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Abstract

The process of free rise, collision on and bounce from a solid horizontal
surface for a single isolated bubble is investigated by numerical simulations
based on the Volume of Fluid method (VOF). The volume fraction advection
equation is solved algebraically using the compressive scheme implemented in
the CFD open source library (OpenFOAM R©) using both axi-symmetrical and
three dimensional domains. The solution sensitivity to the mesh refinement
towards the solid boundary and the contact angle formulation (static and
dynamic) are assessed with two different fluid mixtures for a range of Bond
numbers [0.298− 1.48] and two different surface hydrophilicities. Numerical
results are assessed against published as well as new experiments to include
both axi-symmetrical and three dimensional rise trajectories. The investiga-
tion addresses the liquid microfilm formation and drainage considering both
flow and pressure fields and bubble dynamic characteristics over successive
rebounds. Results highlight the importance of resolving the liquid micro
layer at the interface between the gas and solid surface in particular in the
case of superhydrophobic surfaces. A coarse mesh is shown to precipitate the
liquid film drainage. This results in early formation of a triple phase contact
line (TPCL) which can occur as soon as the first rebound whereas physical
observations indicate that this typically happens much later at a stage when
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a significant part of the bubble kinetic energy has been dissipated following
several rebounds. As a result numerical predictions are shown to be much
more sensitive to the contact angle formulation than when a refined mesh al-
lows a more accurate representation of the film drainage. In this case, static
and dynamic contact angle models give broadly similar rebound character-
istics. Following validation, the numerical simulations are used to provide
some useful insight in the mechanisms driving the film drainage and the gas
liquid interface as it interacts with the solid surface.

Keywords:
Gas-Liquid Flow; VOF method, Bubble bouncing; static and dynamic
contact angle; mesh resolution; film drainage

1. Introduction1

The flow of dispersed gas bubbles in liquid can induce localized and large2

scale mixing. Both can be exploited in industrial processes ranging from ef-3

fective heat exchangers to bioreactor or filtration applications, just to name4

a few. The focus of the present study is on rising air bubbles colliding with5

a solid surface. Recent work has shown that the bubbles in such cases can6

induce very significant and sharp increases in convective cooling from the sur-7

face (Delauré et al., 2003; Donoghue et al., 2012). The two-fluid flow mech-8

anisms involved present specific challenges which continue to make accurate9

experimental and numerical analysis particularly complex. A number of ex-10

perimental and numerical investigations have been dedicated to the study of11

a single isolated bubble growing from a capillary or wall orifice (Di Bari and12

Robinson, 2013; Albadawi et al., 2012, 2013; Lesage et al., 2013) and rising13

freely in a bulk liquid [See Clift et al. (1978); Bhaga and Weber (1981) and14

most recently Legendre et al. (2012); Ohta and Sussman (2012); Chakraborty15

et al. (2013)]. Much fewer experimental studies have considered the bubble’s16

interaction with solid surfaces and, to the authors’ knowledge, no published17

research has attempted to assess the accuracy of Volume of Fluid (VOF)18

methods for modeling the bubble bouncing in three dimensions.19

The process of bubble impacting and bouncing on a horizontal plane fol-20

lowing a phase of free rise can be characterized by three main stages, (i) the21

bubble deformation prior to impact or following rebound, (ii) the film forma-22

tion and drainage in the intervening region between the bubble and the wall23

and (iii) the film rupture when the air in the bubble comes in direct contact24
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with the solid surface. The mechanism of the bubble bouncing has tended to25

be categorized and studied to reflect the very different length scales involved26

at each stage, i.e. whether the interest is in the millimeter sized bubble,27

the microfilm, or the interface contact line in the inner region within a few28

nanometers of the wall. Published studies have considered the geometrical29

characteristics of the bubble shape during the full bouncing process, the film30

formation and drainage, and finally the three phase contact line (TPCL) for-31

mation and surface de-wetting which takes place at the moment when the32

film thickness becomes smaller than a specific limit.33

In the first group, the bouncing process and the number of bouncing34

cycles have been analyzed based on the bubble initial kinetic energy before35

collision (Tsao and Koch, 1997; Zawala et al., 2007). The bubble behavior36

is typically described using geometrical characteristics such as the bubble37

center of gravity, aspect ratio, and coefficient of restitution (Legendre et al.,38

2005; Zenit and Legendre, 2009). Other experimental studies have focused39

on investigating the influence of the surfactant distribution in the bulk liquid40

(Malysa et al., 2005) and the surface material properties (Krasowska et al.,41

2009; Fujasova-Zednikova et al., 2010; Kosior et al., 2012). Studies in this42

group focus on the first stage of the collision when the bubble rebounds from43

the surface, and have not included studies of the film and TPCL formations.44

In the second group, research has concentrated on the flow field in the film45

region. Studies have, to a large extent, relied on the lubrication theory to46

model the liquid film trapped between the bubbles and surfaces. Klaseboer47

et al. (2001) and Hendrix et al. (2012) followed this approach to study the48

film thinning process. Of interest to the present article is their conclusion49

on the development of a high pressure region and its importance as the50

main driving force in the bubble rebound. Chan et al. (2011) presented a51

review of experimental approaches developed for the study of the spatio-52

temporal evolution of the drainage of films forming between drops and flat53

surfaces, drops and particles and between drops. Numerically, the potential54

flow theory has also been adapted by Klaseboer et al. (2012) to account55

partially for viscosity effects with a solution based on a Boundary Element56

Method. Comparison of the rebound amplitudes with experimental results,57

however, showed that the method failed to account fully for energy damping.58

At the last stage of bouncing when the film thickness decreases to the59

point where the drainage is controlled by intermolecular forces between the60

liquid/gas and solid molecules, the properties of the surface material influ-61

ence the interface and bubble dynamics with either a contact line formation62
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(for hydrophobic surfaces) or the stabilization of a permanent film between63

the bubble and the wall (for hydrophilic surfaces). Although the dynamic64

of wetting/de-wetting with the TPCL formation has been extensively stud-65

ied [see the reviews by (De Gennes, 1985; Shikhmurzaev, 1997; Bonn et al.,66

2009)], the details of displacement of one fluid by another on a solid surface67

is still not well understood. In general, two different approaches have been68

adopted; the hydrodynamic model (Cox, 1986), and the molecular kinetic69

model (Blake and Haynes, 1969). De-wetting due to a small air bubble rising70

in deionized water and hitting a horizontal wall has been studied experimen-71

tally by Phan et al. (2006) and Fetzer and Ralston (2009). Both studies72

have focused on the last stage of the bouncing starting from the moment73

when the TPCL forms and did not extent to other stages of bouncing. Apart74

from this, most research on TPCL formation have considered drop impact75

rather than bubble bounce and all have highlighted parametric sensitivity76

of both hydrodynamic and the molecular kinetic models which are all based77

on some level of empiricism. To the author’s knowledge, no published study78

have attempted to analyze and quantify this sensitivity when the hydrody-79

namic wetting dynamic model is coupled with a VOF model for the study of80

impacting and bouncing of air bubbles.81

However, there has been an increasing focus on the numerical models for82

the bubble surface interactions in an effort to characterize the bubble geo-83

metrical characteristics and surrounding flow field during the film formation.84

Canot et al. (2003) managed to couple a Boundary Element Method with a85

lubrication approximation. This coupling made it possible to model the full86

dynamics of the bubble bouncing but did not consider a three-dimensional87

(3D) case. Differences in the energy of surface deformation meant that no88

quantitative comparison with experimental data could be done. The analysis89

of the bubble-wall collision dynamics and the corresponding energy dissipa-90

tion have been studied by Omori et al. (2010) using a front tracking method91

(Muzaferija and Perić, 1997) for two-dimensional (2D) bubbles with two dif-92

ferent equivalent diameters (1, 2 mm). The model was shown to correctly93

capture the thin liquid film and the formation of a characteristic dimple be-94

fore rebound but no detail about the contact line model at rigid walls were95

provided. Sanada et al. (2005) solved the full Navier Stokes equations cou-96

pled with the Level Set method for the analysis of bubble bouncing against97

a free surface (air/water). Contrary to Tsao and Koch (1997), they found98

that when the bubble approaches the free surface, the pressure in the film99

does not increase strongly leading the author to suggest that the bouncing100
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process is not entirely controlled by flow properties in the liquid film. Most101

