PIV occurs when the largest velocity component o f the flow is
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parallel to the light sheet. Then, i f  possible, the cam era is placed perpendicular to the 

light sheet. Ideally, the light sheet has m inim um  thickness and the view ing o f  the flow  

is unrestricted by any extra m edium  such as a w indow. The light sheet thickness and 

field o f  view  is determ ined by the laser sheet optics and the distances betw een 

successive lenses. D uring setup, the light sheet thickness can be view ed through 

goggles by using fluorescent orange paper placed in the laser plane. The m agnification 

on the cam era is chosen to be sufficient to resolve the flow structures under 

investigation.

PIV recordings in this investigation w ere obtained using a Q uantronix Darwin Duo 

high repetition Nd:YLF laser (neodym ium : yttrium  lithium  fluoride, X =  527 nm , 0.1- 

0.3 J/s at 1000 Hz) in com bination w ith a high speed CM OS Photron cam era. 

C alculations for the flow field w ere perform ed using the software package D aV is 

version 7.2. D epending on the flow  velocity  and the factor o f  m agnification o f  the 

cam era lens, the delay o f  the laser pulse(s) is chosen such that adequate displacem ent o f  

the particle im ages on the CM O S cam era is obtained. Each im age in the PIV recording 

is subdivided into regions know n as interrogation w indows. It is desirable to have at 

least ten illum inated tracer particles w ith in  each interrogation window. Furtherm ore, all 

particles w ithin an interrogation w indow  should m ove in the sam e direction and the

FLOW SEEDED WITH 
TRACER PARTICLESLIGHT SHEET

CYLINDRICAL
LENS CAMERA

FRAME

CORRELATION FUNCTION

2^  FRAME

Figure 4.4: Particle im age velocim etry

70



Experimental Work

same distance. Each interrogation window produces a single vector after statistical 

correlation methods have been employed.

4.2.1 Particle seeding

The silicone oil was seeded with hollow glass spheres o f mean diameter in the range of 

9-13|im. These particles are recommended for oil and water flows [92]. Although the 

density of the particles was somewhat greater than that of the oil {pspheres = 1100 +/- 50 

kg/m^, poii ~ 950 kg/m^), it was difficult to find a better match available in large 

quantities and low cost. These seeding particles have also been used in similar studies 

[69]. The seeding method used was relatively simple: 20ml of silicone oil was placed in 

a beaker. Approximately 0.0 Ig of seeding particles was transferred to the beaker, along 

with a magnetic stirrer. The beaker was placed on a combined hot plate/stirrer, where 

the mixture was maintained at approximately 20°C and stirred gently for thirty minutes. 

This ensured the seeding particles were well distributed throughout the silicone oil 

sample. Transfer to the test cell was achieved via a syringe/needle combination and an 

infusion pump. The quantity of seeding particles was deteitnined by a trial and error 

approach. 20ml samples of silicone oil containing different amounts of tracer particles 

were pumped into the test cell and analysed under laser light using the camera.

4.2.2 Camera calibration & laser sheet setup

The camera was calibrated before every experimental session. Once the experimental 

rig had been positioned correctly, the camera was positioned perpendicular to the 

direction of the laser sheet. The test cell was completely filled with the seeded silicone 

oil. Since the camera was intended to view the plane illuminated by the laser sheet, it 

was necessary to view through three different media; air. Perspex and silicone oil. The 

square geometry of the test cell was selected so that the camera could view the 

illuminated plane without any optical distortion due to window curvature. Clearly, the 

light passing from one medium to the next will be refracted, but as long as the 

calibration is based on a view plane completely in one medium, then one can neglect 

the optical distortion by windows, camera lens, etc. On this basis, the calibration 

technique ‘Define scale, no image distortion’ was selected within the DaVis software 

package.
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Ensuring that the camera and experimental apparatus both remained still, a marked 

scale was placed into the silicone oil layer aligned with the laser sheet and a single 

image was taken. At this point it was essential to ensure that the face o f the scale was in 

the plane o f  the laser sheet. The camera was then focussed on the scale face. Two 

points were selected by marking two locations on the image (see Figure 4.5), and a 

horizontal separation distance was specified. In this manner, the pixel-to-mm scale for 

the experiment was defined. The first selected point was automatically chosen as the 

origin for the coordinate system. If this origin was undesired it could be relocated by 

selecting a new reference point whilst maintaining the original calibration.

i>tlceot4hfM i»t ^
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Figure 4.5: Camera calibration

The CMOS sensor can have a dark current in the order o f a few counts [92, 93]. These 

counts will show up even when the lens cap is on. To rectify this, the count offset was 

subtracted from all future images by taking a dark image with the lens cap in place and 

selecting ‘dark image subtraction’.

It was necessary to check for any reflections from the rig or other sources that could 

cause damage to the camera. The 12bit CMOS chip can withstand light intensities up to 

4095 counts (the saturation value), so local high intensity values are undesirable. By 

turning on the laser, removing the lens cap and opening the aperture slightly, these 

reflections could be identified, and if  possible, eliminated. Unfortunately, due to the 

nature o f the experiment, one source o f high reflection was the bubble itself. Therefore 

an attempt was made to minimise the thickness o f  the light sheet which in turn reduces 

bubble reflection.

10 .$ 0  5 1ft I IS
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Figure 4.6: Reflections o f laser light in the test cell

A section o f the typical recorded image is given in Figure 4.6. The laser sheet enters 

from the right o f the im.age. The seeded particles nearest the laser sheet origin are 

brightest with good clarity between different groups o f particles. As one moves further 

to the left towards the bubble, the particles are still clear and distinct. Past the bubble 

on the left o f the image, the particle illumination is poor in the region near the bubble. 

Indeed, the bubble itself is the primary stumbling block for successftil PIV, causing 

reflections and light scattering but also preventing light from illuminating certain parts 

o f the test cell. Increasing laser power was not a viable alternative because this resulted 

in saturation and possible damage to the camera. Clearly, on the right hand side o f the 

bubble there was a point o f high saturation. This made it impossible to obtain 

interfacial fluid velocities from the resulting vector field. Moreover, there were some 

reflections from solid surfaces as can be seen at the bottom o f the image. These 

reflections resulted in spurious vectors in the post-processed result. A trade-off between 

laser power and flow illumination must therefore be reached. For the optical lenses 

available, an attempt was made to reduce the thickness o f the sheet entering the test cell 

by restricting the sheet to pass through only a small section o f the right window.

Since thermocapillary flows are generally quite slow, the camera was set to record in 

single-frame mode. To ensure the laser and camera were synchronised, an image was 

taken and checked for successful exposure. The pulse separation time, dtiASER, was 

selected so that the particle image shift, dsp, was in the interval given by the resolution 

o f the system and the maximum allowable particle shift, approximately one quarter of 

the interrogation window size 0.\p\xe\<dSp<0.25xIntlVinSize [93]. To ensure sufficient 

particle shift between successive images, it was desirable to zoom in on a group of 

particles and move between the two frames. If  there was no significant particle shift, 

the value o f dtiASER was increased. An acceptable particle image shift is approximately
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5 pixels [93], Since the Marangoni flow under investigation in these experiments had a 

maximum local velocity of approximately 0.5mm/s, the flow could be considered 

relatively slow. Hence, the camera frame rate was chosen to be 50Hz, or 50 images per 

second. In discrete resolution mode, this is the minimum frame rate of the camera. 

Furthermore, calculations of the required pulse separation for typical flows in this study 

exceeded the maximum allowable pulse separation for the laser. Hence, a compromise 

was reached whereby images were recorded at 50Hz and d t l a s e r  ~ 10000|j.s. The 

correction was made in the calculation of the vector field when every image is 

involved in the calculation, where n depends on the pixel shift of the recorded data.

4.2.3 Pre-processing the PIVdata

Before the vector calculation procedure, it was generally necessary to ‘clean’ the 

recorded images so that vector calculation could be improved. The first method used 

was sliding background subtraction. This technique is helpful when there are 

undesirable intensity fluctuations in the background due to reflections or obstructions 

[93]; an issue in the region behind the bubble. Larger intensity fluctuations are filtered 

out while small fluctuations pass through, theoretically resulting in an image with 

constant background intensity without manipulating the particle signal [93].

The second method used was particle intensity normalisation. Some particles will not 

be as illuminated as others which can be caused by obstructions, varying particle 

diameter and shadows. For example, the particles in front of the bubble were brighter 

then those behind it. To correct this, the intensity may be normalised by calculating the 

local and global minimum and maximum particle intensity values. The background 

intensity is subtracted from the global image. This result multiplies the ratio of global 

to local maximum intensity values, producing a normalised particle intensity image.

4.2.4 Vector evaluation procedure

The first step in the vector calculation procedure was to define a mask. A mask consists 

o f an image with zero-intensity regions where no evaluation is done [93]. Mask 

definition allows the user to eliminate regions of the recorded data set from the vector 

calculafion procedure, which leads to better vectors and reduces computational effort.
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Figure 4.6 shown previously was the masked area (1024x260 pixels) of an original 

recorded image of size 1024x1024 pixels.

Once the mask had been chosen, the correlation function was selected. The masked 

image was sub-divided into interrogation windows. The size of the interrogation 

window is user-defined, but for good quality results all particles within an interrogation 

window must move in the same direction and the same distance. The correlation 

function operates on the particle intensities within each interrogation window. It 

produces one vector for each window and moves through the entire (masked) recorded 

image with a specified window shift [93].

If the PIV recording system allows the user to record images in the double-frame/single 

exposure format then the evaluation of the PIV recordings is performed by cross

correlation [92], For this study, a cross-correlation function was utilised, which 

calculates a vector field based on the cross-correlation between two interrogation 

windows sampled from the two exposed images. Ideally, it is beneficial to offset both 

of these samples according to the mean displacement of the tracer particles between the 

two illuminations. This reduces the in-plane loss of correlation and therefore increases 

the correlation peak strength [92]. However, since thermocapillary flow is relatively 

slow and the required pulse separation exceeded the maximum allowed, the cross

correlation function was used on every image rather than on successive images. The 

value o f n depended on the recorded data set, since flows with greater temperature 

gradients produced higher velocities. The value o f n was selected based on the number 

of images required for a particle to shift 5 pixels.

m

25% overlap
interrogation window

Figure 4.7: Interrogation windows
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There are several limitations to this method however. It is assumed that the particles are 

illuminated stroboscopically so that they do not produce streaks in the recorded images. 

The second image therefore represents the particle shift according to the fluid flow 

(ignoring particle lag and three-dimensionality) [92]. The most information that can be 

obtained from the pair o f recordings is the straight line displacement o f the particles. It 

is impossible to measure acceleration, as no curvature information between the 

recordings is available, just the start and end locations. Only first-order terms can be 

calculated within an interrogation window. No second-order effects such as rotations or 

deformations can be obtained in the resulting vector field. To account for these 

rotations, the interrogation window size should be selected so that the second order 

terms can be neglected, i.e. a particle in rotating flow should appear as linear 

displacement since the interrogation window is so small.

In most PIV experiments the seeding density is too great to analyse discrete particles 

[92], so the spatial translation o f  particle groups can be observed, and the cross

correlation o f  an image pair containing these groups can be used to calculate a field of 

linear displacement vectors. Therefore, the cross-correlation method essentially 

measures the degree o f match between two samples for a given shift. The highest value 

in the correlation plane can then be used as an estimate o f the particle image 

displacement [92]. A multi-pass cross-correlation function is recommended for 

accurate vector field calculation. In the ‘decreasing window size’ method, the user 

specifies the initial and final interrogation windows sizes, their shape, any window 

overlap, and the number o f passes. The default square interrogation window was 

selected for this investigation since there was no excessively dominant flow direction. 

The initial and final interrogation window sizes once again depended on the expected 

flow field. Larger temperature gradients produced faster flows which required a denser 

grid since to ensure particles were moving 5 pixels within each window. The grid 

spacing therefore specified the spacing between neighbouring vectors in the resulting 

vector field. Typically, overlap o f  50% on the initial passes and 25% on the final pass 

was used (see Figure 4.7). This aided calculation o f vectors in regions o f both slow and 

fast moving particles.

The vector field evaluation began with the first pass on a selected initial interrogation 

window size. A reference vector field was calculated, producing a vector for each
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interrogation window. For the next pass, the interrogation window size was halved, and 

the vector calculated in the first pass was used as a best-choice window shift [93]. 

Hence, the window shift was adaptively improved with every pass to compute the 

vectors in the following passes with greater accuracy. In this way, the same particles 

were correlated with each other even when using small interrogation windows where 

fewer particles entered or left an interrogation window [93].

Once the vector field was computed, the average vector field and the r.m.s deviation 

from the average were determined according to Equations 4.1 and 4.2 respectively.

V =avg
/ = !

V =\ rm s \
(=1

(4.1)

(4.2)

4.2.5 Correlation o f  two singly exposed images

Consider a single exposure recording consisting of a random distribution of particle 

images corresponding to a distribution of N  tracer particles in the flow. From Equation 

4.3, r  describes the state of the distribution at a given time t, and Xi is the position 

vector of particle / at time t.

X,
where X, = (4.3)

The particle position and image position (that observed in the image plane) are related 

by the magnification such that
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(4.4)
M M

From Raffel [92], the image intensity field of the first exposure is given by

N

(4.5)
(=1

Where t (x )  is the Gaussian point spread function of the imaging lens (accounting for 

aberrations in lens), Vo(Xi) is the transfer function giving the light energy of the image 

of an individual particle / inside the interrogation volume Vj and its conversion into an 

electronic signal or optical transmissivity [92], Assuming the light scattering properties

sensitivity o f the image plane, t (x )  is constant for every particle position.

Assuming that z is the viewing axis, the light intensity inside the interrogation volume 

becomes only a function o f z and the image intensity depends on x  and y. If rectangular 

interrogation windows are used and assuming that particles do not overlap. Equation 

4.5 may be rewritten as

For cross-correlation of a double frame single exposure pair of images, one assumes a 

constant displacement, D, o f all particles inside the interrogation volume. Hence, 

following on from Equation 4.1 the particles’ locations in the second exposure are 

given by

for each particle to be identical and the recording optics and media to have equal

N

(4.6)

where

(4.7)
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Xi + D = Y . + D y (4.8)

The particle image displacements are then given by

d = (4.9)

If I(x,r) is the image intensity field of the first exposure, it follows that the image 

intensity field of the second exposure, I'(x,r), is given by

Assuming identical window properties and an identical light sheet for the second 

exposure, the cross-correlation function of the two interrogation areas is given by 

Equation 4.11.

The quantity s is the separation vector in the correlation plane. The i =y terms describe 

the displacement of each particle image. The / j  terms describe the correlations of 

different randomly distributed particles and result in noise.

The correlation can be broken down into its constitutive parts [92]:

•  R c(s ,  r ,  D) the convolution o f the mean intensities of I ,

•  R f(s , r ,  D) the fluctuating noise component resulting from the i j  terms of 

Equation 4.9

•  R d (s , r ,  D) the component of the cross-correlation function resulting from the /' 

= j  terms of Equation 4.11

(4.10)

R„ (s,r, D) = — K(x, + d ) |  r(x - 1, )r(:
^ ; i i

X - X .  - h S - d)/x (4.11)
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Rewriting Equation 4.11 we have the following:

R„ (s, r, d) = Rc (s, r, d) + 7?̂  (s, r, d ) + (s, r, d) (4.12)

The fourth term is the parameter o f interest, and is given by

N

(s,r, d ) = -  d ) 2  F„(X, )F„(X, + d ) (4.13)

4.2.6 Post-processing the P I V data

Depending on the evaluated vector field it may be necessary to post-process the data. 

Unfortunately, it was impossible to ensure spatial uniformity in the seeding particles. 

There may have been areas o f high seeding density and areas o f low seeding density. 

Furthermore, there were also areas o f low illumination, in particular the area ‘behind’ 

the bubble when viewed from the direction o f the laser sheet. These effects caused local 

errors in vector data in the computed vector field, so steps were taken to ensure the 

flow field was captured as accurately as possible. A commonly used method is the 

median filter, similar to that developed by Westerweel [94], and is used by default 

when multi-pass cross-correlation is selected.

The median filter operates on a 3x3 vector arrangement, computing a median vector 

from the eight surrounding vectors and comparing this vector to the middle vector. If 

the median and middle vectors differ by less than the deviation o f the surrounding 

vectors then the middle vector is kept. Otherwise, it is removed and replaced by the 

median. The deviation is not based on all eight surrounding components. To reduce 

possible errors introduced by spurious vectors, the two most deviating values are 

ignored in the calculation. The allowable deviation from the r.m.s. can be specified by 

the user. The post-processed data was finally exported in a .vc7 file format for analysis 

in Matlab.

4.3 Experimental procedure

Following on from the descriptions provided in previous sections, the experimental 

procedure was as follows:
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•  Seed 20ml o f  silicone oil w ith 0.0 Ig  o f  hollow  glass spheres in a glass beaker.

•  Stir m ixture and m aintain at approxim ately 20°C on a hotplate.

•  Pow er on router, gigabit switch and high speed camera.

•  Pow er on laser pow er supply and w ait for set tem perature to be reached.

•  hiitiate cold w ater flow loop.

•  A dd silicone oil and seeded particles to the test cell via an infusion pump.

•  Pow er on Peltier elem ent to provide hot w all tem perature.

•  Start DaVis software.

•  Use the laser and cam era to establish w hether steady-state has been reached.

•  Calibrate cam era under steady state conditions.

•  Inject a bubble using the inftision pum p

• Use the laser and cam era to establish w hen a steady flow pattern is occurring.

•  Record 1000 images at 50H z & save data for post-processing.

4.4 PIV error analysis

For fluid flow s, the particle size is generally not as critical as in gas flows [92, 95]. One 

source o f  error is the influence o f  gravitational forces brought about by the difference 

in density betw een the test fluid and the tracer particles. The gravitationally induced 

velocity o f  a particle undergoing Stokes flow, Ug, is given by  Raffel [92]

For this study, Ug ~  6 .94e-4m m /s w hich was sm all relative to the m axim um  velocities 

expected in the flow. From  [92], an estim ate for the velocity lag v/ag o f  a particle in a 

continuously accelerating fluid at low velocities (S tokes flow) is hence given by

w here Up is the particle velocity and « / i s  the fluid velocity. The response o f  the particle 

follows an exponential law i f  the particle density is m uch greater than the fluid density:

18/y
(4.14)

18/y
(4.15)
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“ p(0 = «f 1-exp -  — (4.16)

The relaxation tim e Xs is given by

A lthough the solution for non-constant acceleration or non-Stokes flows becom es m ore 

com plicated, Raffel m aintains that is a useful m easure for the tendency o f  a particle 

to attain velocity equilibrium  with the fluid, even for flows at h igher velocities. For this 

study, the relaxation tim e was Xs ~  0 .34ns w hich suggests the particle follow ed the flow 

direction quite well. Furtherm ore, the particle Reynolds num ber is given by

Calculations o f  the Reynolds num ber produce a m axim um  R e ~  2 .5e-3, so 

approxim ations o f  Stokes flow are acceptable.

The tracking capability o f  a tracer particle is also described by  M elling [95], and Tchen 

[96]. Both analyses assum e perfectly  hom ogenous spherical tracer particles o f  constant 

density. Furtherm ore, the seeding density  is assum ed to be low  enough such that an 

individual particle is suspended in an infinite fluid (i.e. large particle separation). 

M elling suggested that i f  external forces acting on the tracer particle can be neglected, 

such as gravitational acceleration, the ability  o f  a tracer particle to follow  the flow is 

dictated only by  the particle shape, d iam eter and density and the fluid density  and 

viscosity. Tchen, on the other hand, included all forces in his force balance. A lthough 

the equations were developed w ith gas flow s in m ind, Tchen stated that this theory also 

w orks for water. Since the hollow  glass sphere tracer particles used in this study are 

also used in m any PIV experim ents w here w ater is the w orking fluid, and the densities 

o f  the two liquids are sim ilar {pou = 950 kg/m^, plater = 997 kg/m^), the m ethod o f  error

Re (4.18)p
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analysis adopted by Tchen and Melling is deemed acceptable. Thus, the forces acting 

on a tracer particle are given by Equation 4.18 [96].

^ParticleAwel ^viscousdrag ^added  mass ^F lu id  Acce! ^B uoy ^Basset (^- ^

If dp, pp and /9/ are the particle diameter, particle density and fluid density respectively, 

expanding the above equation gives

4 4 ,3  ̂ 1 4  ,3 4 ,3 c/Uf

3 dt 3 2 3 dt 3 dt
(4.20)

Comparing Equations 4.19 and 4.20, one sees that the term on the left hand side 

represents the acceleration force of the particle. The first term on the right hand side 

represents the viscous resistance to motion, or drag, and the second term represents the 

resistance of an inviscid fluid to the acceleration o f the spherical particle [95]. The third 

term on the right describes the pressure gradient in the vicinity of the particle which 

arises from the acceleration of the fluid. The term on the left, combined with the second 

and third terms on the right describes the accelerating force on a sphere whose mass is 

increased by an additional virtual mass equal to half of the fluid mass displaced by the 

sphere [95], The fourth term on the right represents buoyancy forces. The final term is 

known as the Basset history integral and describes the resistance caused by the 

unsteadiness of the flow field. From Melling [95], for the dynamics of solid particles in 

liquid flow, the effect of the Basset integral history term is not always significant. 

However, the effect of fluid acceleration and added mass must always be included. The 

term A in Equation 4.20 is given by

A - C
Ppdp

u, — uf  p (4.21)

For low speed flows, the dominant terms are the buoyancy and drag forces. From [95, 

96], the drag force for Stokes flow is written as
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C „ = — (l + 0 .1 5 R e‘’"* O fo rR e< 3 0 0  (4.22)
Re  ̂ ^

For the special case of Stokes flow:

Co » ( 4 ^ 2 3 )  
Re

Similar to the method adopted by D ’Arcy and Persoons [97], integration of the force 

balance equation using a nominal vertical velocity of Imm/s and Stokes flow 

approximation for the drag force resulted in an average fluid velocity o f 0.3173mm/s 

and an average particle velocity of 0.3160mm/s. Thus, while also considering the 

negligible effect of gravitational induced velocity, it may be assumed that the particles 

represent the flow quite accurately.

4.5 Experimental results & discussion

Experiments were conducted to analyse Marangoni flow about a 1mm radius bubble on 

a heated wall in a P r -  220 liquid silicone oil layer of depth H  = 5mm under terrestrial 

conditions. The fluid properties of the silicone oil used in the experiments were 

obtained from the manufacturer, and are provided in Table 4.1. PIV data was obtained 

for temperature gradients of 20°C, 30°C, 40°C and 50°C, which correspond to 

Marangoni numbers of Ma = 145, 218, 290 and 363 respectively.

Table 4.1: Properties of Dow Coming silicone oil 20cSt at 25°C

p V k P da/dT

(kg/m^) (m^/s) (W/mK) (J/kgK) [1/K] (N/mK)

950 20e-6 0.14 1630 1.07e-3 -6.23e-5

4.5.1 Influence o f  Marangoni number

Figure 4.8 displays the computed vector fields for each of the Marangoni numbers 

tested. The vector size indicates the magnitude of the velocity at that point. Clearly, in 

all images the region close to the bubble corresponds to the region of highest velocities,
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with magnitudes decreasing with increasing distance from the gas-hquid interface. The 

vector plots also show some of the spurious vectors resulting from the processed 

recordings. The bubble is marked by a dashed line in the figures, but it may sometimes 

appear from the resultant vector field that the bubble is larger than in reality. This is 

caused by the bubble and its effect on light scattering and reflection. The resolution of 

particles in the immediate vicinity of the interface is poor and vectors are also 

calculated for the region occupied by the bubble. Spurious vectors can be removed by 

the median filter, and result in images like Figure 4.8a to Figure 4.8c. Figure 4.8d 

displays a vector field where a coarser grid and less rigorous filter were used. Hence, 

random vectors can be seen to occupy the bubble region, and the region at the bottom 

of the images, which corresponds to the solid cold wall.

The vector plots also detail the presence of two major vortices, one on each side of the 

bubble. These vortices are caused by the thermocapillary effect and act to re-circulate 

cold fluid from the lower regions of the test cell toward the heated wall. These vortices 

have been observed experimentally in [64, 66, 69, 70]. On closer inspection, secondary 

weaker vortices can be seen beneath the primary vortices. These secondary vortices 

rotate in the opposite direction to the thermocapillary rolls, and are caused by 

buoyancy. They attempt to re-establish the thermal stratification of the fluid by moving 

warmer fluid toward the heated wall. There is a stagnation point at the boundary 

between the primary and secondary vortices.

The behaviour of both sets o f vortices can be analysed in more detail by considering the 

streamlines. Figure 4.9 plots the streamlines for the experimental data resulting from 

PIV processing of the vector field. Small arrows indicate the direction of the flow. The 

temperature gradient and Marangoni number increase with successive images and the 

density of streamlines is kept constant for all images. By doing so, both the primary 

thermocapillary-driven, and the secondary buoyancy-driven vortices are seen to 

increase in strength with increasing Ma.

The appearance of vortices on both sides o f the bubble suggests an axisymmetric 

motion o f the fluid. In Figure 4.9a, the primary vortices appear larger than the 

buoyancy vortices. The intensity of both sets of vortices increases with increasing 

temperature gradient. However, with increasing Ma the primary vortex is squeezed and
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pushed closer towards the bubble cap, a phenomenon observed by Raake et al. [69]. 

Interestingly, the stagnation points also move toward the bubble with increasing Ma, 

and an elongation o f both sets o f  vortices is observed at the higher temperature 

gradients. This indicates that the buoyancy-driven vortex is gaining in strength at a rate 

greater than that o f the thermocapillary-driven vortex. Hence, further increases in 

temperature gradient may result in the Marangoni flow being confined to a region in 

the immediate vicinity o f the bubble until an oscillatory mode occurred.
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Chapter 5: Numerical Modelling & Validation
This chapter details the numerical modelling procedure undertaken in this study. The 

individual models for investigating the influence of different dimensionless parameters 

are described as well as the corresponding boundary conditions. The major assumptions 

made in the analysis are discussed in depth and the governing equations, both 

dimensional and dimensionless, are provided, as well as a description of the surface 

tension implementation within the Fluent software package. This chapter also presents 

the current numerical work validated against numerical and experimental data from 

literature, as well as the current experimental results.

5.1 Marangoni convection

For Marangoni convection around a bubble of radius Rh within a channel of height H, 

the mass and heat transport mechanisms are characterised by the Prandtl, Rayleigh, 

Marangoni and Bond numbers, defined respectively as [70, 74, 75, 78],

Pr = ^  (5.1)

Ra = (5.2)
luaH

[ d u \  Ar  RMa = -  ----
dT

X (5.3)
/ua H

The Prandtl number represents the ratio of viscous to thermal diffusivity in the fluid, 

and may be assumed constant for a particular liquid if variations in viscosity and 

thermal diffusivity with temperature can be neglected. The Rayleigh number represents 

the ratio of buoyant to viscous forces in the fluid. When the Rayleigh number is below 

the critical value for a particular fluid, viscous forces are dominant and heat transfer is 

therefore primarily by conduction; when it exceeds the critical value, buoyancy forces 

are strong enough to overcome viscosity, and induce flow so that the heat transfer is 

primarily by convection. The Marangoni number represents the ratio o f surface tension 

forces to viscous forces and is synonymous to the Peclet number, which represents the
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ratio of heat transfer by advection to that by conduction. The Marangoni number can be 

varied by changing the temperature difference within the system, or by varying the 

height of the test domain. The latter method may be a more desirable experimental 

approach as it limits any change in thermophysical conditions due to changing 

temperatures. The Marangoni number may be defined differently depending on the 

choice of characteristic length. For flows around bubbles in a cavity, this form of the 

dimensionless number is consistent with that of Arlabosse et al. [70], and Reynard et 

al. [74]. The Bond number expresses the relative strength of body or gravitational 

forces to surface tension forces.

Since it is not driven by a gravitational field, much of the work done on Marangoni 

convection has been concerned with its possible application to thermal management in 

space applications. According to Bhunia et al. [79], two-phase liquid control systems 

have been identified as a superior alternative to single-phase pumped liquid loops to 

meet the rising power demand for spacecraft thermal management. It is, however, 

impossible to separate the effects caused simultaneously by buoyancy and surface 

tension convection in experiments on earth. Due to the high cost and low availability of 

microgravity experimentation, much of the work concerning thermocapillary 

convection has implemented numerical methods [13, 14, 82, 98]. The accurate 

description of flows driven by surface tension gradients along an interface generally 

requires the solution of the full three-dimensional nonlinear equations of free-surface 

hydrodynamics [98]. For the problem considered here, the procedure involves solving 

simultaneously the coupled equations of fluid mechanics and heat transfer. For low 

enough Marangoni numbers it is known that the resulting flow field is symmetric about 

the vertical bubble axis above the bubble centreline. Thus, initially, a two-dimensional 

axisymmetric formulation of the problem is used. From experimental observations [70, 

73, 75], it is known that a strong jet-type flow is produced immediately after the 

appearance of a bubble on the surface. The liquid is projected vertically away from the 

centre of the bubble with the colder liquid being drawn inward toward the heated 

surface and the regions o f the bubble close to the heated surface.

5.1.1 Governing equations & assumptions

The governing equations o f continuity, momentum and energy were solved in the 

steady state for an incompressible fluid. In the dimensional form, they are as follows;
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V v  = 0

p{(v ■ V)v) = -V p  + juV^Y + 

pC^{\-VT)^kV-T

(5.5)

(5.6)

(5.7)

In the above equations, F  represents any body force present in the fluid such as 

buoyancy forces due to the presence o f gravity. Use of the equations in this form 

required several assumptions about the type of flow expected. In accordance with 

previous numerical investigations on Marangoni convection, the following assumptions 

are made in all analyses:

• Fluid is Newtonian and incompressible (except in Boussinesq approximation)

• Motion can be simulated in three-dimensional Cartesian coordinate system or 

two-dimensional axisymmetric cylindrical coordinate system

• Motion is not oscillatory or time-dependent

• Bubble can be represented by a hemispherical interface

• Kinetic energy and dissipation terms in the energy equation can be neglected

• The gas-liquid interface is adiabatic

• Boussinesq model accounts for any changes in density (where applicable)

• Constant physical properties etc.)

Since this work is approximate and not a direct numerical simulation, it is important to 

briefly discuss the major assumptions which have been made during the physical 

modelling of the problem since they ultimately determine the usefulness o f any 

conclusions which are drawn from the results. The assumption that the flow is two- 

dimensional and steady is valid since it has been established that unsteady oscillatory 

and 3D flow occurs at a critical Marangoni number of Ma ~ 12,000 [71] which is 

considerably higher than the maximum Marangoni number simulated in this study.

Another major assumption is that the bubble interface maintained a spherical shape and 

did not deform due to the presence of a pressure field. In order to determine the shape 

of the gas-liquid interface, two parameters are generally required [99]; the size o f the 

bubble or drop and the contact angle. Experimental data concerning the material 

dependent static contact angle for a 1.0mm radius air bubble immersed in silicone oil
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{Pr = 83) is not available. Thus, the concept of a macroscopic contact angle as 

discussed in [99] is used. In [99], the gas-liquid contact angles are influenced by size 

and external conditions. An example of this type o f analysis can been seen in the work 

of Arlabosse et al. [70]. Arlabosse et al. stated that for their experiments the bubble 

maintained a spherical shape up to a radius of 1.3mm. Under similar conditions albeit 

at a lower Prandtl number, the bubble radius for this numerical study is 1.0mm. 

Furthermore, in [70] the macroscopic contact angle increased from 52° to 71.5° for 

bubbles of equivalent radius 2.0 mm and 1.5 mm respectively. This resulted in Bond 

numbers of approximately Bo = 0.64 and Bo = 0.36 for the 2.0 mm and 1.5 mm bubbles 

respectively. This suggests that bubble size influences the contact angle, and at lower 

values of Bond number, bubbles tend towards a more hemispherical shape. The Bond 

number for this study under similar conditions to that in [70] is approximately Bo = 0.2, 

which suggests that a macroscopic contact angle of 90° is reasonable. As a means of 

provisionally investigating the influence of contact angle, some simulations were 

conducted for a 1.0mm bubble with a contact angle of approximately 80°. The 

difference in the resulting heat transfer enhancement was found to be insignificant 

compared with the hemispherical bubble. Moreover, for the simulations under 

microgravity conditions, deformation of the interface due to gravitational effects should 

not and does not occur. Consistent with simulations performed by Larkin [13] and 

Straub [12], a hemispherical bubble shape was employed. Other aspects of bubble 

geometry and its influence on heat transfer can be found in O ’Shaughnessy and 

Robinson [100].

A key assumption that was made in developing the model was that no heat transfer 

occurred across the bubble interface. Thus the results presented herein are not 

immediately applicable to nucleate pool boiling circumstances where evaporation at the 

interface will create a much more uniform temperature at the surface and thus act to 

suppress the thermocapillary flow. The actual mechanism for the onset of 

thermocapillary flow during boiling is uncertain although evidence seems to indicate 

that it is caused by variation in the evaporation and condensation heat transfer 

coefficient at the vapour-liquid interface [101-103] which can possibly arise due to the 

presence of non-condensable gas [41, 42, 101]. Thus the assumption is consistent with 

the Marangoni heat transfer regime discovered by Petrovic et al. [88] where air bubbles 

caused a significant enhancement in the heat transfer even when the heated wall
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temperature was below the saturation temperature. The work is also qualitatively 

comparable to the situation of gas saturated liquids, for example the experimental 

results of Henry [41], The assumption of an adiabatic boundary condition for the 

bubble is consistent with the simulations performed by Betz and Straub [14], Larkin 

[13] and Straub [12].

For many natural convection flows it is possible to obtain faster convergence using the 

Boussinesq approximation rather than solving the problem with temperature-dependent 

fluid density [104]. The Boussinesq model, given by Equation 5.8, treats the fluid 

properties as constant. The density is therefore a constant value in all solved equations, 

except for the buoyancy term in the momentum equation, where po is the reference 

density of the flow. To is the operating temperature at which po applies, and ji is the 

thermal expansion coefficient. Equation 5.9 is obtained by using the Boussinesq 

approximation to eliminate p from the buoyancy term:

This approximation is accurate as long as changes in actual density are small; 

specifically, the Boussinesq approximation is valid when P*(T-To) «  1 [104]. Since 

the density of the silicone oil used in the simulations was measured at 25°C and the 

maximum temperature difference is 25°C, this produces a value for P*(T-Tq) ~ 0.027 so 

that the Boussinesq approximation is applicable.

The assumption that the physical properties of the fluid remain constant is consistent 

with investigations performed by Betz and Straub [14], Larkin [13], Straub [12] and 

Morris and Parviz [82]. The greatest source o f error comes from the fluid viscosity 

which varies with temperature. For the Pr = 220 silicone oil used in the experiments, 

the viscosity variation with temperature is provided in Figure 5.1.

Since the ultimate goal of this investigation is to quantify the total amount of heat 

transfer relating to Marangoni convection, the local wall heat flux is analysed in detail. 

Figure 5.2 plots the simulated results for the variation in hot wall heat flux with

P  = P o i ^ - P ^ T )  

{ P - P ^ ) g  ~ pQf i {T-T^)g

(5.8)

(5.9)
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Marangoni number for the Pr = 220, Bo = 0.16, 23</?o<58 cases. Simulations were 

performed for both constant and temperature dependent oil viscosity. The results for the 

constant viscosity oil (calculated at T„,ean = 25°C) are displayed as solid lines in the 

figure. Clearly, for the lower temperature gradients, and therefore lower Ma, the effect 

o f variable oil viscosity on the local heat flux is small. For the largest temperature 

gradient o f 50°C, the oil is less viscous which results in greater local fluid velocities in 

the vicinity o f the bubble which in turn affects the local heat flux profile. In order to 

reduce computational effort, the oil viscosity is taken to be constant unless otherwise 

stated in all simulations from this point on. Therefore, we may conclude that the 

simulations slightly under-predict the hot wall heat flux at the larger Marangoni 

numbers.

■ Dow Corning 200 Fluid 20cSt 
 Polynomial Fit0.09

0.08

"  0.07
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Figure 5.1: Viscosity variation with temperature for the silicone oil
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Figure 5.2: Hot wall heat flux vs. Ma (* = variable viscosity, -  = constant viscosity) 

5.1.2 Boundary conditions

Simulations were performed to investigate the influence of Marangoni number, Prandtl 

number and the magnitude of gravitational acceleration (Rayleigh number) on the flow 

and temperature fields as well as local heat transfer profiles. To study the effect of Mo, 

a model such as that shown in Figure 5.3 was constructed using Gambit version 2.2.30. 

This model places a bubble of 1 mm radius at the centre of an axisymmetric domain of 

height five bubble radii and outer radius of twenty bubble radii. This length was chosen 

so that the influence of the side walls would be negligible, and also to approximate 

conditions seen in [70], The vertical wall denoted ‘sym’ signifies the axis of symmetry. 

The upper wall is no-slip, constant temperature, and is maintained at the default 

temperature of 300K for all simulations. The lower horizontal wall is also no-slip, 

constant temperature and the temperature of this wall is varied between simulations. 

The vertical wall placed twenty bubble radii from the centre of the bubble has a no-slip, 

adiabatic condition. The velocity boundary condition applied to the bubble is a special 

case and is described in detail in the next section.
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Figure 5.3: Model domain schematic: Influence o f  Ma

The commercial code Fluent release 6.3.26 was utilized to solve the system o f 

governing equations. From calculations o f the Reynolds number, it was known that the 

resulting flow would be laminar. Since the expected flow velocities were small, the 

pressure-based segregated solver was selected on the basis o f memory requirements. 

The segregated solver also simplifies the energy equation by neglecting terms such as 

species diffusion unless specified. The numerical scheme adopted was second order 

upwind. Solutions were carried out for temperature differences o f 10, 20, 30, 40, and 50 

Kelvin, corresponding to Marangoni numbers o f 183, 366, 550, 732, and 915 

respectively. The test fluid was selected to have the same properties as silicone oil o f 

kinematic viscosity 7.5cSt. The relevant physical properties are given in Table 5.1.

Table 5.1; Properties o f silicone oil 7.5cSt

P V k P da/dT

(kg/m^) (m*/s) (W/mK) (J/kgK) [1/K] (N/mK)

930 7.5e-6 0.125 1480 1.08e-3 -5.8e-5
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To study the influence of gravity, an identical grid to that described above was used to 

model the problem. This model is set up so that gravitational reaction forces or 

buoyancy counteract the Marangoni effect. Again, the bubble of radius 1.0 mm is 

placed at the centre of the coordinate plane. The upper wall is no-slip, constant 

temperature and is maintained at the temperature of 350K for all simulations. The 

lower wall is no-slip, constant temperature and is maintained at the temperature of 

300K for all simulations. This temperature difference corresponds to Ma = 915. 

Solutions were carried out for gravitational acceleration levels of 0-g, 0.01-g, 0.1 

0.25-g, 0.5-g, 0J5-g  and 1-g, where g  represents the earth gravitational acceleration of 

9.81 m/s . This corresponds to Rayleigh numbers in the range 0<i?a<156. A depiction of 

the domain is provided in Figure 5.4.

(0 ,0 )

T = T,

sym

T = T,

20 R,

Figure 5.4: Model domain schematic: Influence o f gravity

To investigate the influence of Prandtl number, a numerical domain was constructed 

similar to that used by Arlabosse et al. [78]. Consistent with [78], a dimensionless 

approach was adopted whereby a bubble of dimensionless radius 0.5 was placed at the 

centre o f the hot wall in a square domain with a dimensionless height and width of 

twenty bubble radii. The problem was set up so that buoyancy opposed 

thermocapillarity. The fluid properties were varied in accordance with the 

dimensionless parameters required. Simulations were performed for Ma = 600, Ra = 

0.68 and 100< Pr <1000. The computational mesh is shown in Figure 5.5. The results 

of these simulations can be found in Appendix A.
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n

20R,

Figure 5.5: Model domain schematic: Influence o f  Prandtl number 

5.2 The continuum surface force model

At a gas-liquid interface, forces develop along the liquid surface that cause it to behave 

like a membrane [105, 106]. These surface phenomena are due to an imbalance that 

exists between the cohesive forces acting on the liquid molecules at the fluid surface. 

Consider an air bubble in quiescent water, as depicted in Figure 5.6. The molecules in 

the interior o f the fluid mass are surrounded by similar molecules that are attracted to 

one another equally. Thus, within the bubble, the net force on a molecule due to its 

neighbours is zero. However, molecules at the fluid surface are not surrounded by like 

molecules, and therefore exhibit a stronger attractive (tensile) force on their 

neighbouring surface molecules, which results in a net force that is directed radially 

inward. The combined effect o f the forces is to make the surface contract, thereby 

increasing the pressure on the concave side o f the interface [104].

interface

Figure 5.6: Cohesive forces within a liquid
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The surface tension is the force required to maintain equilibrium. It acts only at the 

surface and can be defined as the intensity of the molecular attraction per unit length 

along any line in the surface. Surface tension of a liquid depends on temperature and 

also the fluid with which it comes in contact [104, 105].

The forces acting on a bubble or droplet can be calculated from a free body diagram 

such as that shown in Figure 5.7 [105]. The force around the circumference due to 

surface tension at the interface must be balanced by the pressure difference between the 

internal and external pressures acting over the cross sectional area, given by Equation 

5.14.

ApTiR-=l7dicj (5.14)

Figure 5.7: Forces acting on a hemispherical bubble

Surface tension is therefore an intrinsic attribute of fluid-fluid interfaces. The Fluent 

model for surface tension is based on the continuum surface force (CSF) model 

proposed by Brackbill et al. [107]. The CSF model considers that the overall surface 

tension consists of many localised microscopic surface forces, each one exerting itself 

on the interfacial fluid elements both tangentially and in the normal direction. Thus, 

CSF interprets surface tension as a continuous three-dimensional effect across an 

interface. Now consider the interface between two fluids, 1 and 2. From Brackbill 

[107], the surface stress boundary condition at an interface between two fluids is given 

by Equation 5.15.
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( P ,  - P 2 =(^i , < - ^ 2 / A > k  ( 5 . 1 5 )

The gradients normal and tangent to the interface are defined, respectively, as

V ^ = n ( n - V )  (5.16)

V , = V - V ^  (5.17)

The normal and tangential derivatives are respectively

^  =  n - V  ( 5 . 1 8 )
on

f  =  t V  ( 5 . 1 9 )
os

If the fluid on both sides o f the interface is incompressible, the viscous stress tensor for 

a fluid a is given by

^a ik
CU; du.
dxi. dx-

where a  = 1,2 (5.20)

Hence, the normal and tangential projections o f Equation 5.15 give scalar pressure 

boundary conditions at the interface [107], defined respectively as

A  - P 2 = dn /]

du,

/^ 2
dUj

dn
■ + n,

ds
7^1 du, du.

dn ds

da
ds

(5.21)

(5.22)

The normal pressure condition is characterised by a normal force o k  that attempts to 

minimise energy by minimising the surface area. This condition is satisfied by two 

fluids at rest [104, 107]. However, the tangential condition, the shear stress, requires 

fluid motion. The term da/ds represents the change in the surface tension along the
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interface and results in fluid flow from regions of lower surface tension to regions of 

higher surface tension for most fluids [12, 13, 77, 107], These changes in interfacial 

surface tension can be caused by temperature, concentration and/or electric potential 

gradients [14].

In the majority o f cases when a gas and liquid are separated by an interface, the liquid 

viscosity is far greater than that of the gas. Hence, one of the terms in the tangential 

pressure term can generally be neglected. Furthermore, for cases where temperature 

gradients alone caused the change in surface tension along the interface, Equation 5.22 

reduces to

 ̂ du; dû . ^ d o  dT d a

In some software packages Equation 5.23 is applied as a boundary condition on the 

interface. However, in Fluent the effect of variable surface tension is modelled by 

applying a source term to the momentum equation. As above, surface tension is written 

in terms of the pressure jump across the interface, and manifests itself as a volume 

force in the momentum equation. From the Fluent documentation [104], it is described 

by

F  = y  a.p.K.Va,+a,p^K.Va.
^  ( a + P / )  (5.24)pairs ij,i< j

where a denotes the phase. If only two phases are present in a cell then == - Kj (same

curvature but opposite sign) and a, = - aj, and Equation 5.24 simplifies to

P K ^ a .
K.i = - ■ (5.25)

Pi+Pj

where p is the volume-averaged density. Equation 5.25 shows that the surface tension 

source term for a cell is proportional to the average density in the cell. For this study 

the gas phase is not modelled so Equation 5.25 further simplifies to
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(5.26)

From [104] it is noted that the calculation of surface tension effects on triangular and 

tetrahedral meshes is not as accurate as on quadrilateral and hexahedral meshes. Hence, 

for all simulations performed in this study, the region where surface tension effects are 

most important (i.e. the bubble and immediate vicinity) is meshed with quadrilaterals or 

hexahedra where possible.

5.3 Dimensional analysis

It is often beneficial to analyse a fluid mechanics or heat transfer problem non- 

dimensionally. In this way, the characteristics of the flow and temperature fields can be 

investigated without detailed knowledge of every individual fluid or geometrical 

parameter, but rather a more generalised understanding of the relative importance o f the 

forces present within the flow. For example, the Reynolds number, Re, expresses the 

relative strength of inertial forces to viscous forces for a given flow. A high Re means 

inertia dominates, while a low Re indicates strongly viscous flow. Theoretically, two

flows with the same Reynolds number should be similar provided all other

dimensionless numbers are also equal.

Dimensional analysis applied to numerical simulations allows one to create a single 

geometry while investigating many different flows. This is an especially useful and 

time-saving technique, but there are also many complexities associated with it. Firstly, 

a detailed understanding of the governing equations is required. Furthermore, 

knowledge of how the software package implements those equations is necessary (e.g. 

Marangoni stress may be a boundary condition relating to shear stress along an 

interface but it is implemented as a source term in the momentum equation -  see 

section 5.2). In addition, it is not always possible to accurately represent a dimensional 

problem using the dimensionless method. There may be too many dimensionless

groups, complex flow conditions (i.e. turbulence) or insufficient detail about the

problem under consideration.

In this study, the chosen baseline model for bubble induced Marangoni convection was 

the experiment o f Arlabosse et al. [70]. In [70], an air bubble was positioned under a
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heated wall immersed in a liquid silicone oil layer. Several experiments were 

performed to investigate the effects of the Marangoni, Prandtl and Bond numbers, as 

listed in Table 5.2.

Table 5.2: Experimental conditions for the study o f Arlabosse et al. [70]

Pr Ma Bo

220 40<M<7<120 0.35

220<P/^880 10<Mfl<250 0.35 

220<F;<880 0<Mo<700 0.25

220 70<Ma<250 0.64

Table 5.3: Reference parameters used in this study

Reference Parameter

length

temperature

velocity

pressure

time

Symbol Value

■'ref

re f

ref

P r e f

‘ ref

d a
dT

juH

re f

Evidently, to numerically simulate each experiment dimensionally would require 

knowledge of all the fluid properties and boundary conditions for each individual 

experiment. Such information was not provided by the authors. Moreover, since the 

geometry was altered between some experiments, a different computational mesh 

would have to be created for each test. Alternatively, the case for Bo = 0.35 is 

investigated using just one non-dimensional mesh, and varying the non-dimensional 

parameters in such a way that the experimental conditions are replicated. This method
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requires the selection o f several reference parameters to aid the non-dimensionalisation 

o f the problem.

The selection o f the bubble radius as the reference length is significant since it is 

ultimately the interfacial properties which drive the fluid motion. Also, because the 

flow field is axisymmetric for the Marangoni numbers under investigation in this study, 

the radius seems a more prudent choice than bubble diameter. For the reference 

temperature difference one must take into account the temperature difference between 

the overheated base o f the bubble and the cooler tip [70, 78]. As a first approximation 

in [70], Arlabosse et al. initially assumed a linear temperature gradient between the 

upper and lower walls, and later determined the temperature at bubble tip.

The choice o f an appropriate reference velocity has been the source o f some debate. 

The correct term can be obtained from the origin o f the thermocapillary motion -  the 

interfacial shear stress (see Equation 5.23). This leads to an expression for v,.e/^and is 

provided in the table previously. The reference pressure and time are then defined 

accordingly.

Any dimensional parameter may be non-dimensionalised by dividing by its reference 

parameter, i.e. every length term is divided by Lref and every velocity term is divided by 

Vref and so on. Consequently, a relationship exists between the original dimensional 

equation and the dimensionless one, as described by Equation 5.27. Dimensionless 

quantities are denoted by an asterisk superscript.

v
V (5.27)

The continuity equation is non-dimensionalised as follows:

(5.28)

The energy equation solved in Fluent is o f the following form;
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(5.29)

In the above equation, keffis, the effective conductivity (k + k,, where k, is the turbulent 

thermal conductivity, defined according to the turbulence model being used), and Jj is 

the diffusion flux o f species j .  The first three terms on the right-hand side o f  Equation 

5.29 represent energy transfer due to conduction, species diffusion, and viscous 

dissipation, respectively. The final term Sh includes the heat o f chemical reaction, and 

any other volumetric heat sources defined. The term E in Equation 5.29 is defined as

For the problem under consideration, many terms can be neglected such as turbulent 

properties, species diffusion, viscous dissipation and kinetic energy terms. Assuming 

incompressible flow with constant specific heat, the enthalpy can be replaced by CpdT. 

Thus the energy equation reduces to

(5.30)

(5.31)

For constant thermal conductivity and steady state:

v-(vr)=-^v-r (5.32)

The energy equation is hence non-dimensionalised as follows:

(5.33)

V* . (v*^*) =  ^
pCp p  Cp Ma

(5.34)
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The momentum equation solved in Fluent is o f the following form:

— (/7v)+V -(yavv)=-V p + V -r  + (5.35)

The terms pg  and F  represent the gravitational and external body forces (including the 

applied source term for surface tension) respectively. The viscous stress tensor is 

defined as

(Vv + V v O — V-v/
 ̂ ’ 3

(5.36)

In Equation 5.36, 1 is the unit tensor and the second term on the right hand side denotes 

volume dilation effects. Ignoring the effects of volume dilation, transient terms and 

assuming an incompressible Newtonian fluid with constant physical properties (except 

for the Boussinesq approximation), and including the surface tension effects as detailed 

in Section 5.2, the momentum equation becomes

/o((v • V)v) = -V p  + //V'V -  pgPtiJ
j ds

K (5.37)

The momentum equation is therefore non-dimensionalised as follows:

1?-((v-V)v) = ------------- + ----------------  + 1 Are f

re f P re f P re f re f P l̂ef k S T j

dT
K

ds (5.38)

L T re f 8 a

P Kef r̂ef \ e f

(  * . I"r ^ .2  * 5 o P r  Pr
V -V )v = - v  p + — V  V  e + —
 ̂  ̂ Ma Ma Ma

p  K e K f

86
ds*

Kd T j

89
8s*

- K

(5.39)

(5.40)

By comparing the dimensional and dimensionless governing equations, the 

dimensionless values can be obtained. They are given in Table 5.4.
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Table 5.4: Dimensionless parameter values

Dimensionless Parameter

density

dynamic viscosity

kinematic viscosity

gravitational acceleration

thermal expansion coefficient

thermal conductivity 

specific heat at constant pressure

thermal diffusivity

temperature derivative o f surface tension 

temperature

5.4 Numerical validation

This subsection details the various methods used to validate the numerical procedure. 

The results obtained from the simulations were compared against existing numerical 

and experimental data from literature, as well as the experimental results o f this study.

5.4.1 Grid/mesh independence

Grid independence was achieved for each numerical grid (both 2D and 3D) by 

increasing the number of mesh cells and plotting the convergence of certain local 

parameters o f interest such as free surface velocity and temperature, wall heat flux, and 

also by tracking global parameters such as total rate o f heat transfer and conservation of 

mass through the system. Figure 5.8 below shows one particular grid independence
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check for the 2D axisymmetric case with conditions Pr = 83, Ma = 915, Ra = 155 and 

Bo = 0.17. From the figure, mesh number three consisting of approximately 5x10'* cells 

was sufficient to model the problem.

—  Mesh 1: 5 x  10'" cells
—  Mesh 2: 1 X 10“* cells
—  Mesh 3: 5 X 10^ cells

• Mesh 4: 7 X 10^ cells
• Mesh 5: 1 x 10® cells

4.5

(/)
I  3.5

• f  3_o
0)

3
LL

0.5

20 40 50

Angle along bubble [°]

90

Figure 5.8; Grid independence test 

5.4.2 Marangoniflow in a square cavity

The correctness of the physical modelling and numerical solution technique has been 

confimied by comparing the simulations against existing numerical work as well as 

some experimental data. In order to establish confidence in the accuracy of the CFD 

software used in this investigation, the benchmark numerical data for thermocapillary 

flow in a rectangular enclosure provided by Zebib et al. [44] was investigated. In their 

numerical work, Zebib et al. analysed the steady thermocapillary motion in a square 

cavity with an upper free surface in the absence of gravitational forces. The cavity was 

heated from the side with the vertical boundaries isothermal and the horizontal 

boundaries adiabatic. A finite-difference method was employed to compute the flow 

and temperature fields for a range o f Prandtl numbers and Reynolds numbers up to Re 

= 5x10"*. Figure 5.9 and Figure 5.10 show the comparison between the current solution 

and some of the results produced by Zebib et a l  for the same problem. Excellent 

agreement is shown for a sufficient range o f Reynolds numbers.
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0.14r

Re 100 
Re 500 
Re 1000 
Re 5000 
Re 10000 
Zebib et al.

0.12

0.08

0.06

0.04

0.02h

-0.5 -0.4 -0.3 - 0.2 0.3 0.50.2 0.4
Position

Figure 5.9: Dimensionless free surface velocity at Pr = 1 for increasing Re

Re 100 
Re 500 
Re 1000 
Re 5000 
Re 10000 
Zebib et al.

Position

Figure 5.10: Dimensionless free surface temperature at P r = 1 for increasing Re
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5.4.3 Experimental validation from  literature

To validate the numerical procedure, it was necessary to validate the model against 

existing data concerning bubble induced thermocapillary convection. One such source 

was the experimental work of Arlabosse et a!. [70]. The experimental data in [70] was 

obtained at terrestrial gravity for air bubbles affixed on the underside of a heated wall 

with the cooled wall below such that buoyancy acted in opposition to the 

thermocapillary convection. In order to simulate this condition, the Boussinesq 

approximation was applied within Fluent as detailed in Equation 5.8. Experiments were 

performed with conditions Bo = 0.35, Pr = 220, Ra = 30 and Ma = 80. For this 

particular experimental configuration, Arlabosse et al. reported a bubble with contact 

angle of 71.5° and equivalent radius of 1.5mm. To validate the current numerical work, 

a similar scenario was constructed in Fluent. The computational mesh and boundary 

conditions are provided in Figure 5.11.

icontact angle  = 71.5

n ( k V T ) = 0 i
constant

Figure 5.11: Numerical model used to replicate conditions in Arlabosse et al. [70]

Figure 5.12 shows the comparison of the numerical results obtained with some 

experimental data provided by Arlabosse et al. [70]. As shown in the figure the 

agreement between the measured non-dimensional interface velocity and the simulation 

is quite good. Any deviations are possibly due to small variations in the thermophysical 

properties with temperature or the small difference in shape of the bubble in [70] 

which, although very nearly hemispherical with a contact angle o f 71.5°, is slightly 

ellipsoidal due to hydrostatic pressure gradients.
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A rlabosse Ma = 80 
Current Solution

X
(0
E>

>
0.6

0.4

0.2

-20 -10
Angle along bubble [°]

Figure 5.12: Interfacial fluid velocity for Pr = 220, Bo = 0.35 and Ma = 80

Since the primary objective o f this investigation is to quantify the local heat transfer 

behaviour in the vicinity of bubbles affixed to a heated surface, it is imperative that the 

numerical simulations be validated against available empirical heat transfer data. In 

[70], two heat flux sensors measuring 10mm x 10mm in surface area were glued to the 

cold wall below the bubble. One sensor was placed in the centre of the cold wall, and 

the other 10mm from the centre. The heat flux sensors were capable of measuring the 

average density of conductive, convective, and radiant heat transfer between an area on 

which the sensor was mounted and the surrounding environment. Arlabosse et al. [70] 

quantified the increase in the average heat flux across these sensors and comparison 

between the experimental and numerically simulated heat flux enhancement ratio 

shown in Figure 5.13 is acceptable. For this comparison, the heat transferred over a 

radial distance of 15mm (= 1.5 x heat flux sensor width) measured outward from the 

centre of the bubble was calculated. It should be noted that the Bond number for the 

experiments was Bo = 0.25 which corresponds with the small bubbles that retain their 

spherical shape [70] which is consistent with the simulated geometry.
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1.25
• Arlabosse et al. Pr 880
• Arlabosse et al. Pr 440 

— Current solution

§1
Uo

o

1.05

250 300100 150
Ma

200

Figure 5.13: Computed and experimental heat transfer enhancement for Bo = 0.25

5.4.4 Dimensionless model validation

The numerical model used to validate the experimental work of Arlabosse et al. [70] in 

Section 5.4.3 is also used to validate the correctness of the non-dimensionalisation of 

the problem according to the equation set described in Equations 5.28, 5.34 and 5.40. 

To plot the data on the same graph, it is necessary to re-dimensionalise the non- 

dimensional data by multiplying each term by its reference value. The results for 

interfacial fluid velocity (Figure 5.14) and interfacial temperature (Figure 5.15) clearly 

show the equations have been correctly non-dimensionalised.
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X 10'

• M a60
* M a80
• Ma 100
♦ Ma 120

8
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Angle along bubble [°]

Figure 5.14: Dimensional (symbols) vs. dimensionless (solid lines) solution 

for the interfacial velocity for Pr = 220, Bo = 0.35 and 60<Afa<120

Ma 60 
Ma 80 
Ma 100 
Ma 120

36

-20 -10 40

Angle along bubble [°]

Figure 5.15: Dimensional (symbols) vs. dimensionless (solid lines) solution 

for the interfacial temperature for P r 220, Bo 0.35 and 60<Mo<120
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5.4.5 In-house experimental validation

The experimental results obtained in this study for Marangoni flow about a 1mm radius 

bubble on a heated wall in a P r = 220 liquid silicone oil layer of depth H  = 5mm under 

terrestrial conditions have been presented in Section 4.4. To verify both the 

experimental and numerical procedures, simulations were performed to replicate as 

closely as possible these experimental conditions. A 1mm radius bubble was situated 

under a heated wall in the centre of a 20mm x 20mm square cavity of depth 5mm (see 

Figure 5.4). The simulated viscosity was varied with temperature in accordance with 

Figure 5.1. The fluid properties used in the simulation were obtained from the 

manufacturer o f the silicone oil used in the experiments, and are provided in Table 4.1. 

Figure 5.16 plots the streamlines for the numerical and experimental data. The 

simulated streamlines appear on the left o f each figure. For clarity, a red line has been 

included in the experimental data on the right hand side of the figures to indicate the 

approximate position of the gas bubble interface, and any streamlines evaluated during 

PIV in this region have been omitted. By comparing the position, size and shape of the 

main and secondary vortices with the numerical solutions, good qualitative agreement 

is observed.

Consistent with the experimental results, the appearance o f vortices on both sides of the 

computational flow field indicates the axisymmetric nature o f the fluid motion. At the 

lower values o f Ma the core of the primary and secondary vortices are of similar size; 

however, the simulations predict a thermocapillary vortex o f greater total area. This 

was not evident in the experimental results, but may be explained by the fact that the 

numerical results can compute a streamline even for the slowest flow's. A particle 

following this path may be moving too slowly to be tracked accurately in PIV. As the 

temperature gradient is increased above 30°C the secondary vortices become more 

powerftil. As observed in the experiments, the primary vortices are squeezed closer 

toward the bubble with increasing Ma, causing increased velocities and elongation of 

both sets of vortices occurs. The stagnation point and saddle point that exists at the 

boundary between the thermocapillary-driven vortex and buoyancy-driven vortex also 

pushes closer toward the bubble, signifying the increasing strength of natural 

convection
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The comparison o f the predicted fluid axial velocity with the experimentally measured 

data is shown in Figure 5.17. For the numerical simulations, results were obtained for 

oil with temperature dependent viscosity. Numerical data is displayed as lines in the 

figures. Data is measured from the bubble tip to the cold wall. For the experimental 

data the bubble tip is not as well defined since the reflection o f laser light in the bubble 

can cause both high intensity light spots and local shading. For each temperature 

gradient, the numerical and experimental curves follow the same trend. The axial 

velocity is zero at the bubble tip, and then increases rapidly until a peak at 

approximately x/Rh ~  1.3. This increase is caused by the jet-like flow seen in several 

studies [65, 70, 73-75, 78, 108], From this point there is a similarly sharp decrease in 

axial velocity as the Marangoni influence wanes with increasing distance from the 

bubble, and the fluid is pulled into the primary vortex. The axial velocity is seen to 

drop below zero. This sign change is significant as it highlights the crossover from 

thermocapillary-dominated flow to one driven by buoyancy. Clearly, for each 

Marangoni number tested, the measured axial velocity peak is greater for the 

thermocapillary vortex than that o f the buoyancy roll. As the cold wall is approached, 

both the simulated and measured axial velocities tend towards zero.