recently, Qin et al. (2013) used an arbitrary-Lagrangian-Eulerian approach102

for the study of bubble-wall interaction at high Morton numbers. The flow103

field in the liquid domain was solved in this case using a Finite Element104

formulation while the flow in the gas domain was neglected. The bubble in-105

terface tracking relied on a moving mesh and the film drainage was simulated106

using an adaptive mesh to keep at least three cells in the region between the107

bubble surface and the wall. This meant that the film rupture could not be108

modeled so that simulation were stopped whenever the film thickness reaches109

a value 1/100 of the bubble radius.110

In spite of extensive numerical modeling work on dispersed gas bubble111

flows and on the dynamics of drops impinging upon solid surfaces [see for112

example Sikalo et al. (2005); Dupont and Legendre (2010)], there is still a113

distinct lack of understanding on the suitability of the commonly used VOF114

interface capturing method and some of the main contact line models to cor-115

rectly capture the mechanisms of air bubble impacting on and bouncing from116

a surface. Its ability to model the correct spatio-temporal characteristics of117

the liquid film formation and drainage including pressure distribution and118

its effect on the bubble dynamics still needs to be studied. This is the focus119

of the present study. The 3D mechanisms of bubble bouncing (approach,120

collision, film formation, and contact line formation) on a horizontal surface121

is analyzed in the present study by solving the full Navier Stokes equations122

coupled with the compressive VOF method implemented in the open source123

solver library (OpenFOAM-2.1). The analysis aims to clarify the impor-124

tance of the mesh resolution and its suitability to the contact line model by125

comparing modeled bubble and film characteristics with new and published126

experimental results. The analysis includes quantitative descriptions of (i)127

the film formation and variations in the film thickness (ii) the pressure dis-128

tribution and flow velocity field in the film region to explain the damping129

reasons during the bouncing (iii) the influence of the contact line models on130

the bubble dynamics at the last stages of the bouncing process.131

2. Mathematical formulation132

2.1. Governing equations and computational method133

The mass and momentum equations solved for this isothermal, incom-134

pressible and immiscible two phase flows have the following conservative135

form:136
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∇ ·V = 0 (1)

∂(ρV)

∂t
+∇ · (ρVV) = −∇P +∇ · τ + ρg + Fσ (2)

where ρ and µ are the fluid density and viscosity, g the gravitational137

acceleration, V the fluid velocity vector, τ the viscous stress tensor defined138

as τ = 2µS = µ(
[
(∇V) + (∇V)T

]
), P the static pressure, and Fσ the vol-139

umetric surface tension force. The Volume of Fluid method implemented in140

the OpenFOAM-2.1 is used for capturing the interface. The fluid domain is141

modeled as a single mixture but a scalar function α is used to distinguish142

between the two fluids. α is defined as the volume fraction of liquid in each143

cell. It has a value of 0 in the gas phase and the value 1 in the liquid phase144

while the interface is defined as an α iso-contour in the range (0 < α < 1).145

Because of the algebraic interface scheme, the interface is typically spread146

over 3 cells and generally not more than 5 cells. The physical properties of147

the mixture are also defined in terms of the volume fraction α as:148

ρ = ρlα + ρg(1− α) (3)

µ = µlα + µg(1− α) (4)

where the subscripts l and g stand for liquid and gas, respectively.149

The modified pressure Prgh = P − ρg · x, where x is the position vector,150

is used for the solution of the governing equations to avoid a steep change151

in the pressure across the bubble interface which would otherwise exist due152

to the large density difference. A cell centered finite volume formulation153

is used for the discretization with an implicit first order Euler scheme and154

second order schemes for the time and space discretization, respectively. The155

volumetric surface tension force is estimated in terms of the gradient of the156

volume fraction following the continuum surface force model (CSF) proposed157

by Brackbill et al. (1992) as:158

F σ = σκ(α)∇α (5)

where σ is the surface tension coefficient and κ is the interface curvature159

which is calculated as:160

κ = −∇ · n̂c (6)
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where n̂c is the unit interface normal calculated using the phase fraction161

field:162

n̂c =
(∇α)

|(∇α)|
(7)

In the VOF method, the interface is tracked by solving the continuity163

equation for the volume fraction which is defined as:164

∂α

∂t
+ ∇·(Vα) + ∇·(Vcαβ) = 0 (8)

where β = 1−α. The compressive velocity (Vc) is added to counter diffusion
of α at the interface. It is defined in OpenFOAM as a function of the flow
velocity magnitude and to point in direction perpendicular to the interface
with:

Vc = min(cα|V|, max(|V|)) ∇α

|∇α|
(9)

A coefficient cα greater than 1 can be used to increase compression of the165

interface in which case the limiter (max |V|) defined as the largest value of166

|V| over the full domain ensures that the global maximum velocity is not167

exceeded. In this study, cα = 1 has been used so that Eq. 9 is equivalent to168

VC = |V|(∇α/|∇α|). The interface compression is achieved by the scalar169

multiplier αβ = α(1− α) which has a maximum of 0.25 at the interface and170

tends to zero when α tends to 0 or 1, i.e. in the gas or liquid phase (Weller,171

2008). The divergence in the compressive velocity in Eq. 8 is discretized172

using the second order van Leer scheme (van Leer, 1979), while the last term173

is discretized using the interface compression scheme proposed by Rusche174

(2002). The Pressure Implicit with Splitting of Operators (PISO) algorithm175

(Issa, 1986) was used for the pressure-velocity coupling (For more details on176

these schemes see (OpenFOAM-2.1, 2013; Berberović et al., 2009; Albadawi177

et al., 2013)).178

2.2. Contact angle boundary condition179

The contact line region is decomposed into two main parts; the outer180

macroscopic region where inertia forces cannot be neglected and the inner181

region where inertia has little influence (Bonn et al., 2009). The details of182

the flow in the inner region can be simulated using a slip length of molecular183

scale. Computational restrictions, however, means that in most practical184

problems the very small scales involved cannot be resolved and molecular185
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forces are typically represented by a local force parallel to the wall. Surface186

tension is still evaluated from the CSF model but the interface normal used187

to evaluate the curvature is defined by Eq. 10 instead of Eq. 7.188

n̂ = n̂w cos θi + t̂w sin θi (10)

where n̂w is the unit normal to the wall and t̂w is the unit vector located189

at the wall and normal to the contact line formed between the gas/liquid190

interface and the wall. This contact angle formulation is commonly used191

(see for example Sikalo et al. (2005)) and is adopted in the present study.192

The imposed contact angle controls the interface slope in the matching193

area between the inner and the outer regions. By imposing a specific bound-194

ary contact angle, the interface curvature is changed and the surface tension195

force must adapt. In a static case the solution converges to an equilibrium196

state and the angle formed by the interface at the solid wall converges to the197

equilibrium contact angle (θe). Two different contact angle definitions may198

be used; (i) the static (θi = θs) and (ii) dynamic contact angles (θi = θd).199

In the static contact angle formulation, θs is generally chosen to be equal to200

the equilibrium angle. In the dynamic case, an additional empirical model is201

used to determine the contact angle dependence on other flow conditions and202

fluid physical properties (e.g. fluid-fluid surface tension and fluids viscosity)203

and the surface material properties (friction coefficient, advancing/receding204

contact angle). It is important to highlight here that the contact angle θi205

is not necessarily the apparent contact angle θapp observed experimentally206

which varies based on the resolution of the measurements method.207

Various contact line models have been derived from either macroscopic208

models (Hydrodynamic theory) or microscopic models (Molecular Kinetics209

theory). Some models require that certain parameters be determined from210

experimental data fitting. A short review of the most commonly used models211

for calculating the dynamic contact angle is available in Saha and Mitra212

(2009). In the present study, the model developed by Kistler (1993) is used213

with the contact angle determined by Eq.11214

θi = θd = fH(Caslip + f−1
H (θe)) (11)

fH [x] = arccos

{
1− 2 tanh

[
5.16

(
x

1 + 1.31x0.99

)0.706
]}

(12)
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where f−1
H (θe) is the inverse of the ”Hoffman’s” empirical function and215