For each o f  the temperature gradients tested, the predicted axial velocity peak for the 

thermocapillary section is greater than the measured value. Indeed, as the temperature 

gradient is increased, the difference between the experimental and numerical peak 

velocity also increases. There are several possible explanations for this. On the 

numerical side, several assumptions were made in the formulation o f  the problem. 

Although the viscosity has been varied with temperature in accordance with the 

m anufacturer’s data, certain fluid properties were chosen to be constant such as the 

temperature derivative o f  surface tension, da/dT. There may also be some three- 

dimensional effects not evident in the simulated problems. Since the motion is 

axisymmetric, there must also be a lot o f out-of-plane motion. Tracer particles will 

enter and leave the light sheet from different locations and this may have an effect on 

the vector field calculation. Experimentally, it is plausible that small variations in 

bubble radius between tests could alter the interfacial temperature gradient and 

therefore the je t velocity. Since the experimental and numerical results differ by an 

increasing amount about the peaks, the non-dimensional velocities are provided in
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Figure 5.18. Excellent agreement is shown for all values o f Ma, which may suggest that 

the numerical model does not exactly replicate the experimental conditions.
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Figure 5.17: Numerical vs. experimental axial velocity for varying Ma
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Chapter 6: Results & Discussion: Single Bubble
This chapter discusses the results obtained from the single bubble two-dimensional 

axisymmetric simulations. The influence of Marangoni number under zero gravity 

conditions is described in Section 6.1. The flow and temperature fields are analysed in 

detail and compared with the local heat transfer profiles. The model is then updated to 

include the influence of gravity. For a fixed Marangoni number of Ma = 915, the 

influence of gravity and the magnitude of gravitational acceleration is described in 

Section 6.2, and the combined interaction of thermocapillarity and buoyancy is 

investigated in greater depth in Section 6.3.

Figure 6.1: Dimensionless temperature contours & dimensional velocity vectors

Pr = 83, Ma = 915, 5o = = 0

6.1 Influence of Marangoni number

Figure 6.1 shows the dimensionless temperature and dimensional velocity fields for Pr 

= 83, Ma = 915 in 0-g. For the fixed geometry in the dimensionless formulation o f the 

problem, the temperature difference between the hot and cold walls was kept constant, 

but fluid properties were controlled by the desired Marangoni, Prandtl and Rayleigh 

numbers. The Marangoni number of Ma = 915 was the largest simulated, and in the 

dimensional form corresponded to the largest temperature differential between the 

upper and lower surfaces. The vector plot on the right hand side of the figure details the 

motion of fluid. The flow field consists o f a major vortex which re-circulates colder 

fluid from the upper region, pulling it towards the hot surface to the point where the 

bubble meets the heated wall. Interestingly, the fluid begins to accelerate before 

reaching the gas-liquid interface. The fluid is then dragged along the bubble surface 

due to the surface tension gradient pulling fluid toward the colder bubble tip. Along the
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bubble, the highest velocities are found as the fluid is accelerated by surface tension 

effects. The fluid then leaves the bubble as a jet which decelerates with increasing 

distance from the bubble. This type of flow pattern has been observed in various 

experiments [14, 64, 70, 108] and simulations [13, 67, 78].

The focus of this research is to quantify the contribution of Marangoni convection to 

local heat transfer from the heated surface in the vicinity of the bubble. Initially, 

simulations were carried out over a similar domain in the absence o f the bubble to 

predict the heat transfer due to pure molecular diffusion (see Equation 6.1) to establish 

a ‘base-line’ to which subsequent conditions can be compared. Consistent with 

analytical predictions, the heat flux along the channel walls was constant in the absence 

o f the bubble.

dx

cond  —  A  ^  —  1

dx

(6 . 1)

(6 .2 )

Figure 6.2 illustrates the heat flux profile along the heated wall caused by Marangoni 

convection for Ma = 915. The heat flux due to pure conduction in the absence o f the 

bubble is depicted by the horizontal dotted line. It is evident that the presence of the 

bubble caused a sharp increase in surface heat transfer in the immediate vicinity of the 

bubble. The very first nodes were located on the triple contact line, where there was a 

small discontinuity of boundary conditions. At the triple contact point, a no-slip, 

constant temperature boundary meets an adiabatic boundary which promotes fluid 

motion. Hence, the dimensionless heat flux values recorded along the heated wall begin 

from a small value (~ 0.4). Similar behaviour was identified at the side walls (r = 

IQRb). The peak heat flux occurred in the immediate vicinity o f the triple contact point. 

Moving further away from the bubble in the radial direction, the hot wall heat flux 

decreased and eventually approached the pure conduction heat flux as expected. Most 

importantly, notable heat transfer enhancement was observed over an appreciable 

distance from the contact line, in this case nearly r ~ IRh, which is significant.
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By magnifying many times the region immediately adjacent to the triple interface, a 

sharp rise in heat flux was observed. This trend is detailed in Figure 6.3. In an effort to 

understand the phenomenon, the triple contact point was scrutinized more closely with 

regards to the temperature and flow regime in the area. Figure 6.4 plots the temperature 

contours in the immediate vicinity of the triple interface. The nodes positions are 

indicated by crosshairs. Clearly, the nodes closest to the interface (the left hand side) 

corresponded to regions where the temperature contours bend away from the heated 

wall. This behaviour was responsible for the initially low values of heat flux 

encountered along the hot wall. The first few nodes displayed values of heat flux less 

than conduction alone. However, this phenomenon occurred along the hot wall (and not 

on the cold wall) in all simulations and resulted from the conflict between the constant 

temperature boundary condition along the wall and the adiabatic condition along the 

bubble interface.

• Ma = 915 
—  Ma = 0

X3
u.

I
o

X
tna>
c.,o
inc
0>
E
i5

0.6

0.4

0 .2,

r/R,'b

Figure 6.2: Heat flux along heated wall for Pr = 83, Ma = 9 \5 , Bo = Ra = Q
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Figure 6.3: Heat flux near triple interface for Pr = 83, Ma = 915, 5o = = 0

The phenomenon outlined above explains why there were initially low values of heat 

flux in the immediate vicinity of the interface. From Figure 6.3 and Figure 6.4 one can 

see that the phenomenon existed only very near to the interface, and the heat flux rose 

to a value above pure conduction very quickly. Physically, in the region immediately 

adjacent to the triple contact point, the flow is stagnant and has nowhere to sink the 

heat provided by the hot wall. Next to the bubble it could not transfer the heat by 

advection or even by diffusion, so the local heat flux is low. However, once the local 

hot wall heat flux exceeded the value for pure conduction it continued to increase until 

a peak was reached at approximately 1.6 bubble radii from the bubble centre. Since the 

isotherms in the liquid close to the wall suffered only little distortion except very close 

to the bubble base, it was only in this small region that there was a significant increase 

in the wall heat flux. This spike in heat transfer near the interface was also predicted in 

simulations by and Kao and Kenning [67], and Larkin [13], albeit for a vapour bubble 

attached to a heated wall.
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Figure 6.4; Dimensionless temperature contours at the triple interface

To explain the sudden increase in local heat flux, it was necessary to analyse the region 

near the triple interface in more detail. In particular the vorticity was considered, which 

was extreme in this region since the fluid rapidly changed from a nearly horizontal to a 

predominantly vertical flow direction. Figure 6.5 shows a magnified view o f the 

vorticity contours in a region near the triple contact line. Evidently, in the region where 

the bubble meets the wall there was a relatively small zone o f high vorticity. Although 

the flow velocity was quite low in this region, the increased mixing associated with the 

high vorticity had the effect o f  increasing the rate o f  heat transfer. In the near region, 

the vorticity dropped disproportionately to the increase in bulk convection. After this 

point the heat transfer began to rise considerably as the primary and largely irrotational 

vortex became the primary mechanism for heat transport. This was highlighted by the 

velocity vector plot shown in Figure 6.6. The no-slip wall boundary condition ensured 

that minimal fluid velocities were found near the triple interface. The curvature o f  the 

interface and surface tension effects caused a rotation o f the fluid as it approached the 

bubble. The point between bubble and wall corresponds to the meeting o f no-slip (wall) 

and slip (bubble) boundary conditions, in essence a discontinuity, and high vorticity is 

encountered in this region. This vorticity m ay be a numerical artefact however, and its 

occurrence in experiments is doubtful and would require further investigation. By 

comparing the numerical vorticity and velocity plots it is evident that the region o f  low 

vorticity corresponds to the region where the velocity vectors travel mostly in the same 

direction. This region represents the cooler bulk fluid being re-circulated from above by 

thermocapillary convection.
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Figure 6.6: Velocity vectors near triple interface

6.1.1 Effect o f  Ma on flow  & temperature field

Velocity and temperature data has been obtained for each of the five test cases. Figure 

6.7 provides the dimensionless temperature contours and dimensional velocity 

streamlines for different Marangoni numbers at 0-g. The dimensionless temperature 

difference was the same for each simulation. From the images, it is clear that with
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increasing Ma the thermocapillary affect increases in strength. In particular, the 

intensity of the jet-like flow increases with increasing Ma. The figures also show the 

temperature contours which are characteristic of this phenomenon. In the absence o f the 

bubble, the contours would form parallel horizontal isotherms. This scenario is 

characteristic of conduction only, and would also be seen far from the bubble. In the 

vicinity of the bubble, the temperature contours bend towards the heated wall. This is 

caused by the re-circulated flow of cooler liquid toward the hot wall. The liquid jet, in 

flowing outward from the apex of the bubble, causes the temperature contours to 

project outward as hot fluid is removed from the regions close to the heated wall. The 

proximity of the upper wall, which has a no-slip condition, limits the extent the jet can 

travel in this scenario. From these images, it is evident that the thermocapillary flow 

field is increasing heat transfer by stripping energy from the wall in the vicinity o f the 

bubble and convecting it into the bulk region above the bubble, and ultimately to the 

cold ‘heat sink’.

The streamlines indicate the presence of a major vortex. Since these simulations were 

performed under 0-g conditions, this fluid motion must have been caused by 

thermocapillary effects. The size of the vortex remains reasonably constant despite the 

temperature gradient imposed on the system. For the aspect ratio simulated here, the 

mean diameter of the thermocapillary vortex is approximately four bubble radii. The 

fluid velocities found within this vortex varied between simulations however. In the 

dimensional cases, higher velocities were obtained for larger temperature gradients, 

indicating that the strength of the vortex increased with increasing Ma. For the 

dimensionless data, the magnitude of stream function appeared to decrease with 

increasing Ma. This non-intuitive behaviour was a consequence o f the non- 

dimensionalisation of the governing equations. Since each temperature and velocity 

within the solution has its own reference temperature and velocity, it follows that the 

largest temperatures and velocities have the largest reference values. Hence, upon non- 

dimensionalisation of the problem, the largest values of velocity etc. were decreased by 

a greater amount. This behaviour is illustrated more clearly in the following paragraph.
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Figure 6.8 shows the dimensional and non-dimensional velocity profile along the 

bubble interface for different Marangoni numbers. Angles were computed from the 

heated wall to the centre point of the bubble. As a result of the non-dimensionalisation 

procedure, the non-dimensional interfacial fluid velocity decreases with increasing Ma. 

However, from the dimensional velocity profile it is clear that increasing the 

Marangoni number actually increases the fluid velocities. Indeed, the behaviour is 

similar for each value of Ma. The angle corresponding to maximum velocity decreases 

slightly with increasing Marangoni number, moving toward the triple contact point. 

Similar results were obtained by Arlabosse et al. [70]. To explain this behaviour one 

must consider the interfacial temperature; provided for each simulation in Figure 6.9. 

By plotting the difference between the constant hot wall temperature and local interface 

temperature {Timê ace -  Thw), the interfacial temperature gradient can be visualised. As 

with the interfacial velocity, the interfacial temperature follows a similar trend for each 

Marangoni number simulated. Clearly, the temperature gradient is steepest in the region 

0-20°. This region therefore corresponded to the largest velocity gradients. With greater 

Ma the surface tension gradients along the surface of the bubble are larger, which 

accelerates the fluid moving towards the triple interface. The cooler fluid brought 

towards the hot wall by the vortex is relatively slow, but encounters a region of high 

surface tension gradient which causes local fluid velocity to increase, affecting local 

wall heat transfer. Since the temperature gradient along the interface is not constant, it 

may be responsible for some researchers hypothesizing that thermocapillarity was 

present only along a portion of the bubble, such as suggested by Raake et al. [69].
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Figure 6.8: Fluid velocity along bubble 

Pr = S3, Bo = Ra = 0 and varying Ma

129



Results & Discussion: Single Bubble

3.5

— Ma = 183 
 Ma = 366

—  Ma = 550
—  Ma = 732 

■ — Ma = 915

K '

2.51
K

0)oc
0>
Q
a>
3
a>Q,
£
a>
H
(D

I  0.5

C

40 50
Angle along bubble [°]

Figure 6.9: Interfacial temperature difference 

Pr = S3, Bo = Ra = 0 and varying Ma

6.1.2 Enhancement o f  heat transfer

The enhancement of local heat transfer is best expressed as the ratio of heat transfer in 

the presence of Marangoni convection to that by pure molecular diffusion. Figure 6.10 

shows this enhancement ratio on both the hot and cold walls for increasing Marangoni 

number with all geometric parameters held constant. As expected, the maximum 

enhancement factor increases with increasing Marangoni number, reaching over 65% 

on the hot wall and almost 180% on the cold wall for Ma = 915. On the hot wall, the 

peak enhancement location moves gradually closer to the triple contact point as Ma 

increases. This behaviour is consistent with the interfacial velocity and temperature 

profiles. As the surface tension gradient increases with increasing Ma, the pull exerted 

by the interface on the neighbouring fluid becomes stronger, dragging it towards the 

triple contact point, with fluid velocities increasing with Ma. Interestingly, all curves 

between Ma -  183 and Ma = 915 seem to converge to their q cond value at almost the 

same radial location o f approximately r ~ 7/?*.

From Figure 6.10 it is evident that the cold wall heat transfer is more influenced by the 

intensity of the jet-like flow rather than the size o f the primary vortices. Similar to the 

hot wall, the range of enhancement along the cold wall remains approximately

130



Results & Discussion: Single Bubble

constant, this time at 4 bubble radii. However, the enhancement factor changes more 

dramatically between test cases. For this study at a cell depth o i H  = 5mm under 0-g 

conditions, the jet pushes warm fluid toward the cold wall uninhibited by any buoyancy 

forces. Hence, stronger thermocapillary flow produces greater heat transfer along the 

cold wall.

Based on the numerical results given in Figure 6.10, an enhancement range may be 

roughly defined. The enhancement region appears to be nearly constant for the 

particular range of Marangoni numbers tested, but may depend on the definition of the 

Marangoni number itself, in particular in the choice of length scale. Furthermore, in 

this study, the Marangoni number was chosen to include the height of the domain, H, as 

has been used in experimental practices [70, 74, 75]. The enhancement region may be 

defined in terms of a radius measured outward from the centre-point of the bubble. The 

enhancement criteria for this investigation is defined as the location at which the heat 

transfer due to Marangoni convection falls to within five per cent of the value due to 

pure conduction, or equivalently

Renhancement R. (6.3)

Figure 6.11 plots the enhancement radius against Marangoni number. At low values of 

Ma (< 100) there is a steep increase in the radius of enhancement, until the curve begins 

to level off at approximately Ma = 200. This suggests that large Marangoni numbers 

are not required for the influence of the bubble to be felt almost three bubble diameters 

away. Although the enhancement radius continues to increase with increasing 

Marangoni number, the increase is not profound. Indeed, the trend suggests the radius 

of enhancement approaches an asymptotic value o f approximately r ~ IRh for the hot 

wall and r ~ ARt, for the cold wall.
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Figure 6.10: Heat flux enhancement Pr = 83, Bo = Ra = 0 and varying Ma
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Figure 6.11; Enhancement radius vs. Ma for Pr = S3, Bo = Ra = 0
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The concept of an asymptotic hot wall enhancement radius was supported by the 

streamline plots in Figure 6.7. To provide further evidence, Figure 6.12 below plots the 

fluid pathlines coloured by vorticity. Again, the scale is the same for each figure. It 

must be noted that a log scale is used for the vorticity, so local changes in colour may 

represent a large change in vorticity magnitude. Since the mean diameter of the main 

vortex does not change but increases in strength, the area over which the bubble can 

have an effect is limited by the vortex size. Furthermore, it appears as though 

increasing Ma increases strength preferentially to the vortex core rather than the outer 

regions of the vortex. The increase in fluid velocities within this vortex occurs only 

near to the interface, and therefore must cause the increase in peak local wall heat 

transfer. Since the curves in Figure 6.10 all converge at a similar radial distance from 

the bubble, it suggests that the velocities at the vortex extremes are similar despite any 

increase in Ms; a theory supported by Figure 6.12.

By defining an effective radius and corresponding area of heat transfer such as those 

given by Equation 6.4 and Equation 6.5, the increase in total heat transfer relative to 

conduction can then be expressed in terms o f this value.

(6.4)

(6.5)
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Figure 6.13 charts the increase in heat transfer versus Marangoni number. This factor is 

expressed as the ratio o f heat transfer in the presence o f Marangoni convection to that 

by pure molecular diffusion. Similar to the equation used by Betz and Straub [14], the 

Nusselt number is defined as

Nu  =
Q>Ma

cond
(6 .6)

Applying this to the hot and cold surface gives the following:

------------ (6.7)

=   (6-8)

1.35 ■ Hot wall 
--■1+1.78e-04*Ma^

1.25

3z

1.05

200 400 600 800 1000
Ma

(a) Hot wall
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Figure 6.13: Heat transfer enhancement vs. Marangoni number

Following experimental investigations by Arlabosse et al. [70], and Petrovic et a l  [88], 

a similar heat exchange correlation for the hot and cold surfaces has been derived.

= 1 + 0.00018A/a'°' (6.9)

= 1 + 0.0039M7°*' (6.10)

It must be noted that the authors referenced in [70] studied the effective heat transfer on 

the cooler wall away from the bubble, and based their correlation on a cell depth of 

3mm. The coefficient will also depend on the choice of affected area. When Ma = 0, Nu 

= 1 which corresponds to purely conductive heat transfer. This almost linear 

relationship between heat transfer enhancement and Marangoni number is logical since 

thermocapillarity is the only force driving motion of the liquid. It is expected that a 

similar relationship for the hot wall would hold for steady Marangoni flow under zero 

gravity conditions. The cold wall heat transfer is obviously influenced by the distance 

between the constant temperature surfaces and the temperature gradient applied.
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6.2 Influence of gravity level (Rayleigh number) at Ma = 915

The focus of this section of the report is to investigate the effect of the magnitude of 

gravitational acceleration on the flow and temperature fields resulting from the 

presence of a hemispherical air bubble situated on a heated wall immersed in a liquid 

silicone oil layer of Pr = 83. A temperature difference of 50K was imposed on the 

system which corresponded to a Marangoni number o f Ma = 915.

6.2.1 Influence o f  gravity level on flow  and temperature fields at Ma = 915

Figure 6.14 shows the temperature and flow conditions for selected different gravity 

levels. By applying the same colour scale to each plot, it is evident that with increased 

gravitational acceleration, and therefore increased buoyancy effect, the thermocapillary 

effect becomes more confined to a region closer to the bubble. The temperatures 

contours which protrude from the bubble apex at very low gravity levels are now 

restricted to a region closer to the heated wall. This behaviour is a result of natural 

convection attempting to restore the thermal stratification that exists in the absence of 

the bubble. In particular, the jet-like flow stemming from the bubble apex becomes 

restricted by the buoyant forces opposing it. Almost instantly, once gravity is 

instigated, secondary counter-rotating vortices develop within the flow structure. The 

formation o f these secondary vortices is discussed by Kassemi and Rashidnia [72]. The 

buoyancy force acts in opposition to the downwardly directed thermocapillary flow and 

the stabilizing density gradients exert a restoring upward force on the downward 

flowing hot liquid. This restricts the flow, compressing the primary vortex to the region 

of the hot wall and bubble. These opposing influences induce the counter-rotating 

shear-driven secondary vortices.
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The streamline plots above show the flow pattern but they do not provide information 

on the interaction between the two vortices. Figure 6.15 plots the pathlines coloured by 

vorticity. Similar to Figure 6.12, a log scale is used for the vorticity, so local changes in 

colour may represent a large change in vorticity.
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As the gravity level is increased beyond the magnitude required for the occurrence o f 

secondary vortices, the region where the vortices interact is not affected greatly. The 

flow pattern has already been established, and buoyancy will continue to squeeze the 

primary vortex. Therefore, gravity, in the range tested, acts as a physical barrier for the 

thermocapillary flow, ostensibly confining it to the vicinity o f the bubble as opposed to 

the channel. Gravity separates the flow, even at gravity levels as low as 0.1-g, and the 

flow structure is already established at this point. It is therefore expected that increasing 

the magnitude o f gravitational acceleration (> l-g) will not affect flow structure that 

significantly, and consequently it would require a very large gravity level to break into 

the thermocapillary dominated region and become influential once again.

This concept can be examined by considering a scaling argument applicable to the 

region near the bubble. In this area, thermocapillary induced inertia competes against 

gravity induced buoyancy. For the two forces to be o f  equal or similar magnitude, the 

following must apply:

p {y -V ) \^ p g p M  (6 . 11)

P^lef

^ref
^pgP^T (6 .12)

P ^ r e f  P ^ r e f  o \ ' T  P ^  re f  i - 5 \— ^  ( 6. 13)
I - r e f  P '  P

P^KfLlef . p-gP^TLlf
 ;----- « ---------- ;------- (0.14)

P ~  P ~

R e ^ * G r  (6.15)

R e 'X  Pr* = Gr X Pr" (6.16)

M o ' = s / ? a x P r  (6.17)

(6.18)
^ f lx  Pr

From the above equations it is clear that for gravity to have influence in the region near 

the bubble the ratio {Ma^/RaPr) must be in the order o f unity. For the variable gravity
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simulations conducted in this study, the maximum Marangoni number was 915, the 

Prandtl number was 83 and the largest gravity level tested was l-g  which corresponded 

to a Rayleigh number of approximately 156, producing a value of 65 for the ratio 

(Ma'/RaPr). This indicates that thermocapillarity dominates in this region. 

Equivalently, at Ma = 915 a gravity level of greater than 128-g would be necessary to 

overcome thermocapillary forces here. Therefore, it may be concluded that gravity is 

not sufficiently strong to influence local wall heat transfer in the range Rh<2.

Figure 6.16 shows the non-dimensional velocity profile around the bubble for different 

gravity levels. As before, angles are computed from the heated wall to the centreline of 

the bubble. Since the driving force for Marangoni convection must be the interfacial 

temperature gradient, the temperature profiles along the bubble were analysed in 

tandem in an effort to understand the phenomenon (see Figure 6.17).

From the velocity plot it is evident that the gravity level has an effect on the velocity 

profile. The largest velocities are found for the 0-g case. Up to an angle of 

approximately 7°, all curves lie on approximately the same curve, with slight deviation 

from this point until the maximum velocity is reached. Consistent with experimental 

results obtained by Arlabosse et al. [70], the location corresponding to maximum 

velocity is nearly independent of gravity level. However, from this point on the gravity 

level has a significant impact on the velocity profiles. At lower gravity levels (<0.5-g) 

in the range 20°< ^90° the interfacial velocity profiles were found to have similar 

slopes. At the higher gravity levels (>0.5-g), the behaviour changed in the range 

40°< ^90°. The temperature difference along the interface displays similar 

characteristics to the velocity profiles. Once again, larger gravity levels deviate in the 

range 40°<^90°.

The influence of gravity on the velocity profile is not constant across the range of 

gravity levels simulated. For g* < 0.5, increasing gravity causes a reduction in the 

magnitude of the interfacial velocity compared to 0-g. This is because the warm fluid is 

increasingly inhibited from moving into the bulk, and the interfacial temperature is 

slightly reduced, as can be seen in Figure 6.17. As the gravity level is increased above 

0.5-g the secondary vortices increase in strength, and pull cold fluid toward the bubble 

tip which generates a larger temperature gradient over this small portion of the interface

142



Results & Discussion: Single Bubble

(40°<^90°). This in turn causes a small recovery of Marangoni convection, with 

interfacial velocities rising above those observed for the 0-g case, as observed in Figure 

6.16.

0.06

—  I.OOg
—  0.75 g
—  0.50 g 
— 0.25g
—  O.IOg
—  0.01 g
—  Og

0.05

I  0.04 
(U >

^  0.03
1
' o

■C

.2 0.02

0.01

40

A ngle a lo n g  b u b b le  [°]

50 60 80 90

Figure 6.16; Non-dimensional interfacial fluid velocity 

Pr = 83, M? = 915, 0<Bo<0.\l, 0<Ra<\56

fe 0.45 —  I.OOg
—  0.75g
—  0.50 9
—  0.25 g
—  O.IOg 
— 0.01 g
—  Og

0.4

0.35

0.3

0.25

0.2

g- 0.15

0.1 -

0.05

70 80 90

A ngle a long  b u b b le  [°]

Figure 6.17: Non-dimensional interfacial temperature difference 

Pr= S3, Ma = 915, 0<5o<0.17, 0</?a<156

143



Results & Discussion: Single Bubble

6.2.2 Heat Transfer Enhancement at Ma = 915

The reduction of local heat transfer caused by increased gravity levels is best visualised 

by plotting the heat transfer enhancement due to Marangoni convection. Figure 6.18 

shows the hot wall enhancement factor for increasing gravity levels. Consistent with 

the 0-g simulations, the peak heat flux occurs in the immediate vicinity o f the bubble. 

The maximum heat flux values for all profiles occur in the interval 1.5 < r/Rb < 2. As 

expected, the maximum enhancement factor decreases with increasing gravity level, 

but only moderately, with a maxima range o f 59 ~ 65%. Interestingly, it is the range of 

enhancement that shows the greatest response to buoyant forces. It is clear that with 

larger levels of gravitational acceleration, the radius of enhancement and corresponding 

area of enhancement decrease. This reduction from almost 7/?/, for the 0-g case to 

for the 1-g case is due to the influence of buoyancy forces upon the primary vortex. 

Gravity appears to act more aggressively on the weak outer limits of the primary 

vortices, reducing their mean diameter and pushing them closer towards the gas-liquid 

interface. Therefore, the area along the hot wall upon which the vortex has influence 

decreases with increasing gravity level. However, as explained using a scaling 

argument previously, gravity can not overcome the thermocapillary core in the region 

r/Rb < 2, and all curves maintain a similar trend in this range. Since the peak heat flux is 

similar for all gi'avity levels it must therefore be dictated predominantly by the 

interfacial temperature gradient, which is only moderately affected by gravity level as 

was shown in Figure 6.17. Since \-g  produced the largest overall temperature gradient, 

one might presume that this would also produce the greatest peak heat flux. However, 

since the l-g  temperature gradient was greater only for a small portion of the interface 

the determination o f the peak heat flux must be more complex, and will be investigated 

in Section 6.3.

Figure 6.19 shows the cold wall enhancement. Cold wall heat transfer is more 

influenced by the intensity of the jet-like flow rather than the size o f the primary 

vortices. Hence, in contrast with the behaviour along the hot wall, the range of 

enhancement along the cold wall remains approximately constant at 4 bubble radii.

144



Results & Discussion: Single Bubble

—  I.OOg
—  0.75g
—  0.50g
—  0.25g
—  O.IOg
—  O.OIg
—  Og

O '

D -

0.8

0.6

0.4

rlRD
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Figure 6.19: Cold wall heat flux enhancement for different gravity levels

In Figure 6.19, the enhancement factor changes dramatically between test cases. This is 

consistent with the temperature/velocity profiles shown previously. The jet-like flow is 

inhibited by buoyancy forces acting upwards against it, pushing the warm fluid to a
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region closer to the bubble. In effect, the vortex is squeezed from  below . W ith 

increasing gravity level the w arm er fluid finds it m ore difficult to reach the cold wall 

im m ediately below  the bubble. For gravity levels in the range 0.1-g to 1-g, little to no 

local heat flux enhancem ent is seen along the cold wall. However, for the sam e gravity 

levels, significant enhancem ent is observed along the hot wall. The question therefore 

arises: since conservation o f  energy m ust be satisfied, where does the heat from  the hot 

w all go? For gravity  levels greater than 0 .1-g, secondary vortices develop beneath the 

prim ary vortex which increase in size and strength with increasing gravity level. These 

secondary vortices rotate in opposite d irection to the prim aries, advecting the heat 

rem oved from  the hot wall and dispersing it to the bulk. This prevents the w arm  fluid 

dissipating its heat to a concentrated region o f  the cold wall. The buoyancy-driven 

vortices act to re-establish the therm al stratification that would exist under the influence 

o f  gravity in the absence o f  a bubble.

The enhancem ent radius is calculated as before (Equation 6.3), and the results are 

provided in Figure 6.20 below . As discussed, gravity forces at the levels sim ulated can 

not penetrate the therm ocapillary dom inated zone, so the hot wall enhancem ent radius 

seem s to be asym ptotically  approaching a value o f  approxim ately 3. On the cold wall, 

m axim um  heat transfer is achieved at the region exposed to the jet-like  flow , with 

greater fluid velocities found here than any other location on the cold wall. The location 

corresponding to zero heat transfer enhancem ent is reached m ore rapidly com pared to 

the hot wall as the m ain vortex pulls the fluid away from the cold wall to re-circulate it 

to the upper regions o f  the test cell. As no enhancem ent was observed for the cold wall 

from  0.1-g and above, Renhancemem is zero for these gravity levels. H ow ever, it is noted 

that since the bubble is situated in a radial system , a seem ingly sm all increase in 

enhancem ent radius corresponds to a m uch larger increase in the enhancem ent area, 

w hich affects the pow er dissipation in the area (since enhancem ent surface area 

increases w ith the enhancem ent radius squared).
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Figure 6.20: Enhancement radius vs. gravity level for Pr = 83, Ma = 915

Since each gravity level has its own radius and corresponding area o f enhancement, it is 

useful to define any improvement in heat transfer over a constant range. This is 

reasonable since the geometry does not change between simulations. For qualitative 

analysis the test case with zero gravitational acceleration forms the logical baseline 

study. Hence, for the hot wall, the effective radius is taken to be 7/?*. For the cold wall, 

the effective radius is taken to be 4/?̂ ,. With this data, the total heat transfer 

enhancement through the effective area of enhancement is plotted in Figure 6.21 for 

comparison purposes.

Figure 6.21 shows that for the zero gravity case an increase in heat transfer of up to 

23% on the hot wall and 95% on the cold wall is achievable, which is significant. 

Under terrestrial conditions, an improvement o f 10% is possible. For Ma >915 further 

improvements may be attainable. Note that at earth gravity, there is no cold wall range 

of enhancement defined by Equation 6.3, as the secondary vortices destroy the 

downward jet and spread the heat over a larger area. However, there remains a region 

where the local heat flux values exceed the pure conduction values, but not by a 

sufficient amount to meet the criteria for Equation 6.3 (i.e. heat flux values did not 

exceed conduction values by 5%). Thus, some heat transfer enhancement can occur at 

earth gravity. The figures show the dramatic impact that gravitational acceleration 

levels have on the heat transfer. Expectedly, the influence is more profound on the cold
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wall, since the primary re-circulating vortex is being pushed toward the bubble. 

Clearly, since Nu is much greater at 0-g than at \-g, thermocapillary-driven heat 

transfer can play an important role in microgravity conditions

■ Hot wall Ma = 9151.25
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Figure 6.21: Heat transfer enhancement vs. gravity level fo rP r = 83, Ma = 915
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6.3 Influence of Gravity Level at varying Ma

At a Marangoni number of Ma = 915 for the gravity levels simulated, the primary 

vortices were sufficiently large and the jet-like flow sufficiently strong to ensure 

thermocapillarity affects local heat flux enhancement, since even at l-g  the 

thermocapillary effect dominates in the range 1 < r/Rt, < 2. To investigate whether this 

behaviour was consistent for every Marangoni number, the temperature gradient was 

varied and simulations were carried out at each of the gravity levels simulated 

previously. Figure 6.22 below plots the peak heat flux computed for each gravity level 

in response to increasing Marangoni number. As expected the peak heat flux increases 

with increasing Ma, with only small differences in the profiles for each gravity level. 

The peak heat flux obtained at each value o f Ma is also similar for all gravity levels.
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Figure 6.22: Peak heat flux vs. Ma for Pr = 83, varying gravity level

However, upon plotting the peak heat flux enhancement, q ^J q  cond, one observes a 

different pattern. In Figure 6.23a for 0-g and low gravity level o f 0.0l-g, the peak heat 

flux enhancement increases with increasing Ma, and appears to follow something like 

an exponential law, meaning that further increases in Marangoni number would result 

in larger increases in peak heat flux enhancement. Conversely, for gravity levels >0.1- 

g, all curves appear to be tending toward an asymptotic value at some Ma not simulated 

in this study.
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Figure 6.23: Effect o f gravity on the peak heat flux enhancement
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In Figure 6.23b as the gravity level increases for a fixed Ma, buoyant forces become 

stronger but thermocapillarity remains unchanged. The primary roll cannot be 

completely overcome, and remains dominant in the region by the bubble. Therefore, the 

peak heat flux enhancement for a fixed Marangoni number tends toward a constant 

value in response to increasing gravity level, as is evidenced by the figure. To explain 

this behaviour, one must revisit the flow and temperature field analysis performed in 

Section 6.2.

It has been determined that under zero gravity conditions, and at low gravity of 0.01-g, 

the flow field is dominated by a single thermocapillary-driven vortex. As the gravity 

level is increased, buoyancy forces become stronger and a secondary vortex appears 

and squeezes the primary vortex to a region closer to the bubble.

Above 0.1-g the flow field is divided into two distinct, but not entirely separate, flow 

regimes. The primary vortex derives its momentum from the interfacial temperature 

gradient. Increasing the Marangoni number increases the overall and interfacial 

temperature gradients. This causes greater velocities and improves heat transfer, as is 

reflected with increasing peak heat flux. Increasing the gravity level has a relatively 

much smaller effect on the interfacial temperature and fluid velocity, but still a strong 

influence on the peak heat flux.

For all Marangoni numbers simulated, the velocities are similar across the range of 

gravity levels, but the peak heat flux profiles can be very different. It appears as though 

this behaviour is due to the secondary vortex. If gravity is present and significant (>0.1- 

g), and the Marangoni number is increased, both the thermocapillary and buoyancy 

forces increase in strength. The interfacial fluid velocity increases, but the secondary 

vortex prevents the thermocapillary vortex from spreading out into the lower part o f the 

domain. Indeed the secondary vortex may strip some of the kinetic energy from the 

thermocapillary roll. As the Marangoni number is increased, more energy appears to be 

transferred between the two vortices. This can be observed in Figure 6.24 which plots 

the temperature distribution and pathlines (coloured by vorticity) for the flow. It must 

be noted that a log scale is used for the pathlines, so a small change in colour may 

indicate a large change in vorticity. The region where the two vortices come into 

contact is of special interest. As the Marangoni number is increased from left to right in
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the grid, one can see that the secondary vortex is growing in intensity at a rate higher 

than that of the primary vortex. However, it was shown that at 0-g, the intensity of the 

thermocapillary roll increased with Ma in a somewhat exponential manner. The 

interfacial temperature gradients remain almost the same for all gravity levels, so the 

thermocapillary roll must be losing some of its mechanical energy to the secondary 

vortex.

Since more and more energy is being lost from the primary vortex as Ma increases, and 

consequently the secondary vortex is gaining in strength more rapidly, colder fluid 

finds it increasingly difficult to reach the hot wall to improve heat transfer. The same 

applies for hot fluid being transferred from the primary vortex to the secondary vortex. 

This warm fluid is re-distributed to the bulk rather than impinging on the cold wall. 

This idea would explain why the peak heat flux enhancement does not increase linearly 

with Ma for g*>0.1, and appears to be tending toward an asymptotic value.
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Results & Discussion: Single Bubble

Figure 6.25a plots the hot wall enhancement radius (as defined by Equation 6.3) versus 

gravity level. Clearly, the trends for each Ma are similar. The enhancement radius is 

greatest at 0-g, with further increases in gravity level decreasing the range over which 

thermocapillarity has effect. Even at l-g, some enhancement of local wall heat flux 

occurs for each Ma, although it is unclear from these plots as to how great the increase 

is. From the graph it is clear the increasing the gravity level decreases the radius of 

enhancement.

The response to increasing Ma can be seen more clearly in Figure 6.25b. For the 0-g 

case, the radius of enhancement increases gradually with increasing Marangoni 

number. As discussed previously in Section 6.1, Renhamemem appears to asymptotically 

approach a value of approximately seven bubble radii. This behaviour is in stark 

contrast to most of the other data. Indeed, when buoyancy forces become significant, 

which from this graph appears to be even as low as 0.0l-g, the trend of the curves 

begins to change. From gravity levels o f 0.1-g upwards, the curves appear flat with 

perhaps a very small decrease in Renhamemem at the larger gravity levels. This indicates a 

relative independence o f enhancement radius to Marangoni number when gravity 

becomes significant. For the current configuration, in which thermocapillary and 

buoyancy forces oppose one another, this behaviour suggests that the gravity level 

dictates the radius and hence area over which Marangoni convection impacts 

significantly upon local wall heat transfer. Since the curves become closer together for 

increasing gravity levels, it also suggests an asymptotic limit for enhancement radius in 

the presence of gravity. This was discussed in Section 6.2, and results from 

thermocapillarity being dominant in the range r/Rh< 2.
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Results & Discussion: Single Bubble

To quantify the heat transfer enhancement the results for Nusselt number are provided 

in Figure 6.26. The data computed for the hot wall shows some interesting behaviour. 

At the larger values of Marangoni number {Ma > 549), the 0-g case provides the 

greatest enhancement o f heat transfer. A small increase in gravity level reduces the heat 

transfer substantially, and further increases result in a gradual flattening of the curves. 

At the lower values of M a, heat transfer is seen to be constant or even increase with 

increasing gravity level. This may suggest a balance between thermocapillary forces 

and buoyancy. Indeed, for M a = 183, it appears as though buoyancy aids heat transfer 

since more heat is transferred at 1-g than at 0-g. However, enhancement is dependent 

on the choice of effective radius. Since the enhancement radius was observed to 

decrease from 7R/, at 0-g to 37?* at 1-g, an effective radius o f 3R/, was used to plot the 

Nusselt number versus Ma for 1-g. Similar to the 0-g case, a correlation can be made 

whereby

= 1 + 0.0026 (6.19)

It has been shown in Figure 6.13a that for 0-g the heat transfer enhancement profile 

exhibited slightly exponential behaviour (Nu -  l+1.78e-04*A/a'°'*’). The Nusselt 

number was observed to increase by greater amounts with each increase in Marangoni 

number, a result o f the exponent being greater than one. From Figure 6.26b and 

Equation 6.19, it is clear that the behaviour at 1-g is different. Although the Nusselt 

number increases with increasing M a in the range simulated, the exponent is less than 

one and hence the Nusselt number appears to be gradually tending toward an 

asymptotic value in response to increasing M a. This suggests that further increases in 

temperature gradient, which in turn increases both the Marangoni and Rayleigh 

numbers, would eventually result in the levelling off o f the Nusselt number under 

terrestrial gravity.
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Chapter 7: 3D Numerical Modelling
This chapter details some o f the preliminary results obtained from three-dimensional 

simulations o f Marangoni convection about one or two bubbles on a heated wall 

immersed in silicone oil. Firstly, a validation o f the 3D numerical procedure is outlined 

in Section 7.1, whereby results o f the single bubble 3D simulations are compared with 

those from the 2D axisymmetric work. Then, to investigate the interaction o f 

Marangoni convection about two bubbles and the influence o f the inter-bubble spacing, 

a new group o f simulations is described in Section 7.2.

7.1 Validation of three-dimensional approach

For Marangoni numbers Ma< 12,000 it is known that the resulting flow field will be 

symmetric about the vertical bubble axis above the bubble centreline [69, 71], Results 

from the 3D solutions reinforced this approximation, and Figure 7.1 plots the liquid 

pathlines (coloured by velocity magnitude) in the .t and z direction from one of the 3D 

simulations. However, to accurately simulate the fijll three-dimensional problem of 

Marangoni convection about a bubble on a heated wall required much more 

computational effort than the two-dimensional axisymmetric formulation o f the 

problem. In particular, the choices o f  the discretisation scheme and under relaxation 

factors were hugely important to ensure smooth convergence o f the solution. However, 

a converged solution was not necessarily the correct one. Several other ‘monitors’ were 

utilised to ensure correct modelling o f the problem. For example, the total rate o f mass 

flow and total rate o f heat transfer through the system were scrutinised closely.
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Figure 7.1: Typical pathlines for the single bubble 3D simulations
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To validate the three-dimensional approach, simulations were performed initially with a 

single bubble attached to a heated wall. The numerical model consisted of a 

hemispherical bubble of 1mm radius centred in a cylindrical domain of 20mm radius 

and 5mm height - in essence a revolution about the axis of symmetry provided in 

Figure 5.4 previously. From the guidelines outlined in [104], it was noted that the 

calculation of surface tension effects on triangular and tetrahedral meshes is not as 

accurate as on quadrilateral and hexahedral meshes. Therefore, the mesh shown in 

Figure 7.2 consisted of hexahedral (on and near the bubble) and tetrahedral mesh 

volumes, and was refined in the immediate vicinity of the bubble. Consistent with the 

2D case, simulations were perfomied initially with 0-g conditions for Marangoni 

numbers of Ma = 183, 366, 550, 732, and 915 respectively.

Figure 12 \  3D grid & refinement in the region of the bubble

Once successful validation against the 2D solution was obtained, the simulation was 

updated to include the effects o f gravitational acceleration. As with the 2D case, the 

model was set up so that thermocapillary forces and buoyancy forces opposed one 

another at a fixed Marangoni number of Ma = 915. Early results with the inclusion of 

gravity showed large instabilities in the solution, and it was concluded that a much 

stricter solution method was required for accurate results. The gravity level was 

increased between simulations so that the results from the first simulation were used as 

the initial guess for the second simulation and so on. Because of the instabilities and 

convergence issues encountered, the gravity level was increased much more gradually 

than in the 2D case, with a largest increase o f 0.1-g between simulations. The 

instabilities were addressed by under-relaxing the body forces term in the momentum
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equation, and slightly under-relaxing the energy equation. This more than likely 

increased the time required for a solution, but provided improved convergence of the 

residuals, in particular the continuity residual. Furthermore, such was the difficulty in 

controlling the solution that a first-order upwind scheme was adopted to gain a general 

understanding of the resulting flow and temperature fields. Each first-order 

approximation was used as the initial guess for a subsequent second-order upwind 

discretization scheme to improve the accuracy of the solution. Hence, to arrive at a 

second-order solution for the 1-g case typically required 28 interim solutions.

Figure 7.3 displays one of several comparisons made between the 3D and 2D 

axisymmetric data, in this case for hot wall heat flux. The results relate to a Marangoni 

number of Ma = 915 at 1-g, which corresponds to the largest temperature and velocity 

gradients and the largest gravity level simulated. Clearly, there is little difference 

between the calculated wall heat flux profiles for the 3D and 2D data. Indeed, a 3D 

dimensional and dimensionless solution was obtained for almost every case simulated 

in this study, with no significant differences in heat flux between the two formulations 

of the problem. The greatest difference computed between the tw'o solutions was in the 

interfacial fluid velocities, which differed by a maximum of 4% in the region of the 

peak velocity, as shown in Figure 7.4.
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Figure 7.3: 3D vs. 2D hot wall heat flux fo rP /'=  83, Ma = 915, 1-g
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7.2 Marangoni convection about two bubbles

In many situations where surfaces are immersed in a liquid layer and a heat flux is 

applied to the surface, gas and/or vapour bubbles will form on the surface. As was 

evident in the experiments performed by Petrovic et al. [88] (see Figure 3.4), it is likely 

that two or more bubbles would be situated near one another on the heater surface. In 

this instance the bubbles may exert some influence on each other, thereby affecting 

local heat transfer performance. Some investigations have been conducted on the 

thermocapillary convection about two bubbles in close proximity on or near a heated or 

cooled surface, such as studies by Kasumi et al. [80, 81], Nas [91], Sides [23] and 

Wozniak and Wozniak [64]. However, little to no information is available on the 

influence upon local heat transfer.
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Figure 7.5: Two bubble numerical domain and boundary conditions
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Figure 7.6: Typical two bubble numerical mesh

To investigate this issue, a three-dimensional model was constructed. Two 

hemispherical (gas) bubbles of 1mm radius were placed on the heated wall of a 20mm 

radius cylindrical domain of height 5mm. The spacing between the bubbles’ centres 

was varied between simulations to study the effect of Marangoni convection and the 

influence of the spacing between the bubbles on the local flow and temperature fields, 

as well as analysing any enhancement of heat transfer. Although entrainment of 

bubbles via thermocapillary convection has been observed in some experiments such as 

those in [64], the bubbles in this study were fixed at specific locations for each 

simulation.

7.2.1 Boundary Conditions

The boundary conditions for the two-bubble simulations were almost identical to that 

of the single bubble case, except for the inclusion of a second, adiabatic bubble. 

Consistent with the 2D approach, the effects of surface tension were included as a 

source term in the momentum equation. The test fluid was selected to have the same 

properties as silicone oil o f kinematic viscosity 7.5cSt, provided previously in Table 

5.1.

7.2.2 Two Bubbles -  Influence o f  Ma at 0-g

Solutions were carried out for zero gravity conditions for temperature differences of 10, 

20, 30, 40, and 50 Kelvin, corresponding to (single bubble) Marangoni numbers of Ma 

= 183, 366, 550, 732 and 915 respectively. The inter-bubble spacing, Sb, was measured
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as the distance between the bubbles’ centres, and was varied between simulations. 

Solutions were computed for separations of 2>Rb, 4/?*, 5Rb, IRh, 10^/,, 15^*, lORh and 

25Rh. As expected, and consistent with the single bubble results, at every inter-bubble 

spacing thermocapillary convection increased in strength with increasing Ma.

7.2.3 Two Bubbles -  Influence o f  Bubble Spacing at 0-g

Since the behaviour in response to increasing temperature gradient was determined to 

be similar for each separation, the Ma = 915 case was chosen to compare the local wall 

heat flux for each spacing arrangement. Figure 7.7 shows the hot wall heat flux 

enhancement contours. As a means of investigating the influence each bubble has over 

distance, line plots of heat flux in the x  and z directions are provided in Figure 7.8. 

Figure 7.9 shows the cold wall heat flux enhancement for each separation. The same 

scale was applied to each plot in both cases.
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Figure 1 .1\ Hot wall heat flux enhancement at different bubble separations 

P r  = 83, A/a = 915, fio =Ra = 0
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3D Numerical Modelling

Clearly, the local hot wall heat flux was maximum for a spacing of Sh = 3/?*. The 

proximity o f both bubbles caused an area o f high enhancement between them, yet the 

area over which the wall heat flux was affected was not very large. As the distance 

between the bubbles was increased, the region corresponding to peak heat flux became 

confined to a region in the immediate vicinity of the gas-liquid interface. A significant 

aspect from the plots is that the bubbles seem to affect heat transfer in the region 

between them above a spacing of 5’̂  = 1 ORi, and up to a spacing of 5/, = 15Rb- From the 

single bubble simulations, a hot wall effective radius asymptotically approaching 7Rh 

was predicted, so there is good agreement between the two solutions. Similar behaviour 

was observed for the cold wall, shown in Figure 7.9. The bubbles appeared to act as 

isolated bubbles once a distance of 10^/, was reached. This is also consistent with the 

2D work since a cold wall effective radius of 4Rh was predicted from the single bubble 

simulations.

Upon inspection of the hot wall heat flux plots provided in Figure 7.7, it is noticeable 

that between the bubbles there exists a small region of stagnation. For the smaller 

separations of Si, = 3/?* and Sh = 4Rb, the heat flux in this area between the bubbles is 

less than other regions which are similar distances from the gas-liquid interface. To 

explain this phenomenon, the pathlines of the fluid were analysed. By taking a slice of 

the domain in the x-plane aligned with the central axis of both bubbles, it was possible 

to analyse the streamlines in the region.

Ttfflptratur* (K]

Figure 7.10: Pathlines for 3/?* separation, coloured by temperature

Figure 7.10 plots the pathlines for the simulation where the bubbles were separated by a 

distance of 3/?*. Interestingly, a pair o f smaller vortices was observed to develop 

between the bubbles. These smaller vortices were essentially one of the primary
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vortices for each bubble, and rotated in the same direction as normal; clockwise for the 

bubble on the left, and anticlockwise for the bubble on the right. The proximity of the 

bubbles choked the flow of liquid between them, preventing the warm fluid being 

expelled from this region and also the entrainment of cooler fluid from above. The 

formation of this small vortex pair is responsible for the local dip in heat flux between 

the bubbles, as seen in Figure 7.7. The behaviour at small spacings contrasted that at 

larger spacings, such as the Sb = \ORb case shown in Figure 7.11. At this separation, the 

major vortices were able to develop to almost ftill size.

Figure 7.11: Pathlines for 10^* separation, coloured by temperature

Figure 7.12 plots the maximum dimensionless heat flux obtained for the hot wall for 

each separation. From the graph it is evident that with increased spacing the peak heat 

flux value drops until it reaches a similar value to that obtained in the single bubble 

simulations at approximately Sh =15/?*. This is ftirther evidence to suggest that the 

bubbles from this point onwards act as if they were in a fluid of infinite extent.

1 .9 5 - —  single bubble 
B two bubbles

1 .9 -

1 .8 5 -

1 .8 -

Figure 7.12: Effect of bubble spacing on the peak hot wall heat flux enhancement
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From the contours plots provided in Figure 7.7 and Figure 7.9 it was difficult to 

ascertain definitively whether there was a particular spacing arrangement that provided 

maximum heat transfer. Since the two-bubble solutions were not axisymmetric, the idea 

of an enhancement radius was not employed in this scenario. Instead, the enhancement 

of heat transfer over the entire domain was computed. Hence, the heat transferred from 

the hot wall equalled the heat transferred to the cold wall in all cases, and this value 

was monitored closely. Figure 7.13 plots the increase in heat transfer (Nusselt number) 

caused by Marangoni convection about both bubbles compared to pure molecular 

diffusion without any bubble. The increase was computed by calculating the total 

surface integral of the heat flux. The graph shows that the presence of two bubbles 

increases heat transfer compared to a single bubble. This behaviour was obviously 

expected, yet the plot still shows some interesting trends. At the small separations of St 

= 3Rh and Sb = 4Rb the highest heat flux values were computed. However, overall heat 

transfer was confined to a smaller area around the bubbles. As the bubbles were moved 

further apart, the vortices were able to develop to greater size between the bubbles and 

thus increased the area over which they influenced heat transfer. From the figure it 

would appear that for the separations simulated, a spacing of 10/?* corresponds to 

maximum heat transfer for this configuration. Although the difference between the 

cases is not profound, one must consider that the bubbles occupied a surface area 

approximately 1/200*'’ of the hot wall surface area, so any increase in overall heat 

transfer across the entire area is significant.

1.05p 

1.045- 

1.04- 

1.035- 

1.03- 

1.025- 

1 .0 2 -  

1.015- 

1.01  -  

1.005- 

1 ■

Ma = 915
^ s i n g l e  bubble 

■ two bubbles

10 15 20 25

Figure 7.13: Maximum heat transfer enhancement for each bubble spacing
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7.2.4 Two Bubbles - Influence o f  Gravity Level

The influence o f gravity level was also investigated. Since the 0-g results for the two 

bubble simulations highlighted that the bubbles behaved as isolated bubbles above an 

inter-bubble spacing o f Sh = 15/?*, and maximum heat transfer was achieved at a 

spacing o f Sb = lORh, it was decided due to time and computational limitations that 

simulations would be carried out for spacings o f  3/?*, 4Rh, 5Rh, IRh, and 10/?*.

Figure 7.14 shows the contours o f hot wall heat flux enhancement for the Sh = 3/?* case. 

From the plots it is evident that the range over which heat transfer was affected 

decreased with increasing gravity level. This behaviour was expected, and was 

consistent with the single bubble numerical results. For all separations, increasing the 

gravity level above a certain level caused the occurrence o f  secondary, counter-rotating 

vortices beneath the primary vortices, which pushed the thermocapillary rolls closer to 

the bubbles. The area o f  enhancement was dramatically different for the 0-g and 1-g 

cases. Furthermore, for all separations simulated, there was no significant cold wall 

local heat flux enhancement above a gravity level o f 0 .01-g.

There were some curious results for the hot wall however. For the 0-g case in Figure 

7.14, the stagnation point between the bubbles was clear. The cause for this stagnation 

was described previously. As the gravity level was increased, this small region o f lower 

local heat flux remained until approximately 0.25-g. Above this gravity level, the heat 

flux in the region between the bubbles was observed to escalate. Indeed, at terrestrial 

gravity, this region became the area o f greatest heat flux.

To investigate whether or not the hot wall heat flux profiles were similar for each 

spacing, the data for Sf, = 5Rh is provided in Figure 7.15. Again, the area over which 

Marangoni flow influenced heat transfer decreased with increasing gravity level. 

However, in complete contrast to the Sh = 3Rh case, the maximum heat fluxes for Sh = 

5/?* were found for the 0-g simulation. With increasing gravity level, the maximum heat 

flux was observed to decrease slightly, rather than increase. It was expected that the 

smaller spacing would produce a greater peak heat flux as this behaviour was evident 

from the 0-g plots in Figure 7.7, but the differing responses to increasing gravity level 

was peculiar.
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Once again, to explain the changing heat transfer patterns on the hot wall it was 

necessary to analyse the flow and temperature fields in the region. Figure 7.16 plots the 

heat flux contours for the Sb = 3Rb case at l-g. In addition, Figure 7.17 plots the 

temperature contours and pathlines in the x-plane and z-plane (coloured by 

temperature) for the same simulation.

region of h ighest h e a t transfer b e tw een  bubbles

fluid squeezed be tw een  bubbles

Figure 7.16: Heat flux contours for the Si, = 3Rb case at l-g

It was known from the 0-g case provided in Figure 7.10 that the close proximity o f  the 

bubbles caused the primary thermocapillary-driven vortices between them to be smaller 

in size. The inclusion o f gravitational forces results in secondary vortices squeezing the 

primary vortices closer to the bubbles. These upward-pushing buoyancy driven vortices 

also reduce the size o f the primary vortices. Therefore, if  gravity is present at small 

bubble separations, the primary vortices are reduced in size by the combination o f these 

two factors.

Returning to Figure 7.16 above, the cause o f the increase in local heat flux between the 

bubbles at increasing gravity levels was obviously influenced by what was happening 

to the flow o f liquid in that region. From the single bubble experiments and simulations 

performed in this study, it was determined that secondary vortices appeared on both
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sides o f the bubble centreline. However, for this two bubble simulation, the distance 

between the bubbles (= 3Rf,) was too small to allow the formation o f secondary vortices 

between the bubbles. Instead, another jet-like flow formed, one which pumped colder 

fluid from the lower regions o f the cell toward the heated part o f the wall between the 

bubbles, and therefore one which acted opposite in direction to the Marangoni ‘je t’. 

The cold fluid was pushed toward the area between the bubbles and expelled laterally. 

This liquid motion can be observed clearly in Figure 7.17. Heat transfer increased 

significantly in this area as a result o f this buoyancy-driven flow. This constant flow of 

colder liquid toward the hot wall increased the local heat flux to values greater than any 

other location on the hot wall.

For the St, = 5Rf, spacing at 1-g there was sufficient distance between the bubbles to 

allow the development o f secondary vortices on both sides o f both bubbles, as 

evidenced by Figure 7.18. Indeed, at this separation and gravity level, a new stagnation 

point formed in the central region at the intersection o f the four vortices. This surely 

prevented much o f the hot fluid escaping from the region between the bubbles and is 

most likely responsible for the relatively poor heat transfer observed at the centre o f 

Figure 7.15g.
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Figure 7.18: Pathlines for the S* = 5Rb case at \-g, coloured by temperature

To quantify the contribution to heat transfer, the total rate of heat transfer enhancement 

was computed for each of the simulations. The surface integral of the hot wall heat flux 

was computed for both the conduction only scenario and with Marangoni convection. 

Figure 7.19 plots this enhancement for selected separations. It must be noted however 

that the data provided in the figure requires further work before a definitive conclusion 

can be made.
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Figure 7.19: Total rate of heat transfer enhancement vs. gravity level
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Clearly, the trend changes between the cases. At the small spacings of St, = 3Rh, the 0-g 

area of enhancement was relatively small compared with larger spacings. The total rate 

of heat transfer fell briefly with the instigation of gravity before rising again. Even 

though the area of enhancement reduced fiirther with increasing gravity level, the 

corresponding increase in heat flux around the bubbles compensated for this. It is 

expected that the gravitational pump effect described above was responsible for the 

inflection in the curve. For the spacing Sh = 5Rb, a different profile is observed. The 

bubbles were sufficiently far apart so that the buoyancy pump effect did not occur, and 

heat transfer decreases with increasing gravity level because the area affected also 

decreased, and there was no increase in local heat flux values. This behaviour is similar 

to what was described for the single bubble Ma = 915 simulations. As the spacing was 

increased above Si, = 5Rb the total rate of heat transfer improvement was found to be 

very similar for each spacing.
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Conclusions
The Marangoni convection about a 1 mm radius air bubble situated under a heated wall 

of constant temperature immersed in a silicone oil layer {Pr = 220) o f constant depth 

5mm was experimentally investigated using a flow imaging technique known as 

particle image velocimetry, or PIV. The response to increasing temperature gradient 

and Marangoni numbers in the range 145<Mo<363 was investigated. For all 

experiments, steady-state convection was observed and primary, thermocapillary- 

driven vortices were seen to develop on both sides o f the bubble, along with a jet-like 

flow from the bubble tip that protruded into the bulk liquid below it. Beneath these 

primary flow structures, secondary, slower-moving vortices were also observed, and 

these buoyancy-driven vortices rotated in opposite direction to the primaries. From 

calculations of the vector field and streamlines for the flow and comparison of the 

experimental data with numerical simulations, excellent agreement was found. 

Furthermore, experimentally measured axial velocities also showed reasonable 

agreement with numerical predictions, albeit the numerical velocities were greater in all 

cases.

To investigate the influence of Marangoni number alone, simulations were performed 

using a two-dimensional axisymmetric grid for a 1mm radius air bubble situated on a 

heated wall of constant temperature immersed in a silicone oil layer {Pr = 83) of 

constant depth 5mm in the range 0<Ma<915 under zero gravity conditions. The 

influence o f the Marangoni number on the velocity profile along the bubble was 

investigated. It was determined that the interfacial velocities increased with increasing 

Marangoni number, but that the location of maximum velocity remained relatively 

unaffected. The velocity and temperature fields were used to explain the enhancement 

of local heat transfer in the vicinity o f the bubble. The increase in the local and surface 

average heat flux on the wall to which the bubble was attached was computed and it 

was determined that, compared with pure conduction, thermocapillary convection 

enhanced the local heat flux on the hot wall to over 65%. Furthermore, the enhanced 

heat transfer penetrated a distance o f approximately seven bubble radii along the hot 

wall, and four bubble radii along the cold wall. Cold wall local heat flux values were 

calculated to be up to 180% greater than conductive heat flux values. The concept o f an 

area o f enhanced heat transfer around the bubble was introduced. The numerical results
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indicated that the ratio o f Marangoni heat transfer to conduction over a constant area of 

enhancement displayed a slightly exponential relationship under zero-gravity 

conditions. For the range of Marangoni numbers tested, an improvement in the average 

heat transfer in the vicinity of the bubble of up to 23% has been calculated for the hot 

wall, and up to 90% for the cold wall.

For a Marangoni number of Ma = 915 using the same fluid as above, the influence of 

the magnitude of gravitational acceleration on the velocity profile along the bubble 

interface and on the location of maximum velocity was analysed. It was found that the 

gravity level only minimally affected the velocity profile, and that the location of 

maximum velocity was almost independent of gravity level. Increasing the gravity level 

above a certain threshold caused the formation of secondary vortices which prevented 

the primary vortices growing to full size, and limited the extent of the jet-like flow 

from the tip of the bubble. Ergo, increasing gravity levels caused a reduction in the 

effective radius and area of enhancement. For Ma = 915, maximum enhancement 

occurred under zero-gravity conditions. Under terrestrial conditions, the improvement 

in the average heat transfer along the hot wall in the vicinity of the bubble was 13% 

less than that at zero-gravity. No significant enhancement was observed for the cold 

wall above 0.1-g.

The gravity level was also varied at different Marangoni numbers in the range 

0<Ma<9\5. It was determined that at low temperature gradients and therefore low Ma, 

increasing the gravity level actually increased heat transfer, which contrasted the 

behaviour at higher values of Ma. At 1 -g, the improvement in the average heat transfer 

along the hot wall in response to increasing Ma displayed different characteristics to 

that at 0-g. It was postulated that when the Marangoni number was increased in the 

presence of gravity, the primary vortices lost some mechanical energy to the secondary 

vortices.