Caslip is the capillary number calculated using the interface slip velocity216

at the solid boundary. This model has previously been coupled with the217

VOF method (Sikalo et al., 2005; Roisman et al., 2008) or the front tracking218

method (Muradoglu and Tasoglu, 2010) for the study of the drop impact on219

partially wetting surface and results were shown to improve the correctness of220

the simulation of the drop recoil when compared to the static contact angle.221

The methods which track implicitly the interface at solid boundaries222

where a no slip condition is imposed require that a suitable slip law be223

used to allow contact line motion (Fukai et al., 1993) in spite of the velocity224

boundary condition. In a Finite Volume VOF method, the non zero velocity225

at the cell face centers used to advect the volume fraction is implicitly used226

to move the interface. The slip velocity in this case is mesh dependent and227

a function of the face center to wall distance. The slip velocity can also be228

calculated explicitly from a slip length rather than the mesh size using the229

Navier slip law,230

uslip = λγ̇ (13)

where λ is the slip length, γ̇ is the shear rate at the interface, and uslip is231

the slip velocity at the interface. All results presented in this study are based232

on the static contact model except for section 4.5 which considers the effect233

of dynamic model based on Eqs. 11 and 12 with slip velocity taken either as234

the wall adjacent velocity or the slip velocity as defined by Eq. 13.235

3. Problem description236

3.1. Numerical domain and grid237

The present study considers single gas bubbles rising freely in a quiescent238

liquid column before impacting and bouncing on a horizontal solid surface.239

The bubble is initially positioned at a distance 1.5Deq from the bottom wall240

of the numerical domain where Deq is the bubble equivalent diameter. The241

physical properties of the bulk liquid, gas phase, surface property through242

the equilibrium contact angle and the bubble characteristics are shown in243

Table 1. Two different bulk fluids are used in the present work; water and244

water-glycerol solution (Fluid A). The acceleration in the gravitational di-245

rection is g = 9.81 m/s2. Different fluid and flow conditions are considered246

for comparison against experimental data from a range of published and247
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new studies. The problem is studied using a wedge-like axi-symmetrical do-248

main as sketched in Fig. 1 when appropriate and a 3D model in cases where249

the bubble trajectory is found to deviate from the vertical direction at any250

stage of the rise or bounce . The validation cases selected involve Reynolds251

(Re = ρlDeqV∞/µl), Weber (ρlDeqV
2
∞/σ), and Capillary (Ca = V∞µl/σ)252

numbers in the range (202− 830.5), (2.13− 3.69) and (0.004-0.0156), respec-253

tively. As confirmed by the bubble shape regime map produced by Bhaga and254

Weber (1981), the terminal bubble shape before impact is oblate ellipsoidal255

in all cases. The solid surfaces used are all hydrophilic satisfying equilibrium256

contact angles measured on the side of liquid phase always lower than 90◦.257
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Figure 1: Schematic diagram of the numerical domain and the boundary
conditions for axi-symmetrical simulations.

The width of the numerical domain is defined in terms of the bubble258

equivalent diameter according to W = 8Deq to avoid any confinement effects259

(Mukundakrishnan et al., 2007). This criteria is broadly in line with other260

free rise studies as summarized in Table 2. A height of 30 mm was used in261

most models. This ensures that the bubble reaches its terminal shape and262

velocity before collision but also corresponds to the height adopted in the263

experimental work of Zenit and Legendre (2009) and Kosior et al. (2012).264

For benchmarking purposes, the height was reduced to 10 mm in the 3D265

simulations to keep the computational time within a practical limit.266

The domain is meshed using orthogonal and uniform cells of constant size267

∆x. In the axi-symmetrical domain, ∆x is the radial width and height of the268

square cell section. In the 3D domain the cell depth is also uniform and equal269

10



  

to ∆x. Results from a mesh convergence analysis of the bubble terminal270

velocity and shape (Aspect ratio) are reported in Table 3 for Deq = 1.48271

mm and the air/water mixture, and Table 4 for Deq = 2.62 mm and the272

air/fluid A mixture. The discretization error between successively refined273

grids is calculated with reference to the finer mesh. For a quantity φ, this274

discretization error between grids ∆x and ∆x/2 is defined by Eφ = 100 ×275

(φ∆x − φ∆x/2)/φ∆x. The mesh size to time step ratio was fixed to ∆x/∆t =276

0.1. This condition gave bubble terminal characteristics similar to those277

achieved with an adaptive time step based on a Courant number (Co=0.25).278

In all cases, reductions in the discretization error of 2% or less were achieved279

by refining the mesh from 25 − 30 to 52 − 59 cells per bubble diameter. A280

discretization of between 25 to 30 cells per bubble diameter is used thereafter.281

3.2. Boundary Conditions and Boundary Mesh Treatment282

The boundary conditions are sketched in Fig. 1 using the axi-symmetrical283

case for illustration. At the lower and side walls, a no slip boundary con-284

dition is applied. In few of the test cases, gas is injected into the domain285

through an injection orifice (not shown) centered on the lower wall. An out-286

flow boundary is then required and is located over part of the upper wall. It287

is modeled as a uniform pressure condition. At the upper wall, the contact288

angle boundary condition is applied. It becomes effective as a portion of289

the bubble’s interface enters the wall adjacent cell and can force the TPCL290

to form sooner than physically justified. Liquid films of few micrometers291

thickness can form and persist over significant time intervals as the bubble292

bounces. In the cases studied here, the film maximum thickness is shown293

to vary from the order of few tenth of micro meters down to 4 µm while294

lower maximum thicknesses have also been reported (2.7 µm for a 0.14 mm295

diameter air bubble in water (Krasowska et al., 2003), ∼ 2.5 µm for a 0.77296

mm diameter air bubble in water (Hendrix et al., 2012)). The implication297

for mesh requirements is obvious. Therefore, even though an orthogonal and298

uniform mesh is used everywhere else in the computational domain, the effect299

of mesh refinement at solid surfaces is also studied. Two different meshes300

will be considered (i) the Regular mesh made of uniform quadrilateral cells301

without refinement and (ii) the Refined mesh where the wall adjacent cells302

are subdivided into 10 cells in the direction perpendicular to the wall with303

a min/max cell thickness ratio of 0.1 as illustrated in Fig. 2. This produces304

a wall adjacent cell with minimum thickness ∆xb = 1.2µm and an average305

growth ratio between successive refined cells of 1.29.306
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Figure 2: A schematic diagram of the mesh subdivision in the Refined case
at the upper wall boundary.

3.3. Experimental setup307

Part of the numerical validation involves comparison against experimental308

measurements following a similar procedure to that described by Donoghue309

et al. (2014). The experimental apparatus used for this purpose consists310

of a tank of 110 × 95 × 195 mm3 constructed from 3 mm thick glass with311

a horizontally mounted test surface placed at the top and is illustrated in312

Fig. 3. The tank contains an adjustable bubble injection orifice. The impact313

structure sits atop the tank, with the foil being submerged 3 mm below the314

surface of the water. The impact surface consists of a 10 µm thick, 70 × 81.5315

mm2 Constantan R© foil (Cu55/Ni45) manufactured by Goodfellow. This foil316

is bonded between two copper bus bars measuring 10 × 10 × 84 mm3,317

which are used to tension the foil. A metal foil was chosen for its wettability318

characteristics with water as well as for secondary non-adiabatic studies,319

which are the focus of a separate study conducted in parallel.320

In order to control the size of bubble’s generated, two orifice inserts were321

manufactured from stainless steel, with internal diameters of 0.5 and 1 mm.322

These inserts screw into the adjustable injection surface, until level with323

that surface. From the base of the inserts a silicone tube, with an internal324

diameter of 0.8 mm, connects the orifice to a gas tight syringe. A Hamilton325

(GASTIGHT 1002 series) 2.5 ml syringe was utilised. The gas flow rate was326

controlled by a medical grade infusion pump manufactured by kdScientific327

(KDS 200 cz), which allows the selection of the specific model of syringe328

employed. From tables programmed into the pump, the infusion pump is329
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capable of supplying the pre-set gas flow rate up to a maximum of 300 ml/hr.330

The total length of tubing used is 400 mm. In order to mitigate the effects of331

a height differential, the infusion pump was placed at the same vertical height332

as the injection orifice. Once the pump is activated, at a specified injection333

rate, a stepper motor rotates a threaded bar which moves a ram to compress334

the plunger of the syringe. Once a single bubble is injected, the pump is335

stopped. The bubble injection system is mounted on a movable platform,336

which allows the injection point to be adjusted to varying distances from the337

test surface. The tank is filled with distilled water which is maintained at a338

temperature of 22± 0.5◦C.339

Two NAC Hi-Dcam II high speed digital video cameras and pci boards340

are used to record the bubble motion. The cameras are both controlled by a341

dedicated computer using the Lynk-sis camera software. Both cameras can342

be synchronized by means of a signal cable from the master camera to the343

slave pci board; this ensures that both cameras start recording simultane-344

ously. Each camera is capable of frame rates up to a maximum of 20000 fps,345

depending on the resolution. The maximum frame rate at full resolution is346

250 fps. For these experiments, the cameras recorded at 1000 fps with an347

exposure time of 0.0005 s, this corresponds to a resolution of 1280× 512 pix-348

els. This set-up ensures sharp, crisp images, along with adequate temporal349

detail. Both cameras are mounted to an aluminium structure, perpendicular350

to one other. The cameras are fitted with two identical Nikon 50 mm f/1.4351

AF NIKKOR lenses, attached to 12 mm extension tubes. These lenses were352

chosen as they offer very low image distortion, i.e. image barrelling. Even353

with the attachment of the extension tubes, which increases magnification,354

very little distortion was observed; this was verified by means of a reference355

grid. The lens aperture was set to f/5.6; this ensured sufficient depth of focus356

for the current set-up.357

Illumination of the test area is provided by 3× 3 Light Emitting Diode’s358

(LED), per camera. In order to diffuse the light, high quality tracing paper is359

placed between the LED’s and the side face of the tank. The diffusers ensure360

even light distribution, giving the bubble a dark outline, while providing an361

almost white background. The LED’s are CREE X-Lamp, with each LED362

having a luminous flux of approximately 260 lm, while drawing almost 3 W363

of power each. The color of the LED’s is “neutral white”, which is best364

suited for the present study. The LED’s were over-driven, to provide an365

approximate luminous flux of 380 lm, with each set consuming 28.8 W.366
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4. Results and discussion367

4.1. Free bubble rise368

The geometrical properties, terminal shapes, path trajectories, and wakes369

generated by gas bubbles in free rise in liquids covering a wide range of Mor-370

ton numbers for both pure and contaminated systems has already been ex-371

tensively studied experimentally (Bhaga and Weber, 1981; Fan and Tsuchiya,372

1990; Saffman, 1956; Clift et al., 1978) and numerically with a range of two373

fluid flow methods [Front tracking Hua and Lou (2007); Lattice Boltzmann374

(Amaya-Bower and Lee, 2010); VOF (Annaland et al., 2005); Level Set (Suss-375

man et al., 1998); sharp interface (Ohta and Sussman, 2012)]. Accurate free376

rise modeling is not the main focus of the present work, but is essential to377

achieve the correct pre-impact conditions and to allow comparison against378

benchmark data.379

This initial free rise validation focuses on the bubble terminal velocity380

(V∞) and aspect ratio (AR). Predictions for bubble rise in a clean water (no381

surfactant contamination) are compared in Fig. 4 against experimental data382

from a number of published studies. Furthermore, the bubble terminal aspect383

ratio is compared against the empirical correlation (AR = 1/(1−(9/64)We))384

proposed by Legendre et al. (2012) for water systems with aspect ratios less385

than three. The present numerical results involve the two bulk liquids (water386

and fluid A) and the four bubble diameters ranging from 1 mm to 2.62 mm387

listed in Table 1. The experimental data of Fujasova-Zednikova et al. (2010)388

shows a scattering around the curve produced by Moore’s correlation. This389

was attributed by the author to differences in the bulk liquid temperature390

between experiments. The experimental data of Duineveld (1995) compares391

well with the Moore curve at small bubble equivalent diameters. However,392

a small difference is noticed for larger equivalent diameters. The numerical393

results compare well with Moore’s correlation (Moore, 1965) and are within394

a reasonable uncertainty range of other experimental data (particularly given395

the relatively large variability between data at similar flow conditions).396

Errors in the bubble terminal velocity (EV∞ = 100 ∗ [(Vexp−Vnum)/Vexp])397

and aspect ratio (EAR = 100∗ [(ARexp−ARnum)/ARexp]) are calculated with398

respect to selected experimental data and shown in Table 5. For a bub-399

ble diameter of 1.48 mm, the numerical simulations provide bubble terminal400

velocities with relative errors of 6.94% and 2.72% compared to results pro-401

vided by Kosior et al. (2012) and the Moore correlation. Similar error levels402

are found for bubble diameter 2.62 mm and the air/fluid A mixture. The403
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Figure 3: Schematic representation of experimental setup.
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Figure 4: A comparison of the bubble terminal velocity from different exper-
imental, empirical, and numerical data.
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terminal velocity obtained experimentally by Duineveld (1995) is noticed to404

be larger than those predicted numerically and obtained by the Moore cor-405

relation with approximate errors 8% and 3% respectively. The numerical406

simulations appear to over-predict the terminal velocity for bubble diame-407

ter 1.58 mm by comparison to data from Tsao and Koch (1997). In this408

case, however, the influence of impurities in the liquid used in the experi-409

ments can explain the lower bubble terminal velocity. The accumulation of410

contaminants at the bubble surface can reduce the interface mobility and411

increase drag (Malysa et al., 2005). The numerical predictions of the bubble412

aspect ratio are shown to produce larger relative errors ranging from 15%413

to 7.8% when compared with experimental data although this is reduced to414

EARemp = 2% when compared with the empirical values ARemp calculated415

from the correlation proposed by Legendre et al. (2012) with EARemp is cal-416

culated as (EARemp = 100 ∗ [(AR− ARemp)/AR]).417

For Deq = 1.48 mm and air/water mixture, the bubble has also been418

tested in 3D primarily to test the validity of the axi-symmetrical assumption.419

Results produced relative differences in the bubble terminal velocity and as-420

pect ratio equal to 0.1% and 2%, respectively. The model also confirmed the421

predominantly rectilinear characteristic of the rise trajectory (with a devia-422

tion from the centerline lower than 0.02 mm). For the air/fluid A mixture423

and Deq = 2.62 mm, similar conclusions were obtained by Zenit and Legendre424

(2009).425

4.2. Mechanism of bubble bouncing426

A brief description of the bubble impact and bounce is given here before427

assessing the solution accuracy. A sequence of the bubble interface defined428

as the iso-contour plot of α = 0.5 is given in Fig. 5 to illustrate a typical429

interaction sequence between the bubble and the solid surface during the430

first bounce cycle. These results were obtained with a Refined mesh for the431

air/water mixture with Deq = 1.48 mm. At the initial stage (Frames 1-3), the432

bubble approaches the wall with its terminal velocity and shape and is still433

unaffected by the upper boundary. At a distance 1.5Deq (Frame 4), the bub-434

ble begins to decelerate before flattening rapidly under the combined effect of435

buoyancy and increasing forward pressure (Frame 5-6). As the bubble con-436

tinues to approach the wall (Frame 7-8), a thin liquid film forms between the437

bubble and the wall. The bubble velocity continues to decrease rapidly down438

to zero at which point the bubble has reached its maximum deformation.439

The bubble kinetic energy has then been transfered to surface deformation440
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energy. Under current conditions, no direct contact forms between the air441

inside the bubble and the solid surface so that the liquid film does not break442

and no triple contact line exists. The restitution process begins when the443

bubble starts to rebound creating a cusped tail shape (Frame 9). This tail444

forms as the liquid film expands and eventually disappears as the bubble445

moves away from the wall (Frame 10-13). The filling in of the liquid film in-446

creases rapidly generating pressure fluctuations which manifests themselves447

as large oscillations in the bubble interface. The bubble recovers its spherical448

shape as its velocity decreases back to zero once again (Frame 14-17). At this449

stage, the bubble resumes its upward motion starting the second bouncing450

cycle. The number of rebounds varies with the fluid and flow properties but451

also the solid surface properties which will dictate whether a TPCL forms452

or whether a liquid film stabilizes. Qualitatively similar behaviors have been453

observed experimentally with air/water mixtures (Tsao and Koch, 1997) and454

heavier liquids (Legendre et al., 2005; Zenit and Legendre, 2009).455

4.3. Numerical Model Validation456

The main purpose of this validation is to determine the importance of457

correctly resolving the liquid film and modeling its influence on the bubble458

dynamics. Two main test cases are considered to account for the effect459

of hydrophilic surfaces of varying strength. Flow conditions in these cases460

justify the use of an axi-symmetrical model and one additional test is included461

to consider full 3D conditions.462

4.3.1. Influence of Mesh Refinement463

The influence of the mesh resolution in the region immediately adjacent to464

the upper wall is assessed against experimental data from Zenit and Legendre465

(2009) and Kosior et al. (2012). The two cases are characterized by:466

• Case I; (Zenit and Legendre, 2009): Mixture of air and Fluid A with467

a bubble of diameter Deq = 2.62 mm and an equilibirum contact angle468

θe = 30◦.469

• Case II; (Kosior et al., 2012): Mixture of air and water with a bubble470

of diameter Deq = 1.48 mm and an equilibirum contact angle θe = 0◦.471

Although the two test cases relate to different fluid properties and bubble472

diameters, the parameter of primary interest in the present analysis is the473

equilibrium contact angle. It is important to note that this is not intended as474
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1 2 3 4 5 