The influence of Prandtl number was also investigated. It had been suggested by some 

authors that an inverse relationship between heat transfer enhancement and Prandtl 

number existed, but following the dimensionless solution obtained in this study, one 

may conclude that the Prandtl number alone has little to no effect on the heat transfer, 

since variations in viscosity are also reflected in the Marangoni and Rayleigh numbers.
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The assumption o f axial symmetry was validated by solutions obtained from a three- 

dimensional numerical model. The model was updated to include a second bubble, and 

the spacing between the two bubbles was varied between simulations to analyse the 

influence o f  the separation distance between them. For zero gravity conditions, it was 

determined that the local wall heat flux was greatest for the smallest separation o f three 

bubble radii, but that the increase in heat transfer over the whole domain was greatest 

for a separation o f ten bubble radii.

When the effects o f gravity were included in the model, the behaviour was observed to 

change between the cases. At large separations between the bubbles, increasing the 

gravity level was found to decrease the maximum local wall heat flux, which was 

consistent with much o f the two-dimensional work. At small separations however, the 

increase in gravity led to an increase in the local wall heat flux, which was caused by a 

buoyancy-driven flow formed by the interaction o f  secondary vortices.
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Further Work
Suggestions for further work include:

1. Experiments in which the height o f the test cell can be varied, to obtain 

information on the influence o f confinement.

2. Determination o f the experimental temperature field by means o f interferometry 

or thermo-liquid-crystal tracer particles.

3. Switching to a thin foil, constant wall heat flux boundary condition for the hot 

wall. By painting the back side o f the foil black and using and infra-red camera, 

the bubble-induced heat transfer could be measured.

4. Updating the two-dimensional axisymmetric model to include non-constant 

fluid properties, modelling o f the gas phase, and interface tracking methods 

such as Volume o f Fluid (VOF).

5. Continuation o f the three-dimensional two bubble model to investigate in 

greater depth the effect o f buoyancy at small bubble separations.
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Appendix A
Arlabosse et al. [78] investigated the influence of Pr on the thermocapillary flow 

around a bubble on a heated wall. For their dimensionless simulations, the Rayleigh 

and Marangoni numbers were fixed at Ra = 0.68 and Ma = 600 respectively while the 

Prandtl was varied in the range lOO^Fi-^lOOO. From their results, Arlabosse et al. 

concluded that variations in Pr greatly altered the flow pattern when thermocapillary 

flow acted in opposite direction to buoyancy flow. This caused large fluctuations in the 

magnitude of the dimensionless stream function. Arlabosse et al. maintained that an 

increase in Pr introduced secondary weaker vortices, yet for their Pr = 1000 simulation, 

only the primary thermocapillary vortex was visible in the resulting flow field. This 

somewhat contradictory explanation led to a brief investigation into the influence of Pr 

in the current study. A computational grid similar to that in [78] was constructed and 

simulations were performed with the same conditions of Ra = 0.68, Ma = 600 and 

100<P/<1000. Figure A-1 to Figure A-3 plot the streamlines for varying Pr. Clearly, 

the flow structure does not change greatly over the significant range of Pr simulated. 

This suggests the flow field to be independent of Pr, which completely contradicts the 

results of Arlabosse et al. To further depict this behaviour, the heat flux along the 

heated wall to which the bubble is attached is given in Figure A-4. Once again there is 

little difference in the profiles for each Pr simulated.

The conclusion from this study is that the flow pattern is relatively independent of Pr. 

This view is supported by the numerical work of both Betz and Straub [14] and Morris 

and Parviz [82]. Larkin [13] too suggested that the Nusselt number was insensitive to 

the Prandtl number. In particular, the relative independence of Marangoni flow to Pr 

number is consistent with the findings in [14], where several experimental studies were 

compared with numerical data. To understand the result of Arlabosse et a l, one must 

look more closely at the dimensionless approach adopted. In [78] Arlabosse et al. 

modelled for Pr up to 1000 as a fiinction o f Ma at selected, fixed Rayleigh numbers. In 

reality, this can not happen, since the viscosity is a term common to Pr, Ma and Ra. 

Furthermore, any changes in temperature gradient will be reflected in both Ma and Ra. 

Hence, for the same fluid, Ra should increase linearly with Ma as is the case in this 

study and in studies [14] and [82],
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Figure A-3: Streamlines for Pr = 1000, Ma = 600, Ra = 0.68
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Figure A-4: Hot wall heat flux for Ma = 600, Ra = 0.68 and 100</*r<1000
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Appendix B
Returning to Figure 6.19, the enhancem ent factor for the zero gravity sim ulation can be 

seen to briefly  fall below  the value for pure conduction. S im ilar behaviour was 

observed by  Kao and K enning [67] in their sim ulations for a vapour bubble attached to 

a heated wall. W hen plotting the local heat flux divided by heat flux m easured at a 

position not influenced by their bubble, the curve was seen to briefly  drop below  unity. 

The occurrence in this study m ay possibly be explained by analysing the tem perature 

contours over the entire dom ain, shown in Figure B-1 below . The region directly 

beneath the je t  will have the h ighest heat transfer, as the fluid velocity is relatively 

high, and the fluid is relatively hot. This high heat transfer area can be correlated to the 

small band o f  low tem perature, a kind o f  therm al boundary layer, denoted Sj. Heat 

transfer occurs at the low er w all; the fluid loses heat and is re-circulated by the m ain 

vortex. This results in a larger therm al boundary layer over an area corresponding to the 

dip in enhancem ent seen in Figure 6.19. This ‘b um p’ is denoted 6 2 . A fter this region, 

the vortex ceases to have effect on the low er wall heat transfer and the boundary layer 

thickness falls to its pure conduction value, denoted by 6 3 . W hen a constant 

tem perature boundary condition is applied at the wall in Fluent, the heat flux to the wall 

from  a fluid cell is com puted as follows [104]:

= (B .l)

In Equation B .l , Ty,, and T/ are the wall and fluid tem perature respectively, q ,-ad is the 

radiative heat flux, w hich is negligible in this study, and /?/ is the fluid-side local heat 

transfer coefficient. In lam inar flow s, the fluid side heat transfer at w alls is com puted 

using the d iscrete form  o f  F ourier’s Law, given in Equation B.2.

z ^ x

dn
f*  1q = k (B.2)

V wall
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Figure B-1; Temperature contours for the 0-g simulation for P r = 83, Ma = 915

The consequence of Equation 6.20 can be seen by plotting the vertical temperature 

gradient at selected points along the domain as shown in Figure B-2. Far from the 

bubble at r ~ 18/?/, the vertical temperature gradient within the domain is linear, as 

highlighted by the solid black line in the figure. Directly beneath the bubble at r  ~ 0 the 

temperature gradient profile changes dramatically with a sharp change near the cold 

wall leading to large heat flux enhancement in that region. However, in the range 

47?/,</'<8/?/, the temperature gradient profiles differ slightly from the pure conduction 

case. It is in this region that the dip in heat transfer can be found. This phenomenon 

occurred for the 0-g case in both 2D and 3D solutions, and was present after several 

mesh refinements.
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Figure B-2: Temperature gradient for the 0-g simulation for Pr = 83, Ma = 915

194



Appendix C
The journal publications arising from the work carried out in this study are provided in 

this appendix.

195



A p p en d ix  C

I N T E R D I S C I P L I N A R Y  T R A N S P O R T  P H E N O M E N A

N um erical Investigation  o f  B ubble-induced  
M arangoni C onvection

Seamus M. O’Shaughnessy and Anthony J. Robinson

D epartm ent o f  M echanical & M anufacturing Engineering, Trinity College, Dublin, Ireland

T h e liq u id  m o tio n  in d u ced  by su rface  te n s io n  varia tio n , te rm e d  the therm ocapillary  
o r  M arangoni effect, an d  its  co n trib u tio n  to  bo iling  h ea t tra n s fe r  h as  long been  a  very  
co n tro v ers ia l issue. In the p a s t  th is  convection  w as n o t th e  sub jec t o f  m uch  a tten tio n  
because, u n d e r  te r re s tr ia l  cond itio n s, it is  su p e rim p o se d  by the s tro n g  buoyancy convec
tion , w hich m a k es  it d ifficu lt to  o b ta in  q u a n tita tiv e  ex p e rim en ta l resu lts . T he scenario  
u n d e r  co n s id era tio n  in  th is  p a p e r  m ay  b e  app licab le  to  the  ana ly sis  o f  bo iling  h ea t 
transfe r, specifically  the  bubb le  w aiting  p e r io d  an d , possibly, the bubble grow th  period . 
To e lu c id a te  th e  in fluence o f  M arangon i convection  on local h e a t transfe r, th is  w ork 
nu m erica lly  in v estig a tes  the  p re se n ce  o f  a  h em isp h e ric a l bubb le  o f  co n s tan t rad iu s , 
Rh =  1.0 m m , s itu a te d  on a  h ea te d  w all im m e rse d  in a  liqu id  silicone oil [Pr =  82.5) 
layer o f  c o n s ta n t d ep th  H  =  5.0 m m . A co m p reh en siv e  d esc rip tio n  o f  the  flow d riven  by 
su rface  te n s io n  g rad ie n ts  along  the  liqu id—v ap o r in te rface  req u ire d  the  so lu tion  o f  the 
n o n lin e ar e q u a tio n s  o f  fi-ee-surface hyd rodynam ics. For th is  p ro b lem , the p ro ce d u re  in 
volved so lu tion  o f  the  coup led  e q u a tio n s  o f  flu id  m ech an ics  an d  h e a t tra n s fe r  u s in g  the 
fin ite -d ifference n u m e rica l techn ique . S im u la tio n s w ere  c a rr ie d  o u t u n d e r zero-grav ity  
con d itio n s fo r te m p e ra tu re s  o f 50, 40, 30, 20, 10, an d  1 K, co rresp o n d in g  to  M arangoni 
n u m b e rs  o f  915, 732, 550, 366, 183, an d  18.3, respectively . T he p red ic ted  th e rm a l a n d  flow 
fields have been  u sed  to  d esc rib e  the en h a n ce m e n t o f  the h ea t tra n sfe r  as  a re su lt  o f 
th e rm o c a p illa ry  convection  a ro u n d  a s ta tio n a ry  bubb le  m a in ta in ed  on a h ea ted  surface . 
It w as found  th a t the  h e a t tra n s fe r  en h a n ce m e n t, as  q u an tified  by bo th  th e  ra d iu s  o f 
en h a n ce m e n t a n d  the  ra tio  o f  M arangon i h ea t tra n s fe r  to  th a t o f  p u re  m o le cu la r  d if
fusion , in c re ase s  as j'm p to tic a lly  w ith  in c re as in g  M arangoni num ber. For the  ran g e  of 
M arangon i n u m b e rs  te s te d , a 1.18-fold im p ro v e m en t in the  h ea t tra n s fe r  w as p red ic ted  
w ith in  the  reg ion  o f  /?(, < r  <

Key words: M arangon i; th e rm o c a p illa ry ; convection; bubb le ; m ic rograv ity ; h ea t t r a n s 
fer; n u m erica l
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a  suri'acc tension
t  siicar stress [X -n i" ']
V ivineinatic vistosity [ n r - s ~ ' j
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c cold  side
rovd fon d u ction
crit critical point ]3ro]5crty
h hot side
Ma M arangoni
oil oil pr()j)erty
r radial
w wall
V axial

Introduction

M ost natural com cction  processes in terres
trial environm ents arc buoyancy drix'cn and 
caused l)v unstable density gradients  that are 
due  to teni|)crature diirerenccs within the sys
tem . ' r i ie  presence o f  a li(]uid-\‘a p o r  inter
face subject to a tem pera tu re  gradient can 
initiate an o the r  form  o f  na tura l  conxection, 
which is independent o f  gra\ itational accelera
tion and  therefore the only natural convection 
m cchanism  for micrograxity applications. This  
o ther  m ode  o f  conx ection is d ep en d en t  on sur
face ti-nsion variations w ith lemperatin 'c  and  is 
te rm ed  llierwocajnllary convectmi a n d / o r  Iherinal 
Marangoni convection.

I'hc tem jjeraturc  dependence  o f  surface ten
sion was di’scribed by S t r a u b ’ an d  l^iirkin.^ 
At a li(]uid-\a])or interface, attractive forces 
am o n g  liquid molecules causc surface tension 
elTecls. These interfacial tension forces increase 
or  decrease with temperatin 'e, depend ing  on 
the working (liiids. In most cases, h igher tc'm- 
peraturcs causc a reduction in strength o f  the 
in tcrm olecular  forces that b ind the liquid to 
gether at the surfacc. T h e  surface tension con
sequently decreases and  becomes equal to zero 
at a critical tem])erature I„ii- H teinjierature 
gradient is preseiU at the surface, local stresses

diminish tow ard the hot side and  intensify to
ward the cold side. I’he surface tension varia
tion induces a “ tank-treadlike" m otion o f  the 
\a ])o r  lic]uid interface that, owing to the n o 
slip condition, causes a  convecti\'c flow tangen 
tial to the interface. For the case o f  a bubble 
allixed to a healed  surface, the iherm ocapil-  
lary or  M arangon i co inec lion  can inlluence 
the w all heat transfer by acting as a p u m p  that 
t ransports  hot fluid near  the wall into the cool 
bulk licjuid, as depicted in Figure 1.

For M arangon i con \’ection a round  a b u b 
ble of I 'ad iu s  Rh w ithin a channel of height / / ,  
the mass an d  heat t ransport m echanism s are 
characterized by the Prandtl  and  M arangon i 
num bers, defined, respecti\cK’, as '

V
I’r =  -

a ( 1 )

M a  =
da \
¥r)

Th - %  R:
X ^ X (2)

Ha / /   ̂ ’

ri ie  Prandtl n u m b er  represents tlu- ratio o f \  is- 
cous to therm al diflusi\’ity in the fluid, and  m ay 
be assum ed constant for a particular liquid if 
xariations in \iscosity and  therm al din'usi\ity 
with tem pera tu re  can  be neglected, as is the 
case in this study. Fhc M arangon i lu im ber rep 
resents the ratio o f  heat transfer by convec
tion to that by conduction  and  is synonymous 
with the IVclet number. In experimeiUal in\es- 
tigations, Mn  is topically x'aried by changing  
the tem pera tu re  difference within the system 
o r  by \a iy in g  the height o f  the test dom ain  
channel. 1 he latter m ethod  is sometimes the 
preferred  ap |)roach as it prohibits any change 
in thcrmophysical conditions due to changing  
temperatures .

M any  practical applications recjuire that 
large am oun ts  o f  heal be transferred (]iiickly, 
efficiently, and  with small tem pera tu re  dif
ferences. Evapora tion  and  condensation offer 
these desirable qualities a n d  have thus been 
im estigated  to such an extent tha t they are 
used widely in countless technologies. H ow 
ever, owing to the coiriplexity of the boiling and
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boundary layer air

Heated wall, —

Figure 1. Surface-tension-induced flow around an air bubble at a fieated well.

(■o iid riisa lio ii j)h r iio m fiia . the iiicc lia iiis in s  o f 
heat transfer are still ])oorly understood in the 
sense that predietix'e capabilities o f  theories and 
em pirica l correlations break down qu ick ly  once 
outside the ])aranieter range in v\ Inch they weri' 
dexeloped.' ** For lio th  terrestria l and space ap
plications, research has indicated that the often 
neglected M arangon i co inec tion  may j)lay an
im p o rta iu  role in the heal transfer d u rin g  |jhase

1 ’ .0  10 change ]M()c'esses.—
rherm <)ca])illar\’ co rn rc tio n  has been the 

subjcct o f some experim ental work. M uch  o f 
the recent literature  focuses on How analysis 
lechnicjues and flow im aging o f  therm ocapil- 
la r\' conx'cction. VVozniak and colleagues" 
u tilized  partic le -im age-ve loc im etiy  and liqu id - 
tracer techniques as well as in te rfe rom e tiy  to 
in\'estigate the (low fie ld resulting from  the pres
ence o f  a bubble in a flu id  test cell w ith  an ap
p lied tem perature gradient under both terres
tr ia l and m icrograv ity  conditions. Priede et a l }   ̂

studied the efTcct o f  a free-surface contam i
nant in liq u id  semiconductors, h igh ligh ting  an 
increase in  surface tension w ith  temperature, 
w hich resulted in  an anomalous flow  d irection. 
1 here ha\ e also been analytica l studies o f  ther- 
m ocapillant' convection concerned specifically 
w ith  the tem pera ture -ve loc ity  coup ling  at low  
M arangon i num bers.'

\b u n g  et a l. ' ‘ were the first to exam ine the ef
fect o f  spherical free surfaces in the jjresence o f  
a tem perature gradient. T hey  discovered that 
small a ir  l)ubbles in a lit iu id  sam jjie could l)e

held stationary o r e \cn  d r iw n  against g ra \ity  
w ith  a su lfic iently  strong tem j)erature gra<lient 
in the d irection ad\ erse to gra \ iry. T h is  was a t
tribu ted  to the \ a ria tion  in surface lension along 
the bubble surface, a cond ition  caused by \ aria- 
lions in the tem peratine fie ld o fth e  flu id . Some 
years later. M cG re w  et al.^^ argued that high 
bo iling  heat transfer rales are due to intense 
\a p o r bubble agita tion ol the liqu id  boundary 
layer close to the heating surface and bulk licj- 
u id  (listurbance due to bul)b lc detachm ent from  
the surface. L 'li liz in g  tracer particles to  observe 
the How i^aiiern around an- bubbles placed on 
tlie  heating surface atid \a p o r  bubbles p ro 
duced d in in g  boiling, they conducted exper
iments in w hich the liq u id  was heated from  
abo\e and cooled from  the bo ttom , w ith  slowK' 
increasing heal (lux le\els. r i ie  flow  profiles 
were identica l fo r both a ir and \a p o r  bubbles. 
T hey concluded that M arangon i convection 
would  occur around any bubble present in a re
gion subjected to a tem perature gradient. T hey 
also suggested that this sened as a jjr im a ry  fac
to r in  the heat transfer m echanism  in those 
situations in  w hich bubbles rem ained attached 
to the surface fo r re la ti\e ly  long  periods o f  time.

For the case f) f a bubble affixed to a heated 
surface, Larkin^ was like ly  the first to iin  estigate 
the co n tribu tion  o f  M arangon i com ection  to 
local heat transfer, ob ta in ing  tim e-dependent 
num erical solutions o f  How and tem perature 
fields fo r \  a r\ ing  Prandtl and M arangon i n um 
bers. Fhe li(]u id  was seen to mo\'e tow ard the
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w all before being dragged along the bubble, f i
nal!) lea\'ing ihc  bu lib le  as a jet, ihe sirengih 
ol w h ic li inc reased w it li increasing M arangon i 
number. I f irk in  in\'estiga(ed the influence o f 
t lic  surface-tension-dri\’cn flow  on the Nusselt 
number, conclud ing  that abo\e  a M arangon i 
num ber oi lO ’ , an increase in the rate of heat 
transfer of 30% was achievable. It was assumed 
that u n til th is c ritica l M arangon i numlDcr was 
reached, th e rm oca p illa r\ con \e c tio ii was not 
an im jjo rta n i heat transfer mechanism. I 'n fb r -  
tunately, ownng to  com ]ju ta liona l hm itations o f 
the time, L iirk in  was unable to continue the 
solution to steady state.

Later, S lraub H a ir ' |)roduced s iir|)r is iiig  re
sults that indicated tlia t the lieat transfer eo- 
e llic ients measured ib r nuc leate bo iling  in n ii- 
crogra \ ir\- were s im ila r in m agnitude to those 
nieasured fo r terrestria l g ra \ity . Since the m i- 
crograx ity  ex])eriments rule out l)U()yant natu
ral c()n\'ection as a heat ti ansfer mechanism in 
the regions on the heated surface w here bubble 
a c ii\ ity  is not in fluentia l. Straub cl al. pr0]30sed 
diat the results could be a ttribu ted  to the j)res- 
ence o f  therm oca ]jilla r\- con\ection.

Arlabosse el al.  ̂ in\estigated experim entally 
the contril>ution o f  M arangon i con \ection  to 
heat transfer around bubl>les a ltaclied (o a 
heated surface w ith in  a channel. A  test cell con
sisting o f  an upper iicated fla t plate, a lower 
cooled plate and ]jlexiglass walls enclosed a sil
icone o il layer, in to  w hich an a ir bubl^le was 
injected and m aintained on the up]X 'r heated 
surface. Tests were carried out fo r P randtl num 
bers o f  220, 440, and 880, and fo r a range o f 
M arangon i num bers from  0 to 600. From the 
results obta ined, it was determ ined that the ra
tio  o f  iieat transfer by M arangon i conv ection 
to that solely by conduction was well correlated 
by the re la tion

f t

=  I + 0 .0 0 8 4 I .U « " '\  (3)
y amd

In  a s im ila r study, Reynard et perform ed 
ex|3eriments on test flu ids o f  silicone o il w ith 
P randtl num bers o f  16.3 and 228 and FC-72 o f
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Prandtl num ber 12.3, im  cstigating the onset o f 
the 3D  oscillatory the rm oca p iila iy  com ection  
and tile  effect o f  test cell height.

Petrovic e t carried out experim ents in  o r
der to examine the con tribu tion  o f  M arangon i 
com  ection to the rate o f  heat transfer in  sub
cooled nucleate ])ool b o ilin g  using d istilled wa
ter heated on a co jjper heater surface at a tm o
spheric pressure and subcooling lev els o f  40“ , 
oO "̂, ()()■’, and 70"C. T he  surface heat flux  was 
increm enta lly increased from  zero to a value 
s tiflic ien tly  h ig li to induce nucleate l)oiling. As 
the surface heat fliux was increased fo r fixed liq 
u id subcooling, the surface tem jjera ture  con lin - 
ually increased and buoyant tia tura i convection 
was the sole mechanism o f  heal transfer. How 
ever, at a critica l surface heat flux, large and 
s ta tiona iy  a ir bubbles form ed spontaneously 
on the surface w ith  a significant increa.se in 
(lie heat transfer coeflic ient. I'he heal transfi-r 
mechanism was determ ined to be M arangon i 
convection and the heat transfer measurements 
were in agreement w ith  the relationshi|3 p ro 
posed by .\rlabosse et a ! : ' fo r a ir bul)bles of 
s im ilar size, albeit in silicone oils.

C lurrently there is still ve iy  little  cjuanti- 
tative in fo rm a tion  regarding the influence o f 
M arangon i convection on the heat transfer that 
is due to bul>bles fixed to heated surfaces. I he 
objectixe o f  this paper is to provide p re lim in a iy  
num erical results that c iuantify the influence o f 
M arangon i convection on the local and surface 
average wall heat transfer. W 'ith the view o f de
ve loping the m odel fo r m ore com plex situations 
such as nucleate pool bo iling , this study consid
ers the sim plified case o f a 2 .0-m m -diam cter 
stationar\- and hem ispherical a ir bul)b le im 
mersed i l l silicone o il. The simulated lest vessel 
consists o f  tvvo isotherm al surfaces spaced 5 
m m  a]5ari and the simulations are carried out 
in  m icrogravity.

Mathematical Formulation

Since it is not driven by a g ravita tiona l 
fie ld , much of the w ork done on M arangon i
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coin  cclion  is conccTiicd w ith its ]Dossil)Ic apjjli- 
cation  to  tlicrm al m an ag em en t in space apjjii- 
cations. A ccord ing  to  B iiunia an d  Kamotani,**' 
tw o-phase liquid contro l systems have been 
identified as a superio r a lte rn a ti\e  to  single- 
]jhase ]3umped liquid loops to m eet the  rising 
]30\s e r d em an d  for spacecraft th e rm al m an ag e
m ent. It is, ho\ve\’er, impossii)le to separa te  the 
effects caused sim ultaneously  by buoy ancy and  
surface tension convection in experim ents on 
earth . O w ing  to  tlie high cost and  lim ited a\ ail- 
ability o f  m icrogra\ ity experim en ta tion , m uch 
o f the  work co n cern in g  therm ocap illan ,’ con- 
\ ’ection  has been im plem ented  by num erical 
m eth o d s.' I 'l ic  accu ra te  descrip tion  o f
flows d r i\e n  by surface tension g rad ien ts  along 
an interface generally  requires the solution o f  
the full 3D  non lin ear equations o f  free-surface 
hydrodynam ics. ■■

I'br the problem  considered  here, the p ro ce
du re  in \o l\e s  solving sim ultaneously the co u 
pled  equations o f  fluid m echanics an d  heat 
transfer. For low enougii M aran g o n i numi^ers 
it is kno\s n tha t the resulting  flow field is sym- 
m eti'ic abou t the \e r lic a l l)ubble axis a b o \e  
tlie l)ul)l)k’ centerline. Thus, a com ])licated and  
com |5utationaIly expensi\ e full 3D  m odel is not 
utilized in fa\ o r  o f  2D  axis\ inm etric  fo rm ula
tions. From experim ental obsen 'a lions,'’'*^'''' ii 
is know n tliat a strong  je t - t \p e  How is p roduced  
im m ediately  after the  ap p earan ce  o f  a bubble 
on the surface. 1 he liquid is jiro jected  verti
cally aw ay from  the ceiUer of the bubble  w ith 
the co lder liquid being  d raw n inw ard  tow ard  
the hea ted  surface an d  the regions o f  the  b u b 
ble close to the heated  surface.

r i ie  following work irnolves the lu im eri- 
cal sim ulation o f  M aran g o n i con\ ection an d  
focuses on the  prob lem  o f  th e rm o cap illa r\ 
flow induced by the presence o f  a hem isjjher- 
ical bubble  a ttached  to  a hea ted  p la n a r su r
face. A 2D  axisym nietric  m odel o f  the  p ro b 
lem was fo rm ulated  using the com m ercial 
softw are package FLL'KN'F. 'i 'h e  g o w rn in g  
equations tha t w ere soK’ed w ere th e  steady- 
state continuity, m o m en tu m , an d  energy' 
equations;

Contimdly:

3 , 9  , pv,
—  tPf’.J  +  ~  iPi'r) H =  0-
cix or r (4)

Energy:

d T  d T  ( d ' - T  \ d T  d ' - T \
' ( ---------  r   — (   TT “ I "  T  I  •

3v dr  V3.V- r dr dr^ )

Axial momenhmi:

B , 1 9 I a

9? ’ '  dVr \
dr dx )

ril

Radial momentum:

(6 )

1 9  1 9 , . , .  9/7 1 9
—  (rpr;)  = +r ox r or or r n\

X
/ . I k, , fli'A

(  9fv 2 _ \

1 9 

r dr

2 |J.
— - ( V  t ).

3 r

H ere

9?', dvj  V,
V • ^  ^  -

o.x or r

(7)

(B)

b i acco rdance  w ith p re \ ious num erical in- 
\e sliga tions on M aran g o n i conxection, the fol
low ing assum |)tions are  m ade in the  analysis:

1. M otion  is 21) ax isym nietric  in c\ lindrical 
coordinates.

2. A  bubble can  be rep resen ted  by a  hem i
spherical interface.

3. H eat flux is zero at the  bubb le  interface.
4. Incom pressib ility  o f  the  liquid (p -  co n 

stant).
5. C o n stan t physical p ro jierties |n., k ^  f { T ,  

I . . . )  etc.J.
6. ( i r a \  itational accelera tion  is z<-ro.
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S ince this \\o rk  is ;ip])roxim alc and not an  
cxact num erical sim ulation, it is imjjortant to 
briefly discuss the m ajor assum ptions that were 
m ade during the physical m od elin g  o f  the prob
lem , since they u ltim ately d eterm in e the useful
ness o f  any con clu sion s that are draw n from  
the results. T h e  assum ption  that the flow  is 
2D  is \a lid  since it has Ijeen established  that 
unsteady oscillator) and 31) flow occurs at a 
critical M ai'angoni num ber, M a  ~  12 ,000 ,“  ̂
w hich  is considerably  h igher than the m axi
m um  M arangoni n um ber tested in this study.

.\iio th e r  m ajor assum ption is that the bub
ble interface m ainta in ed  a spherical shape and  
did not deform  from  the jjresence o f  a pressure 
field. In order to d eterm in e the shape o f  the 
gas liquid interface, tw o ])aram eters are gener
ally required'^; the size o f  the bubble or drop  
an d  the contact angle. K xperim ental data co n 
cern in g  the material-dejKMulent static contact 
an gle for a 1.0-m m -rad iu s air bubble im m ersed  
in silicone oil {Pr — 82 .5 ) are not a \a ilab le .
I hus. tiie con cep t f>f a m acroscop ic contact 

an gle as discussed by V’afaei and Podowski*^ 
is used. In that study, the gas lic|uid contact 
an gles wtTc in fluenced  by size and external 
conditions.

A n exam ple o f  this t \p c  o f  analysis can  been  
sei-n in the work of.V rlabosse el w ho noted  
that for their experim ents, u|) (o a radius o f  
1.3 m m , the bubble m ainta in ed  a spherical 
shape. U nd er sim ilar con d itions, albeit at a 
low er I’randtl num ber, the bubble radius lor this 
num erical study is 1.0 m m . I'urtherm ore, in the 
work o f  A rlabosse et al. the m acrosco|3ic contact 
an gle  increased from  5 2 “ to 71. 5 for bubbles 
of ecjuixalent lad iu s 2 .0  m m  and 1.5 m m , le-  
s]X’cti\ely . This resulted in Rond num bers o f  
approxim ately  Bo =  0 .6 1  and Bo — 0 .3 6  for 
the 2 .0  m m  and 1.5 m m  bubbles, respectixely, 
w hich  suggests that bubble si/.e in fluences the 
con tact angle and at low er \  a lues o f  the Bond  
num ber, bubbles tend  toward a hem ispherical 
sha|X'. The Bond n um ber for this study under  
con d ition s similai' to those in A rlabosse et a/.'' is 
approxim ately  Bo =  0 .2 , w hich  suggests that a 
m acroscop ic contact angle o f  90'’ is reasonable.
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A s a m eans o f  ])ro\ isionally iin estigating the in 
fluence o f  the contact angle, som e sim ulations 
were con d u cted  for a 1.0-m m  bubble with a 
contact angle o f  approxim ately 8 0  . The dilTer- 
en ce  in the resulting heat transfer en h an cem en t  
w as found to b e insignificant com p ared  with the 
h em ispherical bubble. M oreover, the present 
sim ulations are also perform ed  under m icro- 
gra\ ity conditions, so there is n o  deform ation  
o f  the interface from gra \ita tion a l efl'ects. C"on- 
sistent w ith  sim ulations p erform ed  by Straub’ 
and Larkin,^ a hem ispherical bubble shajje is 
em ployed .