6 7 8 9 10 

11 12 13 14 15 

16 17 18 19 20 

21 22 23 24 25 

Figure 5: Bubble interface shown as iso-contour of α = 0.5 during the first
bouncing cycle. The sequence starts at top left (Frame 1) and progress to
the bottom right (Frame 25) at intervals of 0.002 s. The computations were
for the air/water mixture with Deq = 1.48mm and the Refined mesh.
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comparative study but as an assessment of the impact of the mesh resolution475

under fundamentally different surface conditions. With a surface equilibrium476

contact angle θe = 0◦ the surface is highly hydrophilic and a liquid layer is477

in contact with the surface at all stages of the bounce cycle. With θe = 30◦478

the TPCL is known to form under certain conditions. This initial analysis479

considers both the Refined and Regular meshes using the static contact angle480

boundary condition.481

For Case I, results are presented in terms of the bubble center of gravity482

(CGy), velocity (Vb), and aspect ratio (AR) as shown in Figs. 6, 7 and 8 and483

only include the first bounce cycle for consistency with the benchmark data.484

Both meshes provide numerical results which are similar to the experimen-485

tal data up to the impact and slightly beyond. The amplitude of rebound486

however is larger with the Refined mesh and closer to the experimental val-487

ues. With the Regular mesh the liquid film is found to drain entirely much488

sooner than with the Refined mesh. The formation of the TPCL can have a489

non negligible effect on the dynamics of the bubble. As the film breaks, the490

bubble can appear to stick to the surface. Although this is physically con-491

sistent with a hydrophilic surface, the contact angle boundary condition can492

artificially increase the effect. The boundary condition is imposed as soon as493

the interface enters the wall adjacent cells even if its size is much larger than494

the active range of Van der Waals forces. A coarse mesh can therefore be495

expected to induce an earlier TPCL formation and to effectively attract the496

bubble towards the surface. The bubble velocity and aspect ratio show lower497

sensitivity to the mesh although some improvements in prediction with the498

Refined case are still noticeable.499

With Case II, the liquid film should stabilize precluding any TPCL for-500

mation. The bubble velocity is shown in Fig. 9 over several bounce cycles501

in this case. The time (t = 0) is the moment when the bubble is at its502

maximum deformation close to the wall. This corresponds to the time when503

the bubble velocity changes its sign. Both mesh cases give results that are in504

broad agreement with the experimental data, but small although non negli-505

gible differences in the maximum velocity during the first bouncing cycle are506

also shown. The difference however is consistent with the difference in the507

bubble terminal velocity before impact against the wall. Both the bubble508

velocity plots and contour visualizations (not shown hear) confirm that the509

bubble eventually stops bouncing. Results also confirm that a thin liquid510

film is always present with the Refined mesh but not with the Regular mesh.511

The TPCL formation is shown to have an effect on the velocity but the small512
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Figure 6: Bubble center of gravity for Case I: Deq = 2.62 mm and the
air/Fluid A mixture. Computational results with Refined and Regular mesh.
Experimental results from Zenit and Legendre (2009)
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Figure 7: Bubble Vertical velocity for Case I: Deq = 2.62 mm and the
air/Fluid A mixture. Computational results with Refined and Regular mesh.
Experimental results from Zenit and Legendre (2009)
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Figure 8: Bubble aspect ratio for for Case I: Deq = 2.62 mm and the air/Fluid
A mixture. Computational results with Refined and Regular mesh. Experi-
mental results from Zenit and Legendre (2009)

changes involved make it difficult to draw definite conclusions in this case.513

Similar arguments can be made with respect to the bubble aspect ratio plots514

shown in Fig. 10. These show the same small and rapid oscillations as ob-515

served experimentally following the first rebound as the bubble returns to516

its initial spherical shape. The three main troughs and peaks correspond-517

ing to bubble flattening at impact and bubble stretching during rebound518

are predicted by both meshes with similar magnitude. In this case however,519

the peaks from the Refined mesh appear to be more notably in phase with520

experimental data.521

Two main conclusions can be drawn from the study of the two cases above.522

Firstly, the contact angle formulation is likely to have a limited impact on523

the results once the liquid film is correctly resolved. Secondly, a coarse mesh524

is likely to induce significant errors with larger contact angles which tend to525

promote early TPCL formation and dampen quickly the bouncing process.526

More generally, correctly capturing the liquid film is essential for accurate527

prediction of the bubble bounce in particular when dealing with hydrophobic528

surfaces.529

4.3.2. Bouncing dynamics in 3D flow530

The 3D test case involves a single isolated air bubble in water generated531

from a wall orifice at the bottom surface of the domain and modeled with the532
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Figure 9: Bubble velocity for Case II: Deq = 1.48 mm and the air/water mix-
ture. Computational results with Refined and Regular mesh. Experimental
results from Kosior et al. (2012)
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Figure 10: Bubble aspect ratio for Case II: Deq = 1.48 mm and the air/water
mixture. Computational results with Refined and Regular mesh. Experi-
mental results from Kosior et al. (2012)
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”Refined” mesh. The same bubble growth, detachment and rise conditions533

as those in previous publications (Albadawi et al., 2012, 2013) are considered534

here. Two bubble diameters Deq = 2.62, 3.3 mm corresponding to wall orifices535

diameters 0.5, 1 mm are included. Based on Clift et al. (1978) and Fan and536

Tsuchiya (1990), both bubbles should assume a slightly zig-zaging trajectory537

shortly after detachment, but the domain height is kept relatively small at538

10 mm to limit the 3D effect. The bubble at this height does not reach its539

terminal velocity. The advancing contact angles on the upper surface was540

measured experimentally to be 24◦. This was achieved by studying the profile541

of an equilibrium droplet on the Constantan surface. The measured angle542

of 24◦ is used in the numerical model to determine the static contact angle543

with Eq. 10.544

The numerical prediction of the 3.3 mm bubble trajectory is plotted in545

Fig. 11. Although the bubble rise is predominantly rectilinear, it does move546

freely in all directions after impact and, after the first two bounces, oscillates547

consistently towards the right hand side boundary. This motion is believed548

to be influenced by the wake generated behind the bubble during its rise549

(Donoghue et al., 2012). A sequence of snapshots of the bubble interface550

viewed from a vertical plane is given in Fig. 12 for the first bounce cycle.551

Before reaching the upper surface, the bubble is shown to have an ellipsoidal552

shape with a plane symmetry (at t = −0.006 s). After that point, it deforms553

rapidly due to the collision with maximum deformation at the time (t = 0554

s). When the bubble rebounds, it takes a seemingly random shape.555

The bubble center of gravity and velocity are compared against experi-556

mental data in Fig. 14 and Fig. 15, respectively. The time t = −0.05 s in557

Fig. 15 corresponds to the moment when the bubble starts pinching off the558

injection orifice. After detachment, the bubble rises freely and its velocity559

increases quickly. The numerical predictions in Fig. 14 are shown to be gen-560

erally very close to the measured data for the full process apart from the561

first rebound which shows a significant overshoot in the maximum rebound562

distance with an error of 25% compared to the experiments (See Table 6).563

This discrepancy could be attributed to differences in the amplitude and564

frequency of interface oscillations. Comparing numerical and experimental565

side views of the bubble over the first bounce cycle (Figs. 12 and 13) con-566

firms some notable differences. The experimental bubble shape is shown to567

preserve symmetry after the first bounce while the numerical predictions in-568

dicate significant shape distortions. This is most likely due to numerically569

induced spurious currents but interestingly it is also shown not to impact on570
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Bubble Trajectory

Figure 11: Trajectory of the air bubble in water predicted numerically with
Deq = 3.3 mm.
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t = - 0.006 s 

t =  0.012 s 

t =  0.03 s 

t = - 0.018 s 

t = 0  s 

t =  0.018 s 

t =  0.036 s 

t = - 0.012 s 
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t =  0.024 s 
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Figure 12: Sequence of screen shots for the numerical predictions modeled
using the Refined mesh of colliding 3.3 mm air bubble in water . The contour
plots are given from t = −0.024 s (top left) to t = 0.042 s (bottom right) at
time intervals of 0.006 s between each two successive frames.
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Figure 13: Sequence of screen shots for the experimental observations of
colliding 3.3 mm air bubble in water . The contour plots are given from
t = −0.024 s (top left) to t = 0.042 s (bottom right) at time intervals of
0.006 s between each two successive frames.
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the accuracy of the mean trajectory of the bubble center of gravity or on its571

velocity over the successive rebounds (Figs. 14 and 15). The sequence of572

shape visualizations fails however to highlight higher frequency oscillations573

in the bubble aspect ratio. These oscillations have been measured experi-574

mentally and have been found to persist from the time of release from the575

injection hole. In the case of the results reported here, the oscillations are576

shown to preserve symmetry. The aspect ratio measured experimentally os-577

cillates between 1.17 and 1.05 with a period of about 4 ms. The numerical578

predictions do not reproduce this which could explain the difference in the579

amplitude of the first rebound. It is indeed possible but difficult to verify580

that lower surface deformation energy translates in lower rebound amplitude.581

Interestingly it is seen that the experimental bubble velocity data (Fig. 15)582

shows rapid oscillations about a mean value which is close to the numerical583

predictions. This is consistent with rapid surface oscillations due to bubble584

shape oscillations. Depending on the deformation stage just before impact,585

one can conceive a larger or smaller rebound amplitude about its mean.586

Other observations which would tend to confirm these suggestions is the fact587

that in the case of the smaller Deq = 2.62 mm bubble the rebound amplitude588

is under predicted rather than over predicted (see Fig. 14). The errors in589

the bubble maximum rebound distance compared to the experimental data590

for the first six bouncing cycles are summarized in Table 6. Two errors are591

given for the bubble center of gravity, one is calculated numerically using592

the projected area of the bubble (2D) and the other using the bubble total593

volume (3D). This table confirms that the numerical results provide a good594

quantitative comparison for the full bouncing process with errors lower than595

8 % in all cases apart from the first rebound.596

4.4. Film formation and drainage597

Accurate modeling of the liquid film formation and drainage is clearly598

important. Focus is turned here to this aspect of the process. A time se-599

quence of the 3D contour of the 3.3 mm diameter air bubble after impact and600

viewed from the upper surface of the domain is shown in Fig. 16 to illustrate601

the extent of the film in the horizontal plane. Of particular interest is the602

clear formation of a dimple centered on the approximate axis of symmetry603

of the bubble. The liquid film trapped between the approaching bubble and604

the wall is initially uniformly distributed but as it drains under the action605

of buoyancy, the bubble spreads outward and the film thickness is shown to606

reduce more rapidly toward its outer rim creating the observed dimple in the607
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Figure 14: Comparison of bubble center of gravity with experimental data
with the air/water mixture and equivalent diameters (a) Deq = 3.3 mm and
(b) Deq = 2.62 mm using a Refined mesh.
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Figure 15: Comparison of bubble velocity in the gravitational direction with
experimental data with air/water mixture and Deq = 3.3 mm and Refined
mesh.
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bubble surface. This dimple is at its largest at the first bounce and reduces608

rapidly over successive bounces along with the spreading, in the horizontal609

plane, of the film and interface outer rim. As the kinetic energy of the bubble610

dissipates after successive rebounds, a stage is reached where, the liquid film611

either drains to a minimum thickness and stabilizes or a TPCL forms. The612

steady state is determined by the surface properties, i.e. on the contact angle613

boundary condition.614

The snapshots are from top left to bottom right as follows: 

The first six frames are for the first six bouncing cycles (max deformation). The last three frames are 

for the last moments when  Tthe TPCL forms: 

Real times: 0.504 (-0.002), 0.55(0.044), 0.582(0.076), 0.612(0.106), 0.64(0.134), 0.672(0.166),0.71

(0.204),0.736(0.23).0.75(0.244) 

t = 0 s 

t = 0.106 s 

t = 0.204 s 

t = 0.044 s 

t = 0.134 s 

t = 0.23 s 

t = 0.076 s 

t = 0.166 s 

t = 0.244 s 

Dimple 

Figure 16: Sequence of screenshots illustrating the size of the maximum film
formed at each bouncing cycle on the bubble top surface during collision,
with air/water mixture and Deq = 3.3 mm and Refined mesh.

An axi-symmetrical model of a Deq = 1.48 mm air bubble in water is615

considered next to provide a more detailed description of the film and dimple616

evolutions over time. Two static contact angles θapp = 0◦ and θapp = 30◦617

are included and the Refined mesh is used to ensure that the liquid film618

is adequately captured at least over the first rebounds. The plots of the619

bubble interface at successive times over the advancing phase of the first620

bounce are given in Fig. 17 at 0.2 ms time intervals. As no TPCL forms621

at this stage, the static contact angle does not influence the process. The622

dimple formation starts when the bubble wall separation distance reaches623

approximately ∼ 50µm which is twice the value proposed by Klaseboer et al.624
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(2000) (∼ 0.4Req

√
2Ca = 28 µm). The minimum height of the dimple at the625

axis of symmetry is approximately 35 µm while the film thickness reduces626

to a much smaller ∼ 15 µm toward the rim of the bubble. The plot also627

confirms the radial spreading of this outer rim from the axis of symmetry.628
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Bubble Interface

Figure 17: Film formation during the first bubble approach to the wall with
contact angle 0◦ for air/water mixture and Deq = 1.48 mm.

The static contact angle has a significant influence on the last stage of629

the process as it reaches steady state. When the contact angle is set to630

0 in the numerical model, a continuous film stabilizes between the bubble631

and the solid wall (Fig. 18a). Physically, this occurs when in contact with a632

hydrophilic surfaces as observed by Kosior et al. (2012). The film outer radius633

in the horizontal plan tends to 180 µm as it stabilizes; a value which is close634

to that suggested by Kosior et al. (2012) (
√

2R4
eq∆ρg/3σ ≈ 168 µm). When635

the equilibrium contact angle is greater than zero, a TPCL forms expanding636

outward until the imposed static contact angle is satisfied (θapp = 30◦ in637

Fig. 18b).638

The minimum film thickness at successive rebounds for both the Deq =639

1.48 mm air bubble in water system (case II) and the Deq = 2.62 mm air640

bubble in FluidA (case I) are given in Table 7. This is presented along641

with the bubble kinetic energy (KE = 0.5CMρlVBV 2) and potential energy642

(PE = ∆Aσ), where ∆A and V are the changes in the bubble area, and643

the maximum rise velocity during the collision process at each rebound, re-644

spectively, VB is the bubble equivalent volume, and CM = 0.62AR − 0.12645
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(a) Contact angle 0◦ (b) Contact angle 30◦

Figure 18: Film formation during the last bounce with the air/water mixture,
Deq = 1.48 mm and contact angles (a) 0◦ and (b) 30◦. The arrow is in the
direction of time increase and successive plots are at time intervals of 0.4ms
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is the added mass coefficient (Klaseboer et al., 2001). Not surprisingly the646

minimum film thickness is shown to decrease after each bouncing cylce until647

the film ruptures and the TPCL forms. Similar observations were made by648

Doubliez (1991) in the case of collision with a free surface. The minimum649

thickness found here for case II was 4.8 µm which is four times the mesh size650

across the film. This value is of the same order as those observed and pre-651

dicted experimentally in Tsao and Koch (1997) (O(10µm), (Hendrix et al.,652

2012) (2.5 µm) for Deq ∼ 0.7 mm, and in (Krasowska et al., 2003) (2.7 µm).653

Also for both cases presented in Table. 7, the bubble fails to rebound654

when its kinetic energy falls below KE ∼ 3 × 10−9 J. A similar threshold655

value was found experimentally by Zawala et al. (2007) with a Deq = 1.47656

mm air bubble in water. The author reported a similar behavior with sev-657

eral rebounds ending when the bubble kinetic energy fell below 10× 10−9 J658

whereas bouncing was shown to occur when this value was above 1× 10−7 J.659

Another interesting observation is the relationship between the film thickness660

and radius. The larger kinetic energy is found to generate larger projected661

contact areas between the bubble and the wall so that a larger film is gen-662

erated requiring longer periods of time to drain. This, in turn, leads to a663

longer bouncing cycle period.664

Tsao and Koch (1997) have argued from experimental observation that665

the formation of a surface dimple and the drainage of the liquid film were666

consistent with a peak in liquid pressure above the rising bubble prior to667

impact. This existence of a high pressure region however could not be repro-668

duced by the numerical model of Sanada et al. (2005). The modified pressure669

(Prgh) along a horizontal line parallel to the upper wall at a distance of 5 µm670

is plotted in Fig. 19. These results correspond to the Deq = 1.48 mm air bub-671

ble in water case solved with the Refined mesh during the first bounce. The672

pressure profile is shown at several time steps starting from (ta, Approach)673

when the bubble upper interface is at a distance 0.52 mm from the wall and674

ending at time (tf , Recede) at a distance 0.02 mm following impact. The675

pressure is shown to increase by a factor of four over a short period of time676

(5 ms).677

A comparison of pressure contours and velocity plots provides some use-678

ful insight. Fig. 20 combines both data prior to and following impact and679

rebound when the bubble is approximately at 0.5 mm from the wall. The680

intensity of the velocity field in the liquid region is depicted using an off-scale681

vector plot with color variation from red (large value) to blue (small value).682

A similar color grading is used for plotting the pressure variation using 10683
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Figure 19: Horizontal pressure distribution at 5 µm from the wall during the
first bouncing cycle with air/water mixture, Deq = 1.48 mm.

iso-contour lines dividing the full changes in the pressure. The black solid684

line in the figure represents the bubble interface with iso-line (α = 0.5). As685

the bubble approaches the wall prior to impact, the liquid flows radially out-686

ward in the film region and from high pressure to low pressure regions. After687

the rebound, the liquid flows in the opposite direction and against adverse688

pressure gradients leading to some localized flow reversal and separation near689

the axis of symmetry. This along with the the acoustic radiation of energy690

resulting from the bubble shape oscillations during the rebound have been691

suggested as the main source of energy dissipation by Tsao and Koch (1997).692

4.5. Dynamic contact angle model693

Once the film ruptures and the TPCL forms, the influence of the surface694

properties in the form of surface tension becomes significant. This is inter-695

preted numerically by the contact angle boundary condition. The sensitivity696

of computational results to boundary conditions is assessed here by reference697

to the bubble velocity considering three contact angle formulations (static,698

dynamic with and without slip velocity model) and the two mesh types (Re-699

fined and Coarse). This section focuses on the case of a Deq = 1.48 mm700

diameter bubble in water with a surface contact angle of 30◦. The Coarse701

mesh model is used to assess the sensitivity of the contact formulation with702
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Figure 20: Velocity vector plot at two different stages of bouncing. The scale
of the velocity vector is set to off. The color range is from red (large) to blue
(small), (a-left) approach stage with velocity magnitude range [0, 0.259 m/s]
and pressure range [−100, 63 kg/m.s2], (b-right) recede stage with velocity
range [0, 0.191 m/s] and pressure range [−100, 206 kg/m.s2], with angle 0◦

and air/water mixture, Deq = 1.48 mm.
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an unsuitable mesh as the TPCL forms directly at the first bouncing cycle.703