A nother key assum ption  that was m ade in 
de\'elo]3ing the m odel w a s  that n o  heat trans
fer occurred across the bubble interface. I'hus 
the results presented herein are not im m ed i
ately applicable to n ucleate p ool b oilin g cir- 
cu m slan ces. w here ex aporation  al the interface 
creates a m uch m ore uniform  tem perature at 
the surface and thus acts to suppress the ther
m ocap illary flow. The actual m echanism  for the 
onset o f  tlierm oca|)illary (1f)w during b oiling is 
uncertain , although c \ id en cc seem s to indicate  
that it is caused  by \ ariation in the exaporation  
a n d  c o n d e n sa t io n  heat ti'ansfer coeirK'ient at 
the \  ap or-liq u id  interface,''^ w hich can p os
sibly arise from  the presence o f  n oncond en sab le  
gas. ' ' ’ I'hus the assum ption is consistent 
with the M arangoni heat transfer regim e dis- 
ccnered  by Petroxnc et <7/.,'*’ w here air bubbles 
cau sed  a significant en h an cem en t in the heal 
transfer e \ c n  w h e n  the  h ea ted  wall lem p ei'a -  

ture w as b elow  the saturation  teni |XTature. 'I'he 
work is also qualitati\'cly com p arab le to the sit
uation  o f  gas-saturated liquids, for exam p le, the 
expi-rim ental results o l'H en iy  et

I'olloxving these assuni|>tions, it is ]X)ssible to  
m od el th erm ocap illa iy  conx’cction  caused  by 
the bubble w ithout m od elin g  m otion  w ithin the 
bubble it.self 'I'he bubble is rej)resented by a 
b o u n d a iy  upon w hich a M arangoni stress is 
applied .

The m odel d om ain  is show n in Figure 2. 
■ \  bubble o f  radius 1.0 m m  is p laced  at the 
cen ter o f  the coord inate plane. The \  ertical wall 
d en oted  ‘'m i i ’ signifies the axis o f  s\Tnnietry.
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s\ m

Figure 2. M odel dom ain  schem atic. 

TABLE 1. ProperH es of S ilicone Oil 7 .5cS t

5R,

UI]Il'--S ') Ai AV-m- ' K- ' ) r/oA/7 ( N - n r ' K - ' )

').'!() 7..”)(■—() 0 . 12:) 14 8 0

I lu‘ two hoi'izontal ualls arc separated 1)\ a 
distance / / ,  wliicli is e{|iii\alcnl to fi\'c tinu’s
tlie t)ubble radius. The ii]:)per wall is no-slip,
constant tem perature:

F =  0, T = T u .  (9)

and is m aintained at !̂ ()() K lor all simulations. 
T h e  lower horizontal wall is also no-slip, con
stant tem perature:

? =  T = % ,  (10)

and die tem perature of this wall is changed 
from one simulation to the next. T he \crtical 
wall |3laced 20 bubble radii from the center of 
the bubble has a no-slij), adiabatic condition:

V - 0, ;7 • (A V7') =  0. ( 1 1 )

Ih e  commercial code FLU EN T release 
6.2.16 was utilized to soKe the |)i()blcm. I'Vom 
calculations of the Reynolds number, it was 
know n that the resulting How w ould be laminar.
I he segregated soKer was selecl<’d on die b a

sis o f lom puting  power. I'he numerical scheme 
adopted was second order upwind. Solutions 
were carried out for tem perature dillerences of 
;i(), 40, SO, 20, 10, and 1 KeK in, correspond
ing to M arangoni tiumt)crs of 915, 7.32, 5.’){), 
366, 183. and 18.3. rcspecti\ely. G rid indepen
dence was achiexed by increasing the num ber 
()f(]uadrilateral (clls from 1 260 to 81 ,0{)(), plot
ting the coinergencc o f ccrtain param eters of 
interest such as free-surface \ elocity, and track
ing global param eters such as total rale o f heal 
transfer through the system.

Ih e  bubble surface is comj^rised o f a slip con
dition, an adiabatic condition, and a directly 
applied M arangoni stress:

?7-?“ =  0, ;7-(A-V71 =  0 (12)

w hich relates the shear stress on the surface to 
the tem perature deri\ ati\ e o f surface tension. 
I he test fluid was selected to ha \e  the same 

properties as silicone oil o f kinematic x’iscos- 
ity 7.5cSt. I’he rele\ant physical jjroperties are 
gi\ cn in Table 1.

Numerical Validation

I'he correctness of the physical modeling and 
numerical solution technique has been con
firmed by com paring the simulations against 
existing numerical work as well as some experi
m ental data. In order to establish confidencc in 
the accuracy of the CFD  soft\vare (FLUENT; 
.\N SV S Inc., Canonsburg, PA) used in this in- 
xestigation, the i)enchmark num erical data for 
therm ocapillan ' flow in a rectangular enclosure 
prox ided by Zebib et al:^" were rejDroduced and 
excellent agreem ent is shown in Figure 3 for a 
sufTicicnt range o f Reynolds numbers.
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Figure 3 . Free-surface temperature at Pr — 50 and Re =  0, 20, 100, 200, and 500.
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Figure 4 . Nondimensional velocity profile along the bubble interface for Pr =  220, 
Bo =  0.35, and M a — 80.

I'is iircs  4 and 5 sliow  tlic  com parison of ll ic  
num erica l simulations w ith  the experim ental 
data p ro \’ided by .Arlabosse el a/. ' I 'h c ir  experi
m ental data were obta ined at terrestria l grax ity  
fo r a ir bubbles a ilixed  on the underside o f  a 
iieated wall w ith  the cooled wall below, such 
that liuoyancy acted in opposition to the ther
m ocapillar)- co inec lion . In order to simulate 
this cond ition , ihe Boussinesq approxim ation  
\sas aj)plied w ith in  F L U E X l' as a body force 
J ' ) j  on the right-hand side oi the axial tnom en-

tum  equation [Ec]. (6)] and simulations fo r Bo — 
0.35, Pi =  220, and M a — 80 were ca rricd  out, 
where the Bond num ber is calculated from  the 
expression

3a
' d f

( 14)

As shown in Figure 4 the agreement be
tween the measured nondim ensional interface
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C onipulcd: Hr~440 
O  Arbbdssc c l a l ; Pi^SSO 
•  Arktbdssc c l a l : P r-440  
□  AriaK'sse el a l : l’r=220
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Figure 5. Change in the ratio of heat tronsferre(d with an(d without the bubble 

for Bo == 0.25.

ve locity and the sim ulation is qu ite  good. Any 
dc\ iations arc possibly due to small \a ria tion s  
in the therm ophysical properties u  ith  tem pei a- 
tu rc  o r the small dilVerence in shape ol the l>ul>- 
hle in  Arlabosse ef al.,^ w h ich , a lthough \ x t ) ‘ 
nearly hem ispherical w ith  a contact angle o f 
71.5°, is slightly ellij:)s()idal.

Since the i)rim ar\- o l)jee ti\e  o f  this iiue s ti- 
gation is to quantify  the local heat transfer 
heha\ io r in  the \ ic in ity  o f  bubbles affLxed to 
a healed surface, it is im |)e ra (i\e  that tlie  nu
m erical simulations be \'a lidated against a \a il-  
ablc em pirica l heat transfer data. U tiliz in g  a 
heat flux sensor glued to the cold u a ll belou 
the bubble, Arlabosse el al.^ quantified  the in 
crease in the a\erage heat flux across the sen
sor situated on the w all opposite to that o f  the 
bubble. Com parison bct\veen the experim ental 
and num erica lly  simulated heat flux  enhance
m ent ra tio  shown in  Figure 5 is accej)table. 
For this com parison, the net power across a 
fixed area o f 57 m m * was chosen to determ ine 
the heat flux  fo r the simulations. I'h is is the 
same, t\p ica l, acti\ e area o f  10 x  10 m m * heat 
flu.v sensrjrs as was used in that work. It should 
be noted that the Bond num ber fo r the ex- 
j)erim enls was Bo =  0.25, w h ich  corresponds 
to the small bubbles that reta in  th e ir spherical 
shape,'’  w h ic li is consistent w ith  the simulated 
gcom etr)’.

Results and Discussion

Marangoni Number =  915

Figure 6 shows the tem perature and \e lo c ity  
profile  fo r M a — 915. For the fLxed geometiy. 
this was the largest M arangon i num ber s im 
ulated and corresponds to the largest t e m [X T -  

ature difTcrcntial across the up jje r and low er 
])lates. The \ ector p lo t details tfie m otion  o f  the 
flu id . ’ ! he flow field consists o f  a m a jo r \o rte x  
tiia t recirculates co lder flu id  from  the upper re
g ion. pu llin g  it tow ard  the hot surface to the 
point where the bubble meets the heated wall. 
Interestingly, the flu id  begins to accelerate be
fore reaching the \a ])o r  licjuid interface. The 
flu id  is then dragged along the bubble surface. 
In  this region the highest \e locities arc found 
as the flu id  is accelerated by surface tension 
ell'ects. T he  flu id  then lea\es the bubble as a 
j e t ,  which decelerates w ith  increasing distance 
from  the bubble. T h is  t>pe o f flow^ pattern has 
been seen in  \  arious experiments.'’ '̂ ’ ' ' ’

The focus o f this j)a])er is to c|uantify the con
tr ibu tion  o f  M arangon i com ’ection to local heal 
transfer from  the heated surface in the v ic in ity  
o f  the bubble. In itia lly , simulations were carried 
out o\'er a s im ilar dom ain  in the absence o fth e  
bubble to predict the heat transfer due to pure 
m olecular d iifusion and establish a "base-line'’
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Figure 6. Temperature contours [K]/velocity vectors [m/s] for Ma =  915.

u.

(1.5

6 7 X I I)  l \  i ;  \3  14 15 Ih  17 IX IS H)4

r Rh
Figure 7. Surface fieot flux along tfie heated wall.

lo \\h ic h  sul)sccjiu'm conditions can Im- coin- 
par('(]. (Consistent w ith analytical predictions, 
the heat flux along the channel walls was con
stant in the absencc o f the bubble.

Figure 7 illustrates the- heat flu.x jjrofile  along  
the heated wall caused by M arang o n i convec
tion f o r M a  =  915. T h e  heat flux from  pure con
duction in the absence o f the bubble is depicted  
by the  horizontal dashc-d line, h is e \id en t that 
the piresence o f  the bubble causes a sharp in- 
creasic in surface heat transfer in tiie im m ediate  
v ic in ity  o f  the bubble. The peak heat flux oc
curs at a distance ol just over two rad ii from the 

bubble. M o \ ing further away from  the bubble 
in the- radial direction, the- surface heat transfer 

decreases and eventually approaches the pure  
conduction heat flux as expected. M ost im por

tantly. it is noted that significant heat trans- 
(er enhancement is observed o \e r  a consider
able distance from  the contact line, in this case 
nearly r  ~  HR/,, which is significant.

By m agnifying the region im m ediately ad
jacent to the trip le interface, a sliarj) rise in 
heat flux is predicteci. This trend is detailed  
in Figure H. In  an eil'ort to understand the 
phenom enon the tri])le contac t poitu was scru
tinized more closely with regard to the flo\\' 
regime in the area. In  particular, the \'on ic - 
ity, which is extreme in this region since the 
fluid rapidly changes from a nearly horizontal 
to a nearly \ ertical How direction, is considered. 
Figure 9 shows a magnified view of the \'ortic- 
ir \’ contours in a region near the triple contact 
line. Ev idently, in the region where the bublole
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Figure 9 . Vorticity near the triple interface.

meets the wall there is a relative ly small zone 
o f high \  o rt ic it \ ’ A lthough  the flow  \  c loc ity  is 
quite  low  in  this region, the increased m ix in g  
associated w ith  the high \o r t ic ity  has the ef
fect o f  increa.sing the rate o f  heat transfer. In  
the near region, the \'o rtic ity  drops d ispropor
tionate ly to the increase in bulk convection. A f
te r this ])o in t the heat transfer begins to rise 
considerably as the p r im a iy  and largely irro - 
ta tional \'o rtcx  becomes the p rim ary  mecha

nism fo r heat tran.sport. This is h igh ligh ted  by 
the \ ’c loc ity  \c c to r  ]jlo t sho\\n in  Figure 10. 
The no-slip w all boundary cond ition  ensures 
that m in im a l flu id  \e loc itics  arc found near the 
tr i j j lc  interface. Fhe geom ctr)' o f  the In ibb lc 
causcs a ro ta tion  in  the flu id  as it approaches 
the bubble. Fhe no-slip po in t Ijctwcen the bul)- 
b lc and the wall results in  a sudden and shar]) 
ro ta tion  o f  the flu id , resulting in  h igh \ ’o rtic ity  
in  this region. By com paring  the \o r l ic ity  and
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Figure 10. Velocity near the triple interface.

\'c loc ity  plots it is cxiclcnt tlia t l i ic  region o f low 
\o r t ic ity  coi'R-spoiuls to the w Iumh' l lu ‘
\'cl(K 'ity \c’c(ors tra \c l mostly in llu- same d i
rection. T h is  region represents the bulk cooler 
flu id  lic in g  recirculatcd from  abo \c  by therm o- 
cap illa ry  conxrc tio ii.

Effect of Marangoni Number on Flow 
and Heat Transfer

Velocity and tem jiera lure  data ha\ e been ob
tained lo r each o f  the six test ca.ses.

Figure I I A - E  show the temperature con
tours and \e lo c ity  streamlines fo r dilTerent 
M arangon i numbers. By ap])K ing die same 
lem ])erature and stream function scales to cadi 
p lo t, it is evident that w ith  decreasing tem 
perature the then iioca ]3 illa r\ eil'ect decreases 
in strength. The p lot fo r M a  — 18..'̂  is not 
presented as there is little  distinguishable d if
ference fo r tlie  selected grayscale. In  panicu- 
lar, tlie  in tensity o f  the jetlike flow  dim inislies 
w ith  decreasing M arangon i number. T he  Hgui e 
also shows the temperature contours, w hich arc

characteristic o f  this phenomenon. In  the ab
sence o f  tlie  bubble, ibe contours would  form  
paialle l \e rtica l lines. I ’his scenario is charac
teristic o f  conduction only flows and would  also 
be .seen fa r from  the bubble. In  the \ ic in ity  o f 
ilie  bubble, (he tem jjc ra lu re  contours bend to 
ward the heated wall. I ’liis  is caused by the 
flow o f  coolcr liq u id  toward the hot wall. T lie  
liqu id  je t, in  flow ing outw ard  from  the ape.\ o f 
the bubble-, causes the tem peralure contours to 
I)roject outw ard. 1 he p ro x im ity  o f  the upi^er 
wall, w h ich  has a no-sii]3 cond ition , lim its  the 
extent the je t can tra \ el in  this scenario. From 
these images, it is e\ ident that the llierm oca]^- 
illa ry  flow  fie ld is increasing heat transfer l>y 
s trip jjin g  it from  the w all in  the \ ic in ity  o f  the 
buiib le  and convectiiig  it in to  the bulk region 
ab()\'c the bui)ble.

F igure 12 shows the velocir\^ jjro file  around 
the bubble fo r difTcrcnt M arangon i numbers. 
-\ngles are com jiu ted  from  the heated wall 
lo "ihe center po int o f  the bubble. The angle 
corresponding lo  m axim um  \ e locity decreases 
'l ig h ily  w ith  increasing M arangon i number.
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Figure 12. Velocity along bubble for varying Marangoni number.

A  possible explanation fo r this m ay be ih a i w ith  
greater M arangon i n iim l)e r tlie  surface tension 
gradients along the surface o f the bubble are 
steeper, w hich accelerates the fh iid  m oving to 

w ard  the trip le  interface. T he  cooler llu id  then 
encounters a region o fh ig h  \o r t ic ity  at the trij) le  
interface, w liic li could cause the local flu id  \e -  
loc ity  to increase.
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Figure 13. Hot w all heat flux enhancement. 

Enhancement of Heat Transfer

r i ic  cnhanccm cnt of local lioat transfer is 
best expressed as the ra tio  o f  heat transfer in the 
presence o f  M arangon i conx ection to that by 
l)ure m olei iila r  d idus io ii. I ’itjvn'e K'? shows ihis 
enhancement ra tio  fo r inereasintr M arangoni 
number. For a M a =  18.3, there is a large peak 
im m ediate ly at the trip le  interface. This behav 
io r is iti agreement w ith  that seen ])re \iously 
in Figin'e 7 fo r M a  =  915. In  this case, how- 
e\er, the high \o r t ie ity  causcs a large increase 
in the re la ti\e  heat transfer near the lrij) le  in te i- 
lace, but the interface llu id  m otion is not strong 
enough to cause significant bu lk m otion  o f the 
flu id . As expected, the m axim um  enhancement 
factor increases w ith  increasing M arangoni 
num ber, reaching o \e r 65% fo r M a =  915. 
Interestingly, all cur\es between M a =  18.3 
and M a  =  915 seem to co inerge to the ir 
\a lu e  at almost die same radia l location o( 
a ]j]jrox im a te ly  r  =  IRf,- Consecjuently, an en
hancem ent range m ay be rough ly defined. The 
enhancem ent region appears to be nearly con
stant (b ra  |)a rticu la r range o f  M arangon i num 
bers tested, fju t m ay depend on the defin ition 
o f  the M arangon i num ber itse lf in particu la r 
in the choice o f  lenglh scale. I'u rthern io re . in 
this study, the M arangon i num ber was chosen 
to include (he height o f  the dom ain, H . a.s has 
been u.sed in experim ental |)ractices.^ *®-''' ’I h r 
enhancem ent region m ay be defined in terms

o f  a radius measured outw ard from  ihe center 
po itit o fih e  bubble. The enhancement ci itc rion  
fo r this inx’cstigation is defined as the location 
at w hich the heat transfer due to M arangon i 
coiiNcction falls to w ith in  5 ‘!o of the \a lue  due 
to pure conduction, o r equ i\a len tly

R m hatKfinm l

r
(15)

Figure I f shows the enhancement radius 
against M arangon i num fx ’ r. A t the low  \ alues 
o f  J /f l there is a steep increase in the e ifeeti\e  
radius o f  enhancem ent, un til the cinA c begins 
to level o f f  at M a  ~  200. T h is  suggests that 
large M arangon i num bers are not recjuired fo r 
the influence o f  the bultb le  to be felt almost 
three diameters away. A lthough the enhance
m ent radius continues to increase w ith  increas
ing M arangon i number, the increase is not 
p ro lound . Indeed the trend suggests that (he 
elTecti\e radius o f  enhancement ajjproaches an 
asym ptotic value o f  approxim ate ly r ~  1 Ri,. 
Furtherm ore, the enhancement radius also im 
plies that w ith  increasing M arangon i number, 
the size o f  the m ain  \o rte x  does not increase 
greatly; but perhaps its intensity docs, thus in 
t i  easing local heat transfer. By defin ing  an ef- 
Irc 'tivc radius and corresponding area of heal 
iran-sfer such that

( 16)
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l l ic  iiicrra.sc in total l ira l (raiisl'cr rc la ( i\c  to 
conduction  can be expressed in term s o f  this 
\ ’alue.

F itru ri' 15 charts this increase \ersus 
M arangon i m iiiiber. Ib llo w iiig  experim ental 
inxestigations by Arlabosse et al:^ and Petro\'ic 
et fl/.J '’ a sim ilar heat exchange co rre la tion  was 
d e ri\ed :

V.l/n
n

^ cond
O . O i m i a

0.5
(17)

W hen M a  =  0 {w ithout any tem perature g ra
d ient o r w itho u t a bubble) q[\ia/g"md =  1» w hich 
corresponds to conductive heat transfer. I t  must 
be noted that the authors referenced in A r la 
bosse et«/. ’ studied the e lfeclive heat transfer on 
the cooler wall awav Irom  the bubble. The co-

eflic ient also de|)cnds on the choice o l alfected 
area.

Conclusions and Outlook

I'he influence o f  the M arangon i num ber on 
the local heat transfer in the \ ie in ity  o f  an 
a ir bubble w ith  radius o f  1 m m  was in \cs ti- 
gated num erica lly  fo r a liqu id  silicone o il layer 
[Pr =  82.3) o f  a constant depth  o f  5 nun, for 
M arangon i num bers in the range0 <  M a < 9 \ 5  
under m ic ro g rav iu ’ conditions. T he  increase in 
the local and surface axerage heat flux  on the 
wall to w hich the bubble is attached was com 
puted and it was determ ined that, com jiared to 
pure conduction, therm oca ])illa ry  co inection
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cn h a n ccd  the local heat flux m ore than 65% . 
F urlherm ore, the en h an ced  heal transfer p en e
trated a d istance ol'ai^proxiinately se \ en hiihhle  
radii. T h e  num erical results indicate that the  
ratio o f  M aran gon i heat transfer to con d uction  
()\'cr the area ol en h an cem en i ch an ges approx
im ately  w ith the square root o f  the M arangoni 
num ber. For the range o f  M aran gon i num bers 
tested , an IH'lo im provem ent in the average 
heat transfer in the \  icinity of the bubble was 
calcu lalcd .

In the near term  sim ulations are p lanned  
to co\'cr a gi'cater range o f  M arangoni and  
R ayleigh  num bers, includ ing full 3 D  m odels, so 
that unsteady and oscillator\ therm ocapillary  
flow can be investigated. S ince understanding  
of liie  heat transfer m echan ism s during lu icle- 
ale ]K)oi l)()iling is the ultim ate goal of this re- 
searcii. the adial)atic boundary condition  will 
lie lifted and re]ilaced with appropriate evap o
ration and con d en sation  boundarv conditions, 
perhaps sim ilar to those suggested by Raj and  
Kim."’  ̂ In the lon ger term  it is e.xpected that tiie 
contril)ution o lM a r a n g o n i con vection  lo  hi-at 
transfer during rapid bul)ble growth in boiling  
w ill be quantified.
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Numerical Investigation of Bubble Induced Marangoni 
Convection: Some Aspects of Bubble Geometry

Seam us M. O'Shaughnessv • A nihony J. Robinson
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Abstract Therm ocapilla ry  o r  M arangoni convcction 
is a surfacc tension driven flow that occurs when a 
gas- l iqu id  o r  vapor-l iqu id  interface  is subjected  to a 
tem p e ra tu re  gradient.  In the past ,  the contr ibution  to 
IcKal hea t  t ransfer  arising from M arangoni  convection 
has been  overlooked  as insignificant since un d e r  earth  
gravity it is overshadow ed by buoyant  convection. This 
s tudy numerically investigates som e aspects of bubble  
size and  shape on local wall heat  t ransfer  resulting 
from M arangoni  convection a bou t  individual bubbles 
on a h ea led  wall immersed in a liquid sil icone oil layer 
(P r  = 110) o f  depth  5 mm. It was found that increasing 
bubble  volume causes an increase in the area  over 
which M arangoni  convection has affect. H eat  transfer  
there fo re  increases with bubble  size. O v e r  the effective 
area ,  the surface averaged hot wall heat t ransfer  is not 
affected greatly  by bubble  shape.  T h e  surface averaged 
heat  t ransfer  over the effective a rea  on  both the hot and 
cold walls is affected d ramatically  by bubble  size, but 
the  increase is m ore  p ro found  on the cold wall.

Keywords M arangoni ■ Therm ocap i l la ry  • Bubble • 
Microgravity  • H eat  t ransfer  enhan cem en t
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'4eff.c« effective area,  cold wall, m '

S. M. O 'S haughnessv  ■ A. J. R(ihins(tn ( K )
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S. .M. O 'S hauuhnessy  
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'^cff.hw elfective a rea ,  hot wall, m-
CA contact  angle. -

Cp specific heat at constan t  pressure .  J./kg K
/ / liquid layer height, m
k therm al conductivity. W /m  K
Ma M arangoni num ber .  -
n unit normal vector,  -
.\'ii Nusselt  num ber .  -

cold wall Nusselt  num ber ,  -
hot wall Nusselt  nu m b er .  -

P pressure,  N/m-
Pr Prandtl  num ber .  -

<l" heat  flux. W/m-

cond. A R conductive  heat  flux a bou t  an adiabatic  
bubble.  W/m-

cond conductive  heat  flux in the absence  o f  a 
bubble.  W/m-

Ĉ cond conductive  heat  t ransfer  in the absence  o f  a 
bubble.  W

heat flux due to M arangoni  convection.  
W /n r

Q  \>a heat  t ransfer  due  to M arangoni  convection .  \V
r radial d irection ,  m
Rh bubble  radius, m
Ra Rayleigh num ber .  -
R.ft effective radius,  m
n.-p triple contact  point location, m
T , cold wall t em p era tu re .  K
r„ hot wall t em p era tu re ,  K
r velocity vector, m/s
r axial direction, m

(> reek Sym bols

a therm al  diffusivity. m-/s
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fi azimuihal direction, rad 
It dynamic viscosity. Ns/m- 
f) density , kg/m ' 
a  surface tension. N/m 
T shear  stress vector.  N/m- 
V k inematic  viscosity. m-/s

In troduction

Larkin  (1970) was [xissibly the first to numerically 
investigate  Marangoni convection caused by the  p res
ence  of a bubble situated on a heated  wall, specifi
cally looking at the con tr ibu tion  to local heat transfer. 
Larkin  varied the Prandtl  and M arangoni n um bers  to 
ob ta in  transient solutions for the  therm al and  flow 
fields. T he  influcncc of thcrm ocapillarity  on  the Nusselt 
n u m b er  was investigated, with Larkin report ing  that 
above  a M arangoni n u m b er  of 10'.  an increase in the 
rate  of heat t ransfer  o f  30%  was achievable. Larkin 
therefore  concluded that until this M arangoni  n u m b er  
was reached. M arangoni convection did not play an 
im portan t  role in heat transfer. Arlabosse  el al. (2000) 
analyzed the influence o f  the M arangoni.  Prandtl.  and 
B ond  n um bers  on the interfacial velocity profiles. T he  
enh an cem en t  in heat flux due  to thermcKapillarity was 
m easured  in the vicinity o f  the bubble. For their  ex 
pe rim ents  Arlabosse  et al. concluded that  beyond  two 
bubble  d iam ete rs  heat transfer  is dom ina ted  by c o n 
duction. It was d e te rm ined  that  the ratio be tw een  heat 
t ransfer  with an air  bubble  to tha t  of pure  co nduc
tion changes with the  square  root  of  the M arangoni 
num ber.

In parallel with their  experim ents .  Betz and Straub 
(2001) pe rform ed  numerical simulations o f  bubble  in
duced  M arangoni convection using a 2D  m athematical  
m odel  employing a finite e lem ent m ethod.  Solutions 
were  ob ta ined  at bo th  terrestrial  and microgravity c o n 
ditions as a m eans  of predicting the substantia l differ
ences in heal transfer  and fluid flow on earth  and in 
microgravity. Modeling  o f  the p rob lem  was perform ed 
in the range 1 < Pr < 120 and 1.000 <  M a < 27,800. It 
was found that the numerical results  for  Nusselt  n u m 
b e r  p roduced  by a ' rea l '  shaped bubble  were g rea ter  
than  those d e te rm ined  experimentally .  Betz and S traub 
a tt r ibu ted  this to the fact that the 2D  m odel could not 
accurate ly  depict the 3D  scenario. T he  enhancem en t  
o f  heat transfer  was expressed  as a Nusselt num ber ,  
defined as the ra tio  o f  heat t ransfer  due  to the rm o cap 
illary convection a round  the bubble  in relation to heat

M icroE rav iiy  Sci. T ech n o !

conduction in the liquid abou t  an adiabatic  bubble,  o r  
equivalently

N u  =  '/«»/,/■ ( I )

The Prandtl nu m b er  for this study was Pr -  110. Belz 
and S traub (2(M)1) p roduced  results where  several ex
perim enta l  studies w'ere c o m p ared  with numerical da ta  
which indicated a relative in d ependence  of M arangoni 
flow to /V num ber .  An inverse re la tionship between 
velocity and Pr  nu m b er  was p roposed  by Arlabosse  
et al. (1999). but in their  numerical study, s imulations 
were carried out at fixed Rayleigh num bers ,  as their di- 
mensionless approach  allow'ed for the decoupling  of Ra 
and  Ma.  In reality this is impossible , since any change in 
viscosity o r  therm al diffusivity will change Pr. Ma  and 
Ha. Silicone oils are primarily used to study th e rm o ca p 
illary convection. Since the tem p e ra tu re  derivative of 
surface tension is quite  similar for m any  silicone oils of 
different viscosity, lower Pr  oils will have g rea ter  Ma  
n um bers  for the same opera t ing  conditions,  and hence 
g rea ter  enhan cem en t  of  heat transfer.

W ith regard to the application of therm ocap i l 
lary convection to boiling scenarios.  B arthes  et al. 
(2007) studied the influence of non-condensab le  gas 
on M arangoni convection during  single vapor  bubble 
growth in a subcooled  liquid. M ore  recently. Raj and 
Kim (2(K)7) p resen ted  their numerical investigation of 
therm ocapillary  convection in reduced  gravity e n v iro n 
ments.  entailing a qualitative s tudy on the effects of 
dissolved gas con ten t ,  bubble  shape  and size, and heat  
transfer  coefficient on the  s trength  o f  thermocapillary’ 
convection. Steady-s ta te  s imulations were carried  out 
to  calculate  the flow a round  bubb les  of  various sizes 
with different am o u n ts  of  dissolved gas for subcooled  
boiling in rcduccd gravity. Fo r  a given heat  transfer  
coefficient with increasing bubble  size, it was found 
tha t  the strength  o f  the therm ocapilla ry  convection 
increased before  peaking and  then  decreasing. F u r 
th e rm o re  the peak  was obse rved  to  occur at lower 
d iam eters  w hen  increasing the heat  t ransfer  coefTicient. 
It was d e te rm ined  that an increase  in dissolved gas 
con ten t  p rom otes  the interfacial tem p e ra tu re  gradient 
requ ired  for therm ocapillary  convection,  but the s im ul
tan eo u s  increase in bubble  size reduced  the gradient 
a long the interface. T here fo re .  Raj and  Kim concluded 
that the strength  of therm ocapilla ry  convection is an 
indirect function of dissolved gas con ten t ,  which in turn 
influences variation in heat  t ransfer  coefficient, and 
consequently  the bubble  shape  and size.

^  Springer
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T h ere  rem ains  how ever  hmited information  regard 
ing the co n tr ibu t ion  to heat  transfer  resulting from 
bubble  induced M arangoni convection. This s tudy aims 
to e lucidate  the effect of  bubble  size and shape  on the 
local wall heat  transfer  on both the h ea ted  and cooled 
surfaces in microgravity.

N um erical F o rm u latio n

For therniDcapillary ctnivection a round  a bubble  of 
radius W/,, within a channel  of  height H, under  /e ro -  
gravity condit ions,  the mass and  heat transport  m echa
nisms are  characte rized  by the Prandtl and  Marangoni 
num bers ,  defined respectively as (A rlabosse  et al. 1994; 
R eynard  el al. 200.5).

n
P r = -  (2)

( j

A  tw o-d im ensional  axisymmctric  m odel  of the problem  
was fo rm ula ted  using the comm ercial  software package 
FI,LI E N T ” version 6,2.16. T he  governing equat ions  for 
the p rob lem  are  continuity ,  m om en tum  and energy, 
each in s teady-sta te .  For incompressible flow with ct>n- 
s tant physical p ropert ies .

VP =  0 (4)

p  (V X V v ) - V p  + i i V - v  (fi)

p C p ( ?  X V 7  ) =  AV-7'  (6)

T h e  nnxlel dom ain  is shown in Fig. 1. In accordance 
with previous numerical investigations on Marangoni 
convection  (Lark in  1970: Arlabosse  et al. 1999). the 
following assum ptions  are m ade  in the analysis:

1. M otion is 2D axisymmctric  in cylindrical 
coo rd ina tes

2. H ea t  flux is zero  at the bubble  interface
3. Incompressibility  o f  the liquid

4. C onstan t  physical p ropert ies
5. Grav ita tiona l  acceleration is zero

T he  vertical wall d e n o te d  'sym ' signifies the axis of  
symmetry. T w o  horizontal walls are separa ted  by a 
distance H  equal  to 5 mm. T he  up p e r  horizontal wall 
is no  slip, constant tem pera tu re ;

r  =  0. T = T ,  =  .100 K (7)

T he  lower horizontal wall is also no  slip, constant  t e m 
perature;

f  =  0. T =  7|, =  3.50 K (8)

The vertical wall placed tw enty  mil limeters from  the 
centre  o f  the bubble  has a no-sllp. ad iabatic  condit ion.

r =  0. r i { k V T )  =  0  (9)

T he  bubble  is rep resen ted  by a boundary  ui^on which a 
M arangoni  stress is directly applied.

(la
f  =  — V 7 .  n { k V T ) = 0  (10)

a  I

Simulations were conducted  with hemispherical b u b 
bles of  radius 0..5, I. 1..5 and  2 mm. trunca ted  I mm 
radius hemispherical bubbles  with contact  angles o f  66'’

rt(!. 2 Som e buhW e shapes sim ulated

ellipse

^  Springer
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and 45°, respectively, and an elliptical bubble  with the 
sam e volume as the 2 mm radius hemispherical bubble. 
Some o f  the bubble shapes a re  shown in Fig. 2.

Grid  independence  was achieved by increasing the 
nu m b er  of structurally  a r ran g ed  quadrila te ra l  cells 
from 23.(K)0 to 86,()(K) and plo tt ing  the  convergence  
o f  certain  pa ram ete rs  of  interest  such as free surfacc 
velocity, and also tracking global pa ram ete rs  such as 
total rate  of heat transfer  th rough  the system. To val
idate the numerical p rocedure ,  results  were com p ared  
with exp>erimentai da ta  p rovided by A rlabossc  ct al. 
(2000). T h e  ag reem en t  b e tw een  the  experimental ly  
m easu red  non-dimensional  interface velocities and the 
s imulation is quite  good. T h e  validation simulations 
are described in fu r ther  deta il in O 'S haughnessy  and

M icrocravity  Sci. I'echnol

Robinson (2008). A rlabosse  et al. also quantified the 
increase in the average heat flux across a heat flux 
sensor situated on the opposi te  wall to  that  of the 
bubble. C om parison  b e tw een  the ir  experim ental  da ta  
and  the numerically  s im ula ted  d a ta  was found  to be 
acceptable.

Resull<>

Figure shows the tem p e ra tu re  con tours  and velocity 
s treamlines for the 1 m m  radius l iemispherical bubble.  
Since the tem p era tu re  dilTerence w'as kept constant for 
all simulations, the M arangoni  n u m b er  was modified by 
changing the bubble  g eom e try  as per  Eq. 2. I'he figure
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r i s . 4  Local hot wall heal 
Hux enhancem ent
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s h o w s  th e  t e m p e r a t u r e  c o n to u r s  w h ich  a r e  a f e a tu re  
o f  t h e r m o c a p i l l a ry  c o n v e c t io n .  In th e  a b s e n c e  o f  th e  
b u b b le ,  th e  c o n t o u r s  fo rm  pa ra l le l  h o r iz o n ta l  l ines; a 
s i tu a t io n  c h a ra c te r i s t i c  o f  p u r e  m o le c u la r  c o n d u c t io n .  
A l th o u j ih  no t  e v id e n t  in Fig. 3, th is  alst) o c c u rs  far  
f ro m  th e  b u b b le .  In the  vicin ity  o f  th e  b u b b le ,  th e  
t e m p e r a t u r e  c o n t o u r s  a r e  c u rv e d  t o w a r d s  th e  h e a t e d  
wall by  th e  How o f  c o o le r  l iquid  t o w a r d  th e  ho t  wal l. 
T h e  l iquid  je t ,  by flow ing o u t w a r d  a lo n g  th e  c e n te r l in e  
o f  th e  g e o m e t r y ,  c a u s e s  th e  t e m p e r a t u r e  c o n to u r s  to  
p ro je c t  o u t w a r d .  T h e  p ro x im i ty  o f  th e  u p p e r  wall, which  
h a s  a no -s l ip  c o n d i t io n ,  l im its  th e  e x te n t  th e  je t  can  
t r ave l  in th is  g e o m e t r v .  F ro m  Fig. ,1. it is e v id e n t  tha t  
th e  t h e r m o c a p i l l a ry  llow field in c re a se s  h e a l  t r a n s f e r  
by  r e m o v in g  h e a t  f ro m  th e  wall in th e  vicin ity  o f  th e  
b u b b le  a n d  t r a n s p o r t i n g  it in to  th e  bu lk  reg ion  a b o v e  
t h e  b u b b le .

T h e  M a r a n g o n i  c o n v e c t io n  in d u c e d  by th e  b u b b le  
c a u s e s  a  r e g io n  o f  e n h a n c e d  h e a t  t r a n s f e r  in th e  v ic in 
i ty  o f  t h e  b u b b le .  A t  s o m e  d i s ta n c e  f ro m  th e  b u b b le .

t h e rm o c a p i l l a ry  c o n v e c t io n  will c e a s e  to  a u g m e n t  local  
wall h e a l  t ransfe r .  T h is  lo c a t io n  c a n  b e  c a lc u la te d  by  
a n a ly z in g  th e  h e a t  Ilux d i s t r i b u t io n  a lo n g  th e  h o t  a n d  
c o ld  walls . Initially , s im u la t i o n s  w e re  c a r r ie d  o u t  o v e r  a 
s im i la r  d o m a in  in th e  a b s e n c e  o f  t h e  b u b b le  to  p re d ic t  
th e  h e a t  t r a n s f e r  d u e  to  p u r e  m o le c u la r  dilTusion a n d  
e s ta b l i s h  a  ‘b a s e - l in e '  to  w h ich  s u b s e q u e n t  c o n d i t io n s  
c a n  b e  c o m p a r e d .  C o n s i s te n t  w ith  an a ly t ica l  p r e d i c 
t ions ,  th e  h e a t  flux a lo n g  th e  c h a n n e l  walls  w as c o n s ta n t  
in t h e  a b s e n c e  o f  th e  b u b b le ,  a n d  is h e n c e  d e n o t e d  
^/cond- c r i te r io n  fo r  e n h a n c e m e n t  is d e f in e d  such 
th a t  h e a t  flux m a g n i tu d e s  a r e  r e c o r d e d  until  th e  v a lu e  
o f  wall h e a t  flux falls b e lo w  1.05 x rad ia l
lo ca t io n  w h e re  h e a t  Ilux v a lu e s  fall to  with in  5 %  o f  
is t e r m e d  th e  e f fec t ive  ra d iu s ,  a n d  is m e a s u r e d  
f ro m  th e  c e n t r e  o f  th e  b u b b l e  ( s e e  E q .  11). The ef fe c t iv e  
a r e a  is t h e n  c a lc u la te d  b a s e d  o n  /?cir ( se e  E q .  12). O n  
th e  h o t  wal l, th e  e f fe c t iv e  a r e a  is m e a s u r e d  rad ia l ly  
o u t w a r d  f ro m  th e  t r ip le  c o n ta c t  p o in t  (w al l -va[x> r-  
l iqu id  in tc r fa c c ) .  F o r  th e  c o ld  wall ,  th e  c f fcc t ive  a r e a  is

H(>. S tf lc c liv c  a rea  (em pty  
sym bols, ho t 'k M . p iled  
sym bols, cold wall)
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m e a s u r e d  rad ia l ly  o u t w a r d  f ro m  th e  axis o f  s y m m e t ry ,  
a s  d e p i c t e d  in Fig. p rev ious ly .

>lcff ITO =  .T , /4cfl c« = - T ^ 3 n  H 2 )

F ig u re  4  p lo t s  t h e  local h e a t  flux e n h a n c e m e n t  a lo n g  
th e  h o t  wall fo r  e a c h  o f  t h e  b u b b le  g e o m e t r i e s  s i m 
u la te d .  C le a r ly ,  e a c h  b u b b l e  has  its o w n  d e g r e e  o f  
e n h a n c e m e n t ,  b u t  w ith  in c reas in g  b u b b le  s ize, th e  e f 
fec t ive  a r e a  o f  e n h a n c e m e n t  increases .  F ig u re  p lo ts  
th e s e  in d iv id u a l  e f fe c t iv e  a r e a s  fo r  th e  h o t  a n d  co ld  
walls .  ! 'he 0.5  n im  ra d iu s  b u b b le  sh o w s  n o  h o t  wall 
h e a t  t r a n s f e r  e n h a n c e m e n t  a s  d e f in e d  by  E q .  11. s ince  
a n  im p r o v e m e n t  o f  less t h a n  .‘'7 o  w as o b t a i n e d .  E v i 
d e n t ly  w i th  s u b s e q u e n t  s im u la t io n s ,  th e  e f fe c t ive  a r e a  
i n c r e a se s  w i th  in c re a s in g  b u b b le  v o lu m e .  There  is s ig 
n if ican t  d i f l 'c rencc  b e tw e e n  th e  1 m m  ra d iu s  h e m i s p h e r 
ical  b u b b l e  a n d  th e  t r u n c a t e d  b u b b les .  F o r  th e  h o t  
wall th is  is e x p e c t e d  a s  th e  b u b b l e  s h a p e s  a r e  q u i te  
d i f f e r e n t ,  a n d  s ince  th e  elTective a r e a  is m e a s u r e d  f rom  
th e  t r ip le  i n te r fa c e .  H o w e v e r ,  a less o b v io u s  d i f le re n c e  
is n o t i c e a b l e  o n  th e  c o ld  wal l, s ince  th e  c o ld  su r face  
h e a t  t r a n s f e r  is a f fe c ie d  m o r e  by  th e  in ten s i ty  o f  th e  j e t 
like flow le av in g  th e  b u b b le  ap ex .  F o r  b u b b le s  o f  s im ila r  
r a d iu s ,  th is  jet will af fec t  a s im i la r  s ized  r eg io n  o f  th e  
c o ld  wall.  T h e  co ld  wall r e su l t s  co inc ide  b e h a v io ra l ly  
w ith  t h o s e  s e e n  fo r  t h e  h o t  wall, a lbe i t  th e  e f lec l ive  
a r e a s  a r e  s m a l l e r  for  e a c h  case .  F u r t h e r m o r e ,  for  th e  
(I..S m m  b u b b le ,  h e a t  t r a n s f e r  e n h a n c e m e n t  (a s  de f in ed  
by  F.q. 11) o c c u rs  at  th e  co ld  wall  s ince  th e  je t - l ik e  flow 
is s t r o n g  e n o u g h  to  im p ac t  o n  th e  co ld  wall.

S ince  th e  b u b b l e  g e o m e t r y  c h a n g e s  b e l w e e n  s im u la 
t ions ,  th e  to ta l  r a t e  o f  h e a t  t r a n s f e r  e n h a n c e m e n t  for  
th is  s tu d y  is e x p r e s s e d  a s  a N u sse l t  n u m b e r ,  d e s c r ib in g  
th e  r a t i o  o f  h e a t  t r a n s f e r  by  M a ra n g o n i  c o n v e c t io n  o v e r

t h e  ind iv idua l  e f fec t ive  a r e a ,  re la t iv e  to  p u r e  c o n d u c 
t ion  w i th o u t  a b u b b le  o v e r  th e  s a m e  a rea .

. \ ' t i  =
Q ,

(13)

The t e m p e r a t u r e  d i f fe r e n c e  b e tw e e n  th e  o v e r h e a t e d  
b u b b le  base  a n d  c o o le r  b u b b le  t ip  is th e  d r iv in g  fo rce  
fo r  M a ra n g o n i  h e a t  t r an s fe r .  F o r  th e  ()..‘S m m  h e m i 
sp h e r ic a l  b u b b le ,  th is  t e m p e r a t u r e  d i f fe r e n c e  is a b o u t  
2"C . w h e r e a s  fo r  th e  el l ip t ical  b u b b le ,  th e  t e m p e r a t u r e  
d i f f e r e n c e  b e tw e e n  b u b b le  b ase  a n d  t ip  is a b o u t  
f o r  t h e  s a m e  ( 7/, -  T", ) o f  .S (rC . S ince  th e  fluid s u r 
face  t e n s io n  c h a n g e s  with  t e m p e r a t u r e ,  a n d  th e  s a m e  
v a lu e  o f  i t a l u T  is a p p l ie d  fo r  e ach  s im u la t io n ,  la rg e r  
b u b b le s  th a t  p r o t r u d e  f u r th e r  in to  th e  d o m a in  will h a v e  
a  g r e a t e r  p o te n t i a l  for  M a ra n g o n i  c o n v e c t io n .  T h is  is 
c a u s e d  by th e  in te r fac ia l  t e m p e r a t u r e  g r a d ie n t .  I n te r fa -  
cial a n d  v o r te x  v e loc i t ies  th e r e fo r e  in c re a se  w ith  b u b b le  
s i / e .  T h e  t r u n c a t e d  h u b b ie s  e x t e n d  fu r th e r  to w a r d  th e  
co ld  wall w ith  in c re a s in g  t r u n c a t io n ,  m e a n in g  co ld  wall 
h e a l  t r a n s f e r  will b e  a f fe c ted  m o r e  d r a m a t ic a l ly  by 
b u b b le  size th a n  th e  ho t  wall.  T h is  b e h a v io r  is d e p ic t e d  
in Fig. 6. w hich  p lo t s  the  in c re a se  in wall h e a t  t r a n s f e r  
a lo n g  th e  h o t  a n d  co ld  walls resp ec t iv e ly .  C lea r ly ,  an  
in c re a se  in b u b b le  v o lu m e  ( t h e r e f o r e  a n  i n c r e a se  in 
in le r fac ia l  t e m p e r a t u r e  g r a d i e n t )  a u g m e n t s  local h e a t  
t r a n s fe r .  H o w e v e r ,  th e r e  is li t t le  d isp a r i ty  in th e  r e su l t s  
fo r  a 1 m m  p e r fe c t ly  h e m isp h e r ic a l  b u b b le  a n d  th e  
t r u n c a t e d  b u b b le s  o f  c o n ta c t  a n g le  66° a n d  4.S° a lo n g  
th e  h o t  wal l. T h e  e n h a n c e m e n t  o b t a i n e d  for  th e  2 m m  
h e m is p h e r ic a l  a n d  b u b b l e  a n d  th e  el l ip t ical  b u b b le  a l s o  
s h o w  lit tle d is t in c t io n .  T h is  le a d s  to  t h e  co n c lu s io n  th a t

Fi)>. 6 Meal transfer 
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synihdls. ho t Wdi\. filled  
sym bols, cold wall)

2 6 

2 4  

2  2 ■ 

2

o Hem 0 3nu& ndras 
o Heim 1 mm radnis 
< Cf i  66 
>C A A 5
o Hemi i 3mm ndhis 
^  Hem 2 mm nchvs 
^EHipce



Appendix C

M icm gravity  Sci. Technol

t h e  o v e ra l l  h o t  wall h e a t  t r a n s f e r  is n o t  g re a t ly  a l l 'e c ted  
by b u b b l e  s h a p e  (i.e. t r u n c a t io n ) ,  b u t  r a t h e r  by b u b b le  
s i / e .  R e c i rc u la t io n  o f  th e  c o ld e r  f luid to w a r d s  th e  ho t  
s u r f a c e  result.s in a n  im p r o v e m e n t  o f  u p  t o  5 0 %  fo r  
an  e l l ip t ica l  b u b b le .  In te re s t in g ly ,  th e  r e su l t s  for  h e a t  
t r a n s f e r  e n h a n c e m e n t  o n  th e  co ld  wall s h o w  g r e a t e r  
r e s p o n s e  to  t r u n c a t io n .  This m a y  b e  e x p la in e d  h o w e v e r ,  
s ince  th e  h e ig h t  o f  th e  b u b b le  in c re a se s  w ith  t r u n c a t io n ,  
m e a n i n g  th e  co ld  wall is e x p o s e d  t o  h ig h e r  in tens i ty  
j e t - l ik e  flow-s leav ing  th e  a p e x  o f  t h e  b u b b le .  The j e t 
like flow t r a n s p o r t s  w a r m  fluid t o w a r d  th e  co ld  su r face ,  
a m p l i fy in g  h e a t  t r a n s f e r  d r a m a t ic a l ly  bu t  o v e r  a c o m 
p a ra t iv e ly  s m a l l e r  a r e a .  The c o m b i n e d  re su l t s  ind ica te  
t h a t  a h e m is p h e r ic a l  s h a p e  m a y  n o t  b e  th e  ideal  sh a p e  
fo r  o p t im a l  h e a t  t r a n s fe r .

Conclusions

S im u la t io n s  w e re  p e r f o r m e d  w ith  h e m is p h e r i c a l  b u b b le s  
o f  d i lTcrcnt  r a d iu s ,  as  well a s  a t r u n c a t e d  1 m m  h e m i 
sp h e r ic a l  b u b b le  w ith  c o n ta c t  a n g le s  o f  66° a n d  a n d  
a n  el l ip t ica l  b u b b l e  w ith  th e  s a m e  v o lu m e  as  a h e m i 
sp h e r ic a l  b u b b l e  o f  r a d iu s  2 m m .  In c re a s in g  b u b b le  
v o lu m e  c a u s e s  a n  in c re a se  in th e  a r e a  o v e r  which  
M a r a n g o n i  c o n v e c t io n  h a s  affec t .  H e a t  t r a n s f e r  t h e r e 
fo re  i n c r e a se s  w ith  b u b b le  size. O v e r  th e  effec t ive  a r e a ,  
th e  s u r fa c e  a v e r a g e d  ho t  wall h e a t  t r a n s f e r  is n o t  a f 
f e c te d  g re a t ly  by  b u b b le  sh a p e .  B o th  the  h o t  a n d  cold  
s u r fa c e  a v e r a g e d  h e a t  t r a n s f e r  o v e r  th e  e f fe c t iv e  a r e a  
is alTected d r a m a t i c a l l y  by b u b b le  s ize, b u t  th e  increase  
is m o r e  p r o f o u n d  o n  th e  co ld  wall.  It w as  fo u n d  that  
fo r  th e  b u b b l e  g e o m e t r i e s  s im u la te d ,  a  c o n s id e ra b le

i m p ro v e m e n t  in h e a t  t r a n s f e r  o v e r  th e  e f fec t ive  a r e a  o f  
u p  to  5 0 %  o n  th e  h o t  wall a n d  150%  on  th e  co ld  wall 
w e re  o b t a in e d .

.\i:k ii« » ltd g c in cn ts  This work was pari supported  by the Irish 
R esearch C ouncil lo r Science. E ngineering and lechno logy  
(IR C S li l ) E m bark  Initiative.
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The Influence of th e  Magni tude  of 
Gravi ta t iona l  Accelera t ion  on 
Marangoni  Convection About  an 
Iso la ted  Bubble under  a Heated  Wall

SEAMLS M. O'SHALKiHNESSY and ANTHONY J. ROBINSON
D cparlD iL 'iit o f  M c c h a n ic a l  &  M a im la c lu n n g  K tig in c c r in g . I r in i l )  C o l le g e .  I^ u h iin . Irc la t td

TheniUH upH iary o r  M a n in iio n i (■anwcfioii i.\ the  liq u u l n u n io n  r a u s v d  h y  su r fa ce  U'nsu>u varh tiiim  in the  i>n'.\cm e  o j a 
tc/n/H 'raiun' y u u in 'ii l  a lo it^  a  o r  va jn n -iu jiiic l in le ifu ce . This w ttrk n u n w ric a tly  invesii}iales th e  e f fv d  a f  ihe
in a ^ m lu J f  <>f,^'myi{an<)tial occelcra iioH  on ih i Ji<t\v o m i le in p cra lu n 'J ie ld s  r e su l l in ^ fn m t  th e  pri’sem  e <>f a  h en tispherii a l a ir  
h u h h ic  o f  c o n sh m l n u liu s  o f  I .O inm . s itm iie d  on  a  h a itt 'd  muII in in w rsed  in o  iii/u id  s il i io n e  o il  la yer  o f  c o n s la m  d t'p ih  o t  5 .0  
nun. T hv m o d e l is o r ic n it'd  s tu 'h  ih a i  r/i<‘ M a ra n g o n i a n d  f:ra v ila n o n a l fo rces  a c t  to  o p p o se  one  anoiher. To e lu c id a ie  ihe  effect 
o f  ) ira v it\  on  M a n w fio n i  fiow a n d  h e a t transjer. th e  s im u la tio n s  M’r r c  ca rrie d  o u t fo r  a  s ilic (w e  oH o f  P ra n d tl n u m b e r  HJ. a t 
a M arani>oni n u m b e r  o f  V I5. T h e  ffn tv ity  In 'c is  tes ted  w ere Of>. O .fflf!. ( f i t ’. 0 .2 5 ^ , 0 .5 ^ . 0 .7 5  a n d  /}•. w here represents  
the  e a rth  f>ravitational a ccch 'ra tittn  o f9 .H I  m/s~. The in flu en ce  o f  the  tnai^nilude o f  fira v ita tio n a la cc  d e r a ti im  <m the vel<Kit\ 
p n tfl le  a h n ig  the  h u h h le  in te r fa ce  a n d  (m the  U K ution o f  m u x im u m  vehn ity  w as a n a lyzed . t l  was fo u n d  th a t the  g ra v ity  level 
a ^ e c ts  the  \ e loctt} p ro file  hy  in flu en c in g  the in te r fa c ia l tem p era tu re  grad ien t, h u t th a t the  loi a tion  o f  ma.xitnum veUx iry wa.^ 
almo.st in d ep en d en t o f  liraviri' level. The increa se  in hea t f lu x  on  the  w a il to  w h ich  the  h u h h le  is a tta c h e d  w a s c a lc u la te d  a n d  
it has b een  d e te n n in e d  th tu  lo ca l h ea t tra n s fe r  e n h a n cem en t o f  up  to  n ea rly  1.7 t im es  that oJ the  c(tnducti<m on ly  ca se  ca n  he 
a c h ie v e d  fin  the  iH in m w ier  i'(Wi{e tested . F urthcrtnnre. lo ca l enh tnu  em en i w as o h s e r w d  to  o ccu r  up  to  a  d is fa m  e  o f  .\e\ en 
hu h h le  rad ii fo r  the :ero  ffra v ity  <a.\e, hu t in crea sed  ^ r a v itv  levels ca u se  a  red u ctio n  in the  e lfec tive  n u liu s  o f enhancem en t.  
T he in flu en ce  o f  the  M a rtm ^o n i flo w  on  the  hea t tran \Jer  fo r  the  o p p o s ite  c ito led  w a ll has a lso  b een  ana lyzed .

I S T H O DI C T I ON

Thcrm ocapillar\‘ o r M arangoni convcciion is the liquid m o
tion brouph! about by surface tension variation in the presence 
o f a tem perature gradient along a gas-liqu id  o r vapor-liquid 
interface. The aiiractive forces betw een the liquid m olecules at 
the interface cause surface tension effects [ 1). W hen a small gas 
bubble is situated on a heated wall, the difference in tem pera
ture betw een the overheated base and the cooler tip o f the bubble 
causes the surface tension gradient [2]. T he net surface tension 
force on any elem ent o f the interface is opposed by viscous shear 
stresses in both the gas and liquid phases [21, but since the shear

This w t>rk was part suppt)ried b> the Irish Research Couiwil Ux Science. 
Engineering and Technology iIRCSET) Embark Iiiiiiatlve.

Address corrcsptmdencc lo Dr. Anthony J Rohins^w. DcpartnKni of M e
chanical & Manufacturing Engineering. Parsons Building. Trinity College. 
Dublin 2. Ireland. F-muil: arohinsO>’icd.ie

stress in the liquid phase is typically much greater than that of 
the gas phase, the gas phase may he neglected, as has heen the 
case in previous num erical investigations (2. Most natural 
convection pnK csses on earth are buoyancy driven, caused hy 
the density gnidients w ithin Huids resulting from tem perature 
gradients within the systein. M arangoni convection, however, 
docs not rely on o f g ra\ itational forces, and has therefore been 
suggested by som e authors as a possible solution to thermal 
m anagem ent problem s in space 11).

The tnajority o f  fluids exhibit a negative tem perature deriva
tive o f surface tension. As the tem perature is increased, the sur
face tension decreases. In most lluids. this w ill result in a flow o f 
fluid from w am i regions to cold regions. \  typical scenario for 
bubblc-induced therm ocapillary convection is shown in Figure 
I. An air bubble is situated under a heated wall, im m ersed in 
a cooler liquid layer. The fluid close to the triple contact point 
is accelerated along the liqu id -vapor interface. This results in a 
flow o f  liquid away from  the heated wall along the bubble axis.
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F igure 1 Surfucc icnsion irkdiiccd flou around an isolated air btibhlc under u heated uall,

At some poim. ihe Hind begins lo change direction, recia'ulating 
the coolcr bulk fluid toward ihc heated wall. Ai sufficiently low 
M amngoni numbers (Ma < 12.(XK)) (41, this continued motion 
results in u steady How pattern o f an axial jet-like lluid motion 
with major vortices on cither side. Marangoni convection can 
thus influence the wall heat transfer by acting as a pump that 
transports hot fluid near the wall into the cooler hulk fluid.

A mechanistic model of boiling is necessarv for accurate prc- 
dictions o f the associated heat transfer rales that are cnjcial for 
engineering many iwo-phase thermal systems and heat transfer 
devices. The range of technologies spans the microscale asso
ciated with the thermal managemenl of micro-electronics lo the 
much larger scale o f steam power generation. Due lo the com
plexity o f boiling, the actual mechanisms o f heat transfer are 
still ptH)rly understood, in the sense that prediclive capabilities 
o f theories and empirical correlations break down quickly once 
outside o f ihe parameter range within which they were devel
oped |5 .6 |.  O f particular relevance to this work, the contribution 
of Marangoni convection to the heal transfer during boiling has 
hisioricaWy been difficult lo quantify since mosl expctiinenVal 
measurements arc performed at terrestrial gravity where buoy
ant natural convection and Marangoni convection are impossible 
lo decouple. Intriguingly. recent research has suggested that the 
ol'ten overlooked Marangoni convection may play an imp<.)rtanl 
role in the heat transfer during phase changc processes [ I. 7. 8] 
for both H^irth and space applications. This was first suggested 
by McGrcw elal. |9 |.  who argued the theory that the high boiling 
heat transfer rates arc due to intense vapor bubble disturbance o f 
the liquid Kuindary layer close lo the healing surface and bulk 
liquid disturbance due to bubble detachment from the surfacc. 
Rxperiments were performed in which the liquid was healed 
from above and cooled from below, with slowly increasing heal 
flux levels. McGrcw et al. used tracer panicles to examine the 
How pattern around air bubbles placed on the heating surface and 
vapor bubbles produced during boiling, and found that the flov ’̂ 
patterns were identical for both air and \apor hubbies, McGrew

el al. |91 concluded that Marangoni convection would occur 
around any bubble present in a region subjected to a tempera
ture gradient. This convection, it was suggested, may als<,j be a 
prim an' factor in the overall heat iransi'er mechanism in situa
tions where bubbles remained affixed to a surface for relatively 
long periods of lime.

With regard to the development of a mechanistic model of 
boiling that includes the influence of Maningoni convection, a 
further complication arises since the actual mechanism for the 
onset o f thenmcx:apillary flow during boiling remains somewhat 
elusive. TTiis uncertainty arises largely because Marangoni con
vection has been observed experimentally in several micrograv- 
iiy boiling experiments [10. 11] and contradicts ihe notion that 
evaporation and/or condensation will create a uniform interface 
temperature and thus act to suppress the themuK'apillary (low. 
However, recent evidence seems to indicate that during boiling 
Marangoni flow is caused by variation in the evaporation and 
condensation heal transfer ccxTfJicient al the vapor-liquid inter
face (12-14]. which can possibly arise due to the presence of 
noiKondensaWe gas \ \0 . \ 2 .

Uec and Mertc 116J performed varving gravity boiling ex
periments using a gold film on a quart/ substrate immersed in 
R-l 13. Boiling behavior was analyzed under a wide range of 
heal fluxes and subcooling levels. Under saturated conditions al 
large heat fluxes. dr>’out o f the heater surface was observ’ed. but 
an increase in suhcw ling lo 22 C resulted in steady nucleate 
boiling. A large bubble was seen to form above the surface, and 
remained constant In size due to a balance between condensation 
al the tip and evapiiralion al the base. Marangoni convection was 
seen to be an important additional mechanism, causing lai^c va
por bubbles to be driven toward ihe healer surface. Heal transfer 
enhancements o f up to 329^ were obtained in microgravity when 
compared to terrestrial conditions.

The quest for further understanding of boiling behavior is 
explained by Kim and Benton [ 17J. who highlight that boiling 
experimenls to dale have shown that slable subc(K>led boiling on
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Hal plaics is achievable in various gravity environm ents. Typi
cally. som e o f the earlier results displayed a difference in heat 
transfer coefficients. As m uch o f  the earlier work was o f a m ore 
qualitative than quantitative nature, further research was nec
essary to further develop the understanding o f  the boiling phe
nom enon. In subsequent investigations, w here the heat transfer 
coefficient w as m easured, the heater surfaces w ere often larger 
than or com parable to the bubble sizes, m eaning that only an 
averaged m easurem ent could be attained. Kim  and B enton 117] 
stress the need for k>tal heal transfer rates under and in the im m e
diate vicinity o f the bubbles on a heater surface as they grow and 
depart f rom  the heater surf ace. This data could then be correlated 
to visual observations o f  the dynam ic bubble behavior, allow 
ing the researcher to determ ine exactly when and w here large 
am ounts o f heat were being transferred from  the heater surface.