With the dynamic no slip model, the bubble slip velocity at the wall bound-704

ary is calculated as the tangential velocity of the neighboring cell center so705

that results can be expected to be influenced by the mesh resolution near706

the wall. In the case of dynamic slip model, the slip velocity is calculated in707

terms of the velocity gradient in the vertical direction to the wall (Eq. 13)708

with λ = 0.1∆x. The value of λ is chosen so that it is of the order O(10)709

µm and O(0.1) µm with the Regular and Refined mesh, respectively. As710

shown in Fig. 21, the impact of the contact model is, as expected, most711

noticeable with the Coarse mesh due to the early formation of the TPCL.712

Fig. 21b clearly shows that the no slip model induces large and unphysical713

velocity fluctuations which are found to correlate with bubble shape oscilla-714

tions. Both dampen slowly with time. The slip model compares well with715

the static contact angle model and matches the experimental results reason-716

ably well. When the mesh is refined to capture the liquid film (Fig. 21a),717

the results show very little sensitivity to the contact angle formulation. The718

comparison between the two meshes show that capturing the TPCL with an719

adequate mesh resolution reduces the influence of the contact angle model720

and that the static contact angle model is sufficient. It is worth noting as721

well that some oscillations persist with all models, a behavior which is not722

observed experimentally and can be explained by spurious currents. Most723

interesting is the fact that very similar results are observed with the case of724

Deq = 2.62 mm with air/fluid A mixture and equilibrium contact angle 30◦725

(results not presented here). In this case the TPCL forms but this occurs726

late in the process when most of the kinetic energy has been dissipated due727

to increased influence of the liquid viscosity. At that stage, changes induced728

by the contact model have little impact on the bubble velocity.729

When the TPCL is formed at the solid surface, the air inside the bubble730

comes in direct contact with the wall and the three phases (Solid/ Liquid/731

Gas) meet at the contact region. A new geometrical parameter, called the732

spreading radius, can be introduced at this stage. It is the equivalent radius733

of the non-wetted region at the interface between the bubble and the solid734

surface. Its time evolution is shown in Fig. 22 for both static and dynamic735

(with slip) contact angle models considering a Deq = 1.48 mm air bubble736

in water system and an equilibrium contact angle set at 30◦ to allow TPCL737

formation. The initial time is set here as the instant when the TPCL forms.738

Both models show a rapid increase in the bubble spreading radius imme-739

diately after the TPCL forms. This is followed by a slow variations of the740
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Figure 21: Comparison of slip model influence on the bubble velocity during
the bouncing process with dynamic contact angle boundary, with Deq = 1.48
mm and the air/water mixture, Experiments from Kosior et al. (2012).

radius around an average value (0.4 mm) and both contact model provide741

globally similar results. A difference appears and grows after 0.025s but re-742

mains reasonably small (O(10) µm) and is difficult to explain. The bubble743

instantaneous apparent contact angle is also plotted in Fig. 23 and shows744

similar trends with a initial rapid increase from (5◦) to approximately (25◦)745

before leveling off with larger fluctuations about a globally steady mean. Here746

again consistent differences between the two models are difficult to identify747

and justify. In practice both models predict bubble oscillations with a small748

amplitudes which are of the order (50 µm) for the bubble height.749

This confirms that similar results can be obtained using either the static or750

dynamic contact angle model provided that the mesh is sufficiently refined to751

resolve the liquid film. This can be explained by the small influence of the slip752

capillary number at the last stages of bouncing [Caslip ≈ 10× 10−4, 4× 10−4]753

when compared to the case of drop spreading (Sikalo et al., 2005; Yokoi et al.,754

2009). This in turn reduces the influences of the dynamic model on the755

apparent contact angle and reduces variations around its equilibrium value756

(θd = θe + f(Caslip) ≈ θe). It is important to mention that for non-regular757

surfaces where the advancing contact angle is significantly different from its758

receding and equilibrium values, there may be some justification for using759
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Figure 22: Evolution of the bubble spreading radius after the TPCL for-
mation for Deq = 1.48 mm and air/water mixture with Refined mesh and
equilibrium contact angle 30◦. The dynamic contact angle model is coupled
with a slip boundary conditions.
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Figure 23: Evolution of the bubble apparent contact angle after the TPCL
formation for Deq = 1.48 mm and air/water mixture with Refined mesh and
equilibrium contact angle 30◦. The dynamic contact angle model is coupled
with a slip boundary conditions.
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the dynamic contact angle model. However, the influence of contact angle760

hysteresis can be expected to be more important in cases where bubbles slide761

and bounce along slightly inclined surfaces where a TPCL may still form and762

differences in the apparent contact angle may have a stronger influence on763

the bubble dynamics.764

5. Conclusion765

A Volume of Fluid model of free bubble rise and impact on and bounce766

from a horizontal solid surface has been studied. The model’s accuracy has767

been assessed against experiments and existing published benchmark data.768

It has been shown that:769

• The model can predict bubble terminal velocities within 5 % of bench-770

mark experimental data. The computed bubble aspect ratio tends to771

be larger than the experimental values but provides good comparison772

with the empirical correlation of Legendre et al. (2012).773

• The analysis of the bubble bounce with different mesh resolutions has774

highlighted the importance of relying on a Refined mesh in the vicinity775

of solid surfaces. A resolution of the liquid film with 4 cells was found776

to allow accurate representation of the unsteady process. For coarser777

mesh sizes, the contact angle boundary conditions force early formation778

of a TPCL with changes in the amplitude of rebound. The influence779

of the mesh resolution is dependent on the film thickness and increases780

with the equilibrium contact angle.781

• 3D models capable of dealing with non linear rise and bounce trajecto-782

ries have confirmed that similar levels of accuracy could be achieved in783

such cases. Some differences at the first rebound suggest that increased784

mesh resolution may be required to capture bubble shape oscillations785

that have been assumed to impact on the amplitude of rebound.786

• The numerical model can provide physically consistent descriptions787

provided that adequate mesh resolution was used. The onset of the788

dimple formation and the size of the liquid film during the bubble ap-789

proach were shown to compare well with published empirical correla-790

tions or observations. For zero equilibrium contact angle, a continuous791
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film is always observed beneath the bubble, while for larger contact an-792

gles the film ruptures as a TPCL forms. The film thickness decreases793

after each bouncing cycle along with bubble kinetic energy and the794

film was found to rupture when the bubble kinetic energy falls below a795

threshold of KE = 3× 10−9 J.796

• Computations confirmed the presence of a rapidly increasing pressure797

peak in liquid film prior to impact. The formation of the dimple has798

been attributed to this increase in pressure. The pressure distribution799

in the liquid film following impact and during the rebound forces liq-800

uid to flow against an adverse pressure gradients. The resulting flow801

separation previously discussed in Tsao and Koch (1997) was captured802

by the model.803

• A dynamic contact angle model with an implicit slip velocity calcula-804

tion produced large unphysical mesh dependent oscillations. In con-805

trast both the Navier Slip dynamic and static contact angle models806

provide bubble velocity predicitions shown to be in close agreement807

with experimental data. The slip Capillary number required for the808

dynamic contact angle calculation is sufficiently small to explain the809

limited influence of the dynamic formulation.810
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Figures Captions1002

Figure 1: Schematic diagram of the numerical domain and the boundary1003

conditions for axi-symmetrical simulations.1004

Figure 2: A schematic diagram of the mesh subdivision in the Refined1005

case at the upper wall boundary.1006

Figure 3: Schematic representation of experimental setup.1007

Figure 4: A comparison of the bubble terminal velocity from different1008

experimental, empirical, and numerical data.1009
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Figure 5: Bubble interface shown as iso-contour of α = 0.5 during the1010

first bouncing cycle. The sequence starts at top left (Frame 1) and progresses1011

to the bottom right (Frame 25) at intervals of 0.002 s. The computations1012

were for the air/water mixture with Deq = 1.48mm and the Refined mesh.1013

Figure 6: Bubble center of gravity for Case I: Deq = 2.62 mm and the1014

air/Fluid A mixture. Computational results with Refined and Regular mesh.1015

Experimental results from Zenit and Legendre (2009).1016

Figure 7: Bubble Vertical velocity for Case I: Deq = 2.62 mm and the1017

air/Fluid A mixture. Computational results with Refined and Regular mesh.1018

Experimental results from Zenit and Legendre (2009).1019

Figure 8: Bubble aspect ratio for for Case I: Deq = 2.62 mm and the1020

air/Fluid A mixture. Computational results with Refined and Regular mesh.1021

Experimental results from Zenit and Legendre (2009).1022

Figure 9: Bubble velocity for Case II: Deq = 1.48 mm and the air/water1023

mixture. Computational results with Refined and Regular mesh. Experi-1024

mental results from Kosior et al. (2012).1025

Figure 10: Bubble aspect ratio for Case II: Deq = 1.48 mm and the1026

air/water mixture. Computational results with Refined and Regular mesh.1027

Experimental results from Kosior et al. (2012).1028

Figure 11: Trajectory of the air bubble in water predicted numerically1029

with Deq = 3.3 mm.1030

Figure 12: Sequence of screen shots for the numerical predictions mod-1031

eled using the Refined mesh of colliding 3.3 mm air bubble in water . The1032

contour plots are given from t = −0.024 s (top left) to t = 0.042 s (bottom1033

right) at time intervals of 0.006 s between each two successive frames.1034

Figure 13: Sequence of screen shots for the experimental observations1035

of colliding 3.3 mm air bubble in water . The contour plots are given from1036

t = −0.024 s (top left) to t = 0.042 s (bottom right) at time intervals of1037

0.006 s between each two successive frames.1038

Figure 14: Comparison of bubble center of gravity with experimental1039

data with the air/water mixture and equivalent diameters (a) Deq = 3.3 mm1040

and (b) Deq = 2.62 mm using a Refined mesh.1041

Figure 15: Comparison of bubble velocity in the gravitational direc-1042

tion with experimental data with air/water mixture and Deq = 3.3 mm and1043

Refined mesh.1044

Figure 16: Sequence of screenshots illustrating the size of the maximum1045

film formed at each bouncing cycle on the bubble top surface during collision,1046

with air/water mixture and Deq = 3.3 mm and Refined mesh.1047
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Figure 17: Film formation during the first bubble approach to the wall1048

with contact angle 0◦ for air/water mixture and Deq = 1.48 mm.1049

Figure 18: Film formation during the last bounce with the air/water1050

mixture, Deq = 1.48 mm and contact angles (a) 0◦ and (b) 30◦. The arrow1051

is in the direction of time increase and successive plots are at time intervals1052

of 0.4ms.1053

Figure 19: Horizontal pressure distribution at 5 µm from the wall during1054

the first bouncing cycle with air/water mixture, Deq = 1.48 mm.1055

Figure 20: Velocity vector plot at two different stages of bouncing.1056

The scale of the velocity vector is set to off. The color range is from red1057

(large) to blue (small), (a-left) approach stage with velocity magnitude range1058

[0, 0.259 m/s] and pressure range [−100, 63 kg/m.s2], (b-right) recede stage1059

with velocity range [0, 0.191 m/s] and pressure range [−100, 206 kg/m.s2],1060

with angle 0◦ and air/water mixture, Deq = 1.48 mm.1061

Figure 21: Comparison of slip model influence on the bubble velocity1062

during the bouncing process with dynamic contact angle boundary for (a)1063

Refined mesh and (b) Regular mesh, with Deq = 1.48 mm and the air/water1064

mixture, Experiments from Kosior et al. (2012).1065

Figure 22: Evolution of the bubble spreading radius after the TPCL1066

formation for Deq = 1.48 mm and air/water mixture with Refined mesh and1067

equilibrium contact angle 30◦. The dynamic contact angle model is coupled1068

with a slip boundary conditions.1069

Figure 23: Evolution of the bubble apparent contact angle after the1070

TPCL formation for Deq = 1.48 mm and air/water mixture with Refined1071

mesh and equilibrium contact angle 30◦. The dynamic contact angle model1072

is coupled with a slip boundary conditions.1073

Parameter Unit Air Water Fluid A
Density kg/m3 1.225 998.2 1087
Viscosity kg/m.s 1.79×10−5 0.001 0.0038
Surface tension N/m - 0.072 0.0697
Equivalent diameter mm - 1.48, 2.6,3.3 2.62
contact angle ◦ - 0, 24 30
Morton number (gµ4

l /ρlσ
3) - - 2.63× 10−11 5.56× 10−9

Bond number (ρlgD2
eq/σ) - - 0.298-1.48 1.05

Table 1: Fluid physical properties and surface and bubble characteristics.
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Authors Numerical Method Rig width to
bubble diameter ratio

Mukundakrishnan et al. (2007) Front Tracking Method 8
Bonometti and Magnaudet (2007) Volume of Fluid 5
Ansari and Nimvari (2011) Level Set 3-4
Kumar and Delauré (2012) Volume of Fluid 8
Ohta and Sussman (2012) Sharp interface method 5
Chakraborty et al. (2013) Coupled CLSVOF 8
Shu and Yang (2013) Lattice Boltzmann 5

Table 2: Review of numerical domain width from recent free bubble rise
studies.

∆x [mm] nb of cells/diameter V∞ [mm/s] AR [-] Ev∞ [%] EAR[%]
0.2 7.4 156.40 1.242 - -
0.1 14.8 299.06 1.344 47.702 7.589
0.05 29.6 322.03 1.400 7.132 4.000
0.025 59.2 315.82 1.390 -1.965 -0.719

Table 3: Mesh convergence analysis of bubble in free rise with equivalent
diameter Deq = 1.48 mm and air/water mixture.

∆x [mm] nb of cells/diameter V∞ [mm/s] AR [-] Ev∞ [%] EAR[%]
0.2 13.1 247.6 1.507 - -
0.1 26.2 271.4 1.657 8.77 9.052
0.05 52.4 271.6 1.691 0.07 2.010

Table 4: Mesh convergence analysis of bubble in free rise with Deq = 2.62
mm and air/fluid A.
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Bubble diameter [mm] Method V∞ [mm/s] AR[-] EV∞ [%] EAR [%] ARemp EARemp [%]
1.48 Numerical 322 1.40 - - 1.43 1.96

Kosior et al. (2012) 346 1.65 6.94 15.15 1.53 -8.06
Moore (1965) 331 1.58 2.72 11.39 1.46 -8.05
Duineveld (1995) 350 1.52 8.00 7.89 1.55 1.73

1.58 Numerical 324 1.48 - - 1.48 -0.27
Tsao and Koch (1997) 260 1.60 -24.62 7.50 1.26 -21.25
Moore (1965) 336 1.69 3.57 12.43 1.53 -9.28
Duineveld (1995) 356 1.63 8.99 9.20 1.64 0.64

2.62 Numerical 272 1.69 - - 1.66 -1.81
Zenit and Legendre (2009) 287 1.63 5.23 -3.68 1.80 9.44

Table 5: Comparison of the bubble terminal velocity and aspect ratio ob-
tained numerically (present study) with other benchmarking experimental
data.

Exp 3D E(3d) [%] 2D E(2d) [%]
1st 2.583 3.240 -25.416 3.225 -24.816
2nd 1.874 1.861 0.682 1.884 -0.560
3rd 1.560 1.570 -0.640 1.561 -0.089
4th 1.408 1.493 -6.035 1.460 -3.685
5th 1.312 1.421 -8.306 1.422 -8.367
6th 1.252 1.352 -8.001 1.341 -7.155

Table 6: Comparison of the bubble center of gravity at the point of maximum
rebound measured from the upper wall for the first six bouncing cycles with
air/water mixture and Deq = 3.3 mm and Refined mesh.
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Bouncing cycle thickness [µm] KE[J] PE[J]
case II 1st 14.8 6.34E-08 6.72E-09

2nd 8.60 1.32E-08 3.83E-09
3rd 6.00 3.00E-09 1.15E-09
4th 4.80 5.93E-10 8.71E-10

case I 1st 51.9 3.42E-07 2.07E-08
2nd 24.6 4.35E-08 8.43E-09
3rd 14.6 3.83E-09 1.07E-08

Table 7: Film minimum thickness and bubble kinetic and potential energy
for each bouncing cycle for both Deq = 1.48 mm with air/water mixture (case
I) and Deq = 2.62 mm with air/FluidA mixture (case II).

49



  

Highlights: 

 

 

 A VOF model of bubble impact on a solid surface is compared to experimental data. 

 The algebraic VOF method of OpenFOAM is used to solve the two-fluid flow problem. 

 Adequate mesh refinement is critical for accurate modelling of the liquid film.  

 Static and dynamic contact angle models give similar contact line behaviour. 

 The bubble deformation is attributed to a pressure peak in the film region. 

 

 

 