In order to  better elucidate the contribution o f  M arangoni 
convection to the flow and heat transfer during boiling, the 
sim plified situation o f a stationary gas bubble on a heated sur
face im m ersed in a liquid is typically investigated. Raake et al. 
118| experim entally  investigated tem perature and velocity fields 
arising from surface tension flow caused by air bubbles. They 
found that the convective transport m echanism  operated along 
the entire bubble boundary for low convective flows— i.e.. for 
flow s w ith low Ma and relatively high 1^. Conversely, fo r highly 
convective flows w here Ma is high com pared with Pr, it was 
established that the convective transpon m cchanism  operated 
along a small part o f the bubble surface near the wall. For their 
bubble d iam eter o f 8 mm. Raake el al. j 18) found that an M a

12.500 coincided viith the onset o f an oscillatory m ode that 
was a \isym m etric . Increasing the tem perature gradient caused 
the f requency o f oscillation to increase.

Sim ilar analysis was perform ed by Arlabosse et al. I7J. who 
followed up their num erical work with an experim ental inves
tigation o f M arangoni flow around an isolated bubble under a 
healed wall im m ersed in a liquid silicone oil layer. C ontrary to 
the experim ental observ ation o f Raake et al. j I8 | m entioned p re
viously. therm ocapillarity  was seen to be active along the entire 
contour o f the bubble and. in the im m ediate vicinity o f  the bub
ble surface, w as dom inant over the buoyancy-driven convection. 
For higher tem perature gradients, weak secondary counterrotat- 
ing vortices resulting from the interaction o f surface tension and 
gravity forces w ere observed beneath the prim ary vortices. Ar
labosse et al. |7 |  concluded that the effects w ere coupled under 
terrestrial conditions: The therm ocapillarity  destroys the stable 
tem perature stratification, w hich causes natural convection as a 
secondary efTcct. The secondary vortices then reduce the size 
o f the main cells. F rom  the results obtained, it was de tenn ined  
that the ratio o f  heat transfer by Miu'iuigoni convection to that 
solely bv conduction w as well correlated bv the relation

situation in which gas hubbies were situated on an upward facing 
heated surface im m ersed in water. Here. M arangoni convection 
was detennined to be a dom inant heat transfer m echanism . For 
a ir bubbles o f sim ilar si?e the m easurem ents were in excellent 
agreem ent with the relationship proposed by A rlabosse et al.
171.

Apart from the few studies m entioned earlier, most o f what 
is understood about therm ocapillary flows around bubbles is 
concerned with the fluid m echanics. For exam ple, m uch o f the 
experim ental and num erical work fiKUses on flow analysis tech 
niques. flow im aging o f  therm ocapillary convection, and num er
ical predictions o f the flow field ]6. 7. 2()-2.^J. and far less is 
underst(x)d about the coupling o f the fluid m echanics and the 
heat transfer In this study an attem pt is m ade to quantify  the 
contribution o f M arangoni convection to  the heat transfer for 
the sim plified ease o f a bubble affixed to a dow nw ard facing 
heated surface im m ersed in silicone oil. For a fixed Ma =  915 
and Pr =  8.^. the inOuence o f gravity on the fluid dynam ics and 
heat transfer is e lucidated for the range o f gravity level betw een 
Oi; and I r .

SVMERICAL METHOD

For therm ocapillary convection around a bubble o f radius Rt, 
w ithin a channel o f height H. subject to gravitational forces, 
the m ass and heat transport processes are characterized by the 
Prandll. M arangoni. and Rayleigh num bers. The Prandtl num ber 
represents the ratio o f  viscous to therm al diffusivity in the fluid. 
S ince variations in fluid viscosity and diffusivity are neglected 
in this study, the Prandtl num ber can lie assum ed constant. Tlie 
M arangoni num ber represents the ratio o f surface tension forces 
to viscous forces, and is often seen in different forms depending 
on the particular problem . In this study, the bubble radius was 
selected as the characteristic  length, and the definition o f the 
•Marangoni num ber was chosen to include the depth o f  the liq
uid lay e r This form  o f the d im ensionless num ber is consistent 
with that o f )6. 7, 20. 24, 25 |. T he M arangoni num ber fo r this 
study is fixed at 91.5 The Rayleigh num ber represents the ratio 
o f buoyant to viscous forces in the fluid. W hen the Rayleigh 
num ber is below the critical value for a particular fluid, viscous 
forces are dom inant and heat transfer is therefore prim arily by 
conduction; w hen it exceeds the critical value, buoyancy forces 
are strong enough to o v ea im ie  viscosity  and heat transfer is 
pnm an ly  by convection. The Rayleigh num ber for this study 
is m odified by changing the m agnitude o f gravitational accel
eration fKtween sim ulations. These d im ensionless num bers are 
defined as follows:

Pr = (2 )

■yvi,, =  1 -f 0 .(X )8 4 IM a "  ' ( I )

Recently, the em pirically  based heat transfer m odel presented by 
Petrovic et al. 119] has successfully quantified the contributions 
o f buoyant natural convection and .Marangoni convection for the
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The commcrcial a x le  F L l 'E N T  release 6.2 .16 wa.s utilized 
10 solve ilie governing equations. From calculations o f Ihe 

Reynolds number, it was knov^n that the resulting Ikm  would 
ho laminar. The segregated solver was selected on the basis o f  

computing |X )w er. The numerical scheiT>e adopted was secund- 
order upwind. G rid  independence was obtained by increasing 
the number o f structurally arranged quadrilateral cells from 1260 
to 81,000. To validate the numerical approach undertaken in this 
study, some results were compared with experimental data pro
vided by Arlabosse et al. I?). The validation simulations are 
described in further detail in |2 6 |. The agreement between the 
simulations and the experimentally measured nondimcnsional 
mterl’ace vek>cilies is quite got>d. Arlabosse et al. |?1 also mea
sured the increase in the average heat lUix overa heal flux sensor 
situated on the wall opposite to that o f  the bubble. Comparison 
between their experimental data and the numerically simulated 
data was found to be satisfactory.

The governing equations that were solved were the steady- 
state energy, continuity, and momentum equations.

Energy:

d T  d T  _  / d - T  I d T  d ' T \

'■ a r  " ' ' a 7  “  ^  /

C o n tin u ity ;

(1 pr,
—  (p r - )  +  —  Ip iv  I +  —  = 0
oz o r  r

Axial momentum:

1 a  , 1 a
{ r p v : )  +  - - ~ l r p V : V r )  

r  oz r  o r

(5 )

( 6 )

dp 1 a  r  / * a r -  2 ^

1 d f  /  3 r -  d i ' r  \ 1

7a7['^''('a7 ^
w here

F h =  -PdP.HIT' -  Till

„  -  0 1 '-  3 l V  t'r

' ^  J z  ^  7

(7 )

(HI

( 9 )

Radiul momentum: 

1

r fl-
( r p r . . r , ) +  - - r - l / p i ' ; )  

r  o r

0 / ;  1 a

d r  r  d

-  >v -  u  „   ̂
- 2 ^ —  4- - -  (V  - I ) 

r -  3 r

In accordance with previous numerical investigations on 
Marangoni convection, the follow ing assumptions were made 

in the analysis:

•  Motion is tw o -d im e n s io n al (2 D ) axisym iTtetric  in c y lin d rica l 

coordinates.

• Bubble can be represented by a rigid hemispherical interface.
• Heat flux is zero at the bubble interface.
• Boussinesq approximation accounts for any changes in den

sity due to temperature gradients.
• Other physical properties are constant (li, k ^  . .  ) etc.).

From experimental observations | 2 . 6 ,7 ]  it is known that the 
flow field is symmetric about the bubble vertical axis. Further
more. results by Kassemi and Rashidnia [4] show the onset o f  

unsteady oscillatorv' and three-dimensional (3 D ) (low occurring 
at a critical Marangoni number o f approximately 12.CKX). Since 

the Marangoni nuitiber in this study is considerably lower and 
fixed at 915. the steady-state. 2 D  axisymmetric form o f the gov
erning equations is sufficient to model the problem accurately. 
The action o f gravitational foaes  gives nse to hydrostatic pres
sure. which would act to deform the bubble shape. However, 
results obtained by Ariabosse el al. (7) indicate that for Ihe 

same fluid, albeit al a higher Prandtl number, up to a radius 
o f 1.3 mm. the bubble maintains a spherical shape in a geo- 
nietncal conliguratioii similar to this study. Tlie bubble radius 
for this investigation is 1 mm. Furthermore, in [7] the contact 
angle increased from 52 to 71.5 for bubbles o f equivalent ra
dius 2.0 mm and 1.5 mm. respectively. Extrapolating to 1.0 mm  
would result in a contact angle o f 9 0  . This suggests that the 
hemispherical shape may even be valid in a terrestrial gravity  
field.

The adiabatic assumption along the bubble interface is also 
consistent with the Marangoni heat transfer regiiiK’ discovered 
by Petriivic el al. 1191 where air bubbles caused a significant 
enhancement in the heat transfer even when the heated wall 
temperature was below the saturation temperature. The work is 
also qualitatively comparable to the situation o f gas-saturated 
liquids, for example, the cxperin^enul results o f Henr> e l al. 
1101-

For many natural convection flows it is possible to obtain 
faster convergence using the Boussinesq model rather than solv
ing the problem w iih fluid density as a function o f temperature. 
This model treats density as a constant value in all solved equa
tions, cxcept for the buoyancy term in the momentum equation.

(|) -  P ( i)x '^  P ()3 (7 ' - '/n)« ( I I )

In the preceding equation. Pn is the (constant) reference density 
o f the flow. To Is the operating or reference temperature, and |3 
is the thermal e.xpansion coefficient. Equation 111) is obtained 
by using the Boussinesq approximation (Eq. j 12]) to elim inate  
p from the buoyancy term. Tliis approximation is accuniie as 
long as changes in actual density are small: specifically, the 
Boussinesq approximation Is valid when |.^*(T-T(il < <  1.

( 10)

he at trans fer en g in eer in g

p =  p „ ( l  -  ( 3 A 7  ) ( 12 )
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Table 1 Properties o f  siliconc o il. 7.5cSt

20

nfiurtr 2 M lkJcI doniuiii >chciiialic.

5 R t
p u k Cp d a / d J

im*/s) (W /m -K l «1/K) (J/kg-K) (N7m-K)

9.10 7.5e-6 0.125 1480 -5.8C-5

KESL LTS AND DlSCVSSlOy

Ttie geomelo wii!> chosen lo appruxinuile llial seen in Ar- 
lahosse el al. |7|. The model domain is shown in Figure 2. A 
bubble of radius 1.0 mm is placed al ihc cenler o f ihe ciKjrdi- 
nate plane. The vertical wall denoted "sym" signifies the axis of 
symmelrs'. Two horizontal walls arc separated by a distance H, 
which is equivalent to hve times the bubble radius. The upper 
wall is no slip, constant icnipcraturc:

V =  0. 7 =  /■(, (13)

and is maintained at (he temperature of 350 K for all simula
tions. The lower hori/ontal wall is also no slip and constaiil 
temperature:

' =  0. T =  71, ( M )

and the teniperature of this w all is maintained al the temperature 
of 3(H) K for all simulations. The vertical w all placed 20 bubble 
radii from the bubble has a no-slip, adiabatic condition.

? = 0, .(AV7') =  0 (15)

The bubble surface is comprised o f a slip condition, and an adi
abatic condition. The bubble is represented by a boundary upon 
which a Marangoni stress is directly applied. This equation (F^. 
11?]) relates the shear stress on the surface lo Ihc temperature 
derivative of surface tension.

H r  =  0, h (AV7' ) =  0

T = — vr
dT

(16)

( 17)

Solutions were carried out for gravitational acceleration levels 
of Og, O.Olji;, O.lu. 0.25,<;. 0.5,i;. ().75<;, and 1̂ ;. where rep- 
resenls ihe earth gravitational acceleration of 9.81 ms“ v Tliis 
corresponded to Rayleigh numbers of approximately 0. 1.6. 
15.6, 38.9, 77.8, 116.7. and 155.6. respectively. A temperature 
difference of 50 K was imposed on the system, which corre
sponded lo a Marangoni number of 915. The lest fluid was 
selected to have Ihc same properties as silicone oil o f kinematic 
viscosity 7.5 cSl. The relevant physical properties are given in 
Table 1.’

Effect o f  Gravity I jv e l  on Flow and Temperature

Figure 3. a to g. shows the lempcralure and veliK'ily lields 
for different gravity levels. The flow in each image consists of a 
major (anticlockwise) vortex, which rccirculalcs the colder fluid 
from the lower regions, pulling it toward the hot wall toward the 
triple contact point, stripping heat from the wall in Ihc proccss. 
Tliis redistribution of colder fluid causes the lenipeialute con
tours 10 compress toward the healed surface near the bubble. 
The fluid is accelerated as it is drawn toward the bubble, be
fore being pulled along the interface itself. The fluid continues 
lo moves toward the bubble centerline and ultimately leaves the 
bubble as a jet that decelerates w ilh increasing distance from the 
bubble. The liquid jet. in flow ing away from the bubble, causcs 
the temperature contours to project outward, transporting hot 
fluid into the cooler bulk, and toward the cold surface. This type 
o f flow pattern has been seen in various experiments (6. 7. 20. 
251. By applying Ihe same streamline range and grayscale lo 
each plot, it is evident that with increased gravitational accel
eration. and therefore increased buoyancy, the themiocapillary 
effect becomes increasingly confined lo a region closer lo the 
bubble. In particular, ihe jet-like How stemming from the bubble 
apox Incomes restricted by the buoyani forces opposing il. The 
mean diameter of the major vortex decreases with increasing 
gravity level, and secondary vortices develop that highlight the 
prcscncc of buoyant forces. These secondary vortices ha\c also 
been obscned by Arlabosse el al. (24j.

Figure 4a shows the interfacial velocity profile around the 
bubble for different gravity levels For clarity of explanation, 
some of the data has been omilled. Angles are computed from 
the heated wall lo the centreline of the bubble. From the figure 
it is evident that the gravily level has a notable influence on the 
velocity profile. The largest veliKilies are found for the Ojc; case. 
Up lo an angle o f approximately 7 . i.e., near the triple contact 
line, all curves lie on the same cunc. w ith slight deviation from 
this point until Ihe maximum velocity is reached. The location 
corresponding to maximum velocity for all test cases was found 
to be almost independeni o f gravity level. However, from this 
point on, the gravity level has a significanl impact on the velocity 
profiles. At lower gravily levels ( <0.5,i;) in ihe range 20 < 9 £ 
90 the interfacial veliKily pn)liles were found to have simi
lar slopes. Al Ihe higher gravily levels (>0..5j[;). the behavior 
changed In Ihe range 40 < 0 < 90 . Since the driving force for 
Marangoni convection must be the inlerfacial lemperature gra
dient. the temperature profiles along the bubble were analysed
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in an elTon U) undersland the phenomenon. As shown in Figure 
4b. the lemperalure prolilcs display characlerislics similar lo 
the vckK'ity proliles. Larger gravity levels deviate in the range 
40 < 0 5  90 . Greater gravity levels display a greater over
all interlacial temperature gradient, meaning that the increased 
buoyancy pushes colder fluid nearer the bubble and generates a 
larger driving force over a small portion of the interface.

Effect on Heat Transfer

In an elTort lo quantify the total amount of heal transfer within 
their system, Pelrovic el al. [19] tried lo analyze what was hap
pening on the heater surface during Itieir nucleate pool boiling 
experiments. Al any time, there may be any two bubbles in close

pmximily on ihe healer surface. Typically the bubbles will be 
of dilTerenl radius, ta c h  bubble will have its own radius of 
enhanced heal transfer causcd primarily by Marangoni convec
tion. This may depend on the bubble size and may therefore be 
different for each bubble. Depending on the distance between 
bubbles, there may also be natural convection. Petrovic et al. 
( 19| wanted to calculate the distance over which the bubble af
fected the w all heat transfer, and esiimaled a value of two bubble 
radii al the lime. While realizing the need for further study on 
the lopic. Petrovic el al. 119) allempted to perfonn an energy 
balance on the system using an approach pn>posed by Judd and 
Hwang [27J. This approach, shown in Eq. (18). divides the lolal 
rate of heat transfer into its constitutive parts— namely, natural 
convection and Marangoni convection. The primary unknown 
in this expression was the area all'ecte*! by ihe bubble. Ah i.
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This Study attem pts lo  q u a n tify  the a ffcctcd  area fo r heat transfer 

fo r an Isolated bubble on a heated surface, w h ich  can be equaled 
lo the i i h  bubble in Eq. (18).

(18)

Figure 5 depicts the concept o f a defined area o f heal trans
fer. For c larity  o f explanation, the image is displayed w ith  the 
bubble on the healed wall at the botioni as opposed to the con- 
liguralion under investigation in this j>iudy. A  lypicai hot w-all 
heal flux profile is. provided on the top right-hand side. The 
Marangoni effect w curs  over some range measured outward 
from the ccntcr o f the bubble. In the immediate v ic in ity  o f the 
bubble, the heal transfer increases dramatically, greaily exceed
ing that by conduction alone. A t some point thermocapillarity 
ceases lo have elTeci and conduction and/or natural convection 
are the sole modes o f heat transfer.

The reduction o f local heal transfer caused by increased grav
ity levels is besi visualized by plotting the heal transfer enhance
ment due to Marangoni convection. For this study, heat transfer 
due to thenmocapillary conveclion ib delined dilVerenlly from 
that o f Pctrovic ct al. [19] (Eq. IIHJ). This factor is expressed as 
the ratio o f heal transfer in ihe presence o f Marangoni c»»nvec- 
tion to that by pure molecular dilTusion. where

(19)

(h i In icrlATu l flu id  Icm pcnturcs 

F ig u re  4 In ifr fa c ia l v c liK ity  «a» and Icm pcraturc (b ) p m tilcs  fw  d i f fm ’ ni 
g ra \it>  levels.

Figure 6 illustrates the normalised heal flux profiles along the 
hot and cold walls caused by Marangoni convection fo r each o f 
the gravity levels simulaled. Simulations were performed over 
a s im ila r domain under zero-gravity conditions in the absence 
o f the bubble to predict the heat transfer due to pure molecular 
d iffusion and establish a “ baseline** to which subsequeni condi
tions can be compared. It was found that the heat flux along the

Ua average

tn7r77m77777/7U7?n77777777t77T777T77/77777777777777T77777T777

14 CMa'

F i|!u rv  5 M arangoni area o f  enhancerneni f( ir  the bubble a flixed  lo  a healed v^all.
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Figun.' 6 Surlacv hcul Hux ciihuiK'ciiK'ul.

c h a n n e l w a lls  w as co n s ia n l in  ihe  ab sen ce  o f  the  b u b b le , w h ich  
is  c o n s is te n t \s i lh  an a ly tic a l pa*d ic lions. F ig u re  6 a  show s the  
htU w all c n h a n c c m c n i fac to r fo r  in c rea s in g  g rav ity  levels . T h e  
m a x im u m  h ea l tiux  v a lu es  fo r  all p ro file s  <KCur in ihe  in terval 
1.3 <  r/Rb <  2 . A s cx p c c tc d , th e  m a x im u m  cn h a n c c m c n i fa c to r  
d c c rc a s c s  w ith  in c rea s in g  g rav ity  level, but o n ly  sligh tly , w ith  
a m a x im a  ran g e  o f  6 0 - 6 7 9 f . In te restin g ly , it is th e  ran g e  o f  e n 
h a n c e m e n t tha t sh o w s the  g re a te s t I 'esponse to  b u o y an t fo rces . 
It is c le a r  tha t w ith  la rg e r v a lu es  o f  g rav ita tio n a l ac ce le ra tio n , 
th e  a re a  o f  e n h a jic e n ie n t d e c re a se s . F o r the  co ld  w a ll sh o w n  
in F ig u re  6 b. the  ran g e  o f  en h a n c e m e n t rem a in s  a p p ro x im a te ly  
c o n s ia n l at fo u r  b u b b le  rad ii. H ow ever, ihe e n h a n c e m e n t fa c to r  
c h a n g c s  d ram a tica lly  b e tw e en  te s t ca ses . T h is  is co n s is te n t w iih  
F ig u re  3. a  to  g . p rev io u sly  sh o w n . T h e  je t- l ik e  flow  is in h ib ite d  
by b u o y an c y  fo rce s  ac tin g  u p w ard , p u sh in g  the  w a n n  fluid lo  
a  reg io n  c lo se r  to  th e  b u b b le . In  e ll'ect. th e  vortex  is  sq u eeze d

h eat tran sfe r engineering

F igure 7 Temperature contours for the /.eni yraviiy sim uljtion.

f rom  be lo w  T h u s , w ith  ine reasiiig  grav ity level the  w a n n e r  fluid 
d o es  n o l reac h  the c o ld  w all lo  p ro v id e  the  sam e  level o f  hea l 
tr a n s fe r  F o r the  la rg er g rav ity  levels , a lm o s t no  e n h a n c e m e n t is 
seen  at Ihe c o ld  w all.

S tran g e ly , u n d e r ze ro  g rav ity  co n d itio n s  Ihc en h a n c e m e n t 
fa c to r  can  b e  seen  to  b rie fly  fall b e lo w  the  va lue  fo r  pu re  c o n d u c 
tio n . T h is  p h en o m e n o n  m ay  p o ssib ly  b e  e x p la in ed  b y  a n a ly z in g  
th e  te m p e ra tu re  c o n to u rs  o v e r  the  w h o le  d o m a in , sh o w n  in F ig 
u re  7. T h e  reg io n  d ire c tly  Ix 'neath  Ihe je t  w ill h ave the  best heal 
tra n sfe r, as  the  fluid ve lo c ity  is re la tiv e ly  h igh . T h is  h ig h  hea l 
tra n sfe r  a re a  can  be c o l l a t e d  lo  the  sm all band  o f  low  te m p e ra 
tu re . a k ind  o f  ih e n iia l b oundary  layer, d e n o ted  6 1 . H ea t tra n sfe r 
o cc u rs  at the  lo w er w all: th e  llu id  lo ses hea t an d  is re c irc u la te d  
by  the m a in  vortex . T h is  resu lts  in a la rg e r th e rm al bou n d ary  
la y e r o v e r  an a rea  co rre s p o n d in g  lo  Ihe d ip  in e n h a n cem e n t seen  
in F igu re  6 b. ITiis " b u m p "  is d en o ted  6 2 . B ey o n d  th is  reg io n , the  
vo rtex  c e a se s  to  h ave  e ffec t on  the  lo w er w all hea t tra n sfe r  and  
the  b o u n d ary  la y e r  th ic k n e ss  fa lls  to  its p u re  co n d u c lio n  value , 
den o ted  by  6 1 .

A n  e n h a n c e m e n t ran g e  m ay be d e lin ed  in te n n s  o f  a  rad iu s  
m e asu red  o u tw ard  fro m  the  ce n te r  p o in t o f  the  bu b b le . T h e  
e n h a n c e m e n t c r ite r io n  is the  lo ca tio n  a t w h ich  the h ea l tra n sfe r  
du e  lo  M aran g o n i co n v e c tio n  fa lls  10 w ith in  5 ^  o f  the value d u e  
10 co n d u c tio n  on ly , o r  equ iva len tly .

^tfnhaiKemcm ~  "Tj”  ! { 2 0 1
11.115. v " ..

U sin g  E q . (2 0 ). it is p o ss ib le  to  d e te rm in e  the  ind iv id u a l e n 
h an c e m e n t rad ii and  c o ra 's p o n d in g  a rea  fo r each  le st e a se , at 
bo th  the  h o i an d  co ld  w alls. T lie  re su lts  fo r  en h a n c e m e n t rad iu s  
a re  p re se n te d  in  F ig u re  8 .

In a  p rev io u s  s tu d y  u n d e r z e ro -g ra v ity  co n d itio n s  w ith  in 
c re a s in g  M aran g o n i n u m b e r |2 fil . it w as  sh o w n  tha t the s ize  
o f  th e  p r im ary  vortex  w as in d e p en d en t o f  M a. bu t ra th e r  the  
in ten s ity  o f  the  vo rtex  in c reased  w ith  in c reas in g  M a. w h ich  in 
tu rn  in c reased  w all h ea t tr a n s fe r  F o r th is  s tudy  al Hxed M a. th e  
in flu en ce  o f  g rav ity  level on  the  p r im ary  vortex  is c l e a r  F ig 
u re  8 a sh o w s tha t in c rea s in g  g rav ity  levels  ca u se  a d e c re a se  in 
the  h o t su rface  rad iu s  o f  e n h a n cem e n t. A s  b uoyancy  in c rea se s , 
th e  s i ^  o f  the  p rim ary  vortex  d e c re a se s , b e in g  sq u eeze d  lo  a 
reg io n  c lo se r  lo  th e  bu b b le . T h e re fo re , the  red is tr ib u tio n  o f  th e  
c o ld e r  flu id  la k es  p la ce  o v e r a p ro g re ss iv e ly  s m a lle r  a re a  o f  
the  d o m a in , a n d  its  e ffec i upon  the  hot su rface  d im in ish es . F o r  
the  co ld  w all sh o w n  in F ig u re  8 b. m a x im u m  hea l tra n s fe r  is 
a c h iev ed  a t the  reg io n  ex p o sed  lo  the  je t- l ik e  flow, w ith  g re a te r  
flu id  veltK 'ilies fo u n d  here  than  fo r any  o th e r  liK 'alion on  the

vol. 30 no. 13 2009

228



Appendix C

s. M. O'SHAUGHNESSY AND A. J. ROB NSON 1105

8

6

4

0

0 o : 04 06 80

g * g

4

0

ihif'nM »al>

K lp u rr  S l-nhiincciT>cr» radiiis vs. g rav ity  level.

cold wall. In accordancc with previous images, the cold wall 
shows ihe greaiesl fcsponsc lo increasing gravity levels. Indeed, 
at gravity levels greater lhan U.Ol.u. there is no discemahle cold 
wall enhanccnvjnt radius as defined by Fq. (20). However, there 
remains a region where the loc-al heal Hux values exceed the 
pure conduction values, but not by a sufficient amount to meci 
ihe criteria for Rq. (20). hicreased buoyancy pushes the primary 
vortex closer to the bubble, and the jet is likewise inhibited. 
Therefore, the warm fluid docs not reach the cold wall, and this 
energy is distnbuted throughout the doniaui by the secondary 
vortical sinjcturcs. Sincc each gravity \cvc\ has its own nidius 
and corresponding area of enhancement, it is useful to define 
any improvement in heat transfer over a constant range. K>r this 
investigation, the test ca.sc with 7cro gravitational acceleration 
foniis the base case scenario. ’Hierefore. an elTective radius and 
efTcctivc area o f enhancement may be defined such that:

/^cIT.hw =  7 /^ /, .'^cir.hw =  -T ~  ^ h )

With these data, the total rale o f heal transfer enhancement 
through the efTective area o f enhancement is provided in 
Figure 9.

Figure 9a shows that for the /<;ro gravity case an increase in 
hot wall heat transfer o f I i s  achievable, which is significant. 
Under terrestrial conditions, an improvement of 5^  is predicted. 
At Marangoni numbers greater than 91.5. further improvements

hea t tra n s fe r eng ineering
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K ig i ir t ’ V T ii l i i l  ra U 'o l Ik' uI transfer cnha itcc inc iit >s. grav ity  k’vcl.

may be attainable. The rate o f heal transfer enhancement at the 
cold wall can be seen in Figure 9b. Note that ai F^nh gravity, 
there is no range of enhancement defined by (20). Figure 
9b describes the notable improvemeni in heat transfer at the 
cold ^^all by thermocapiIlar>' convection, with enhancement o f 
up to 70^ for the zero grav iiy case. However, cold wall heal 
transfer is affected dramatically by increasing gravity level, and 
for this configuration under terrestrial conditions, no cold wall 
heat transfer enhancement wa.s calculated.

C 0 \C U ’S /0 \S  AXO O VTW O K

The influence of the magnitude o f gravitational acceleraiion 
on the velocity profile along the bubble inierfiice and on the lo
cation o f maximum velocity w'as analyzed. It was found that the 
gravity level affected ihe velocity profile by nuxlifying the in
terfacial temperature gradient, but that the location o f maximum 
velocity was almost independent o f gravity level. The increase 
in heat I1ux on the wall to which the bubble is attached was 
computed. It w-as shown that heat flux due to thcrmocapillary' 
convection was significantly better than heat flux due solely to 
cdnductiim up lo a distance o f seven bubble radii for the /em 
gravity case, but increased gravity levels cause a reduction in 
the effeclive radius of enhancement. The increase in heat flux 
on the wall opposite to which the bubble is attached was also 
measured, with notable improvement in heat transfer up lo four 
bubble radii for the zero gravity case.
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Further sim ulations will be carried out at u greater range o f 
M arangoni num bers. The dom ain height, w hich was fixed al 5 
m m  for this study, can be altered. By keeping the tem perature 
differcncc across the dom ain constant and varying fluid v iscos
ity. it is possible to explore the effect o f the Prandtl num ber. 
The influence o f  bubble shape is also an im portant aspect that 
requires a detailed investigation.

SO M ESClJiTlRE

Ab area affecled by bubble (m"]
elTeetive area, cold wall |m ' |

Atll.h» elTeclive area, hoi wall |m ' |
A,.. area atTected by natural conveclion | n r l
A|(ii total area 1 m ’ ]
B buoyancy
C constant
t,p specific heat |J  k p “ ' K ']
F h buoyancy force | N |

g gravitational acceleration |n i s“ ' l
g* graviiy  level |m  s ‘ -)
H liquid layer height |m |
k thennal conductivily |W  m ' K ']
Ma M arangoni num ber
n unit norm al vector
Nb num ber o f  bubbles

P pressure | .N m - j
Pr Prandtl num ber

Qcund heat transfer due to conduction | W |
Q m. M arangoni heal transfer jW J

^■imd heal flux due to conduction |W  m ’ j
M arangoni heal flux jW  m " - |
heat flux due to natural convection (W m “ -
heat flux due to surface tension |W  m " ’ ]
total heal flux (W m “ ’ ]

r radial direction |m |
Ra R ayleigh num ber
Rc R eynolds num ber
Rh bubble radius [m]
Ri-n' effective radius, cold wall |m ]
Rcfl'hw effective radius, hot wall [m]
Rcnhjna'mont enhancem ent radius
R.VIa M arangoni radius |m |
t tim e jsj
T tem perature |K |
T , cold wall tem perature |K |
Th hot wall tem perature [K]
To reference tem peraiure [K]
T . w all tem perature |K ]
V velocity Im s ']
Vr radial velcKity [m s  ' J
V, axial velocity [m s* ' j
7 .ixial direction |m |

h e a t  tr a n s f e r  e n g in e e r in g

G reek Sym bols

a therm al diffusiviiy |m* s ']

P expansion coefficient (K ']
0 a/im u tha l direction |ra d |

dynam ic viscosity jkg m ' s “

P density |k g  m ” ’ l

Po reference density [kg m ~ 'l
ff surface tension |N  m " ' |
T shear stress fN n i” ’ ]
U kinem atic viscosity |m ‘ s ' |
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