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ABSTRACT
The present investigation, identifies the exact quantitative effects of fundamental parameters, on the detachment
characteristics of isolated bubbles, emanating quasi-statically from submerged orifices into isothermal liquid pools. For this
purpose, a Volume of Fluid (VOF) based interface capturing approach is further improved, for the conduction of
axisymmetric and 3D numerical experiments on adiabatic bubble growth dynamics. The predictions of the model, are
guantitatively validated against literature available experimental data, showing excellent agreement. Two series of numerical
experiments are performed, quantitatively exploring the parametric effects of the liquid phase properties in five different
gravity levels, and the effect of the gravity vector direction inclination angle, respectively. It is found that the bubble
detachment characteristics, are more sensitive in the variation of the surface tension, liquid phase density and gravity,
while the effect of liquid phase dynamic viscosity is generally minimal. From dimensionless analysis, two correlations
are derived, which for the examined range of E6tvos numbers, are able to predict the equivalent bubble detachment
diameter and the bubble detachment time, respectively. It is also found that the bubble detachment characteristics,
reduce significantly as the gravity vector direction gradually deviates from being parallel to the bubble injection orifice,

following a non-linear decrease.

KEY WORDS: Two-phase flow, Numerical simulation, VOF method, Adiabatic bubble dynamics, Bubble detachment

characteristics.

1. INTRODUCTION

The investigation of bubble growth and detachment has received a lot of attention over the last years, due to its occurrence in
a wide range of domestic and industrial applications as well as because it is considered to be a fundamental process, for
understanding more complicated phenomena such as boiling. Application examples include among others, heat exchangers,
electronic cooling, chemical processing, emulsion preparation in boilers, beer production and waste water remediation. Also
in space technology the bubble dynamics are important for cryocoolers and for two-phase thermal systems, like
thermosyphons. However, there is still an incomplete understanding of the fundamental physics of bubble dynamics, at
small scales as well as at non-trivial geometrical configurations. Therefore, the isolation and understanding of the influence
of various fundamental controlling parameters individually, is necessary. In order to investigate bubble dynamics, an
adiabatic/isothermal approach is often used, where gas/vapour bubbles are injected into liquid pools at isothermal/saturation
conditions, from a submerged orifice. With such an approach, the bubble growth and detachment process can be carefully
controlled, allowing thus the detailed quantitative investigation of the effect of fundamental controlling parameters.


http://ees.elsevier.com/ijmf/viewRCResults.aspx?pdf=1&docID=3812&rev=1&fileID=210024&msid={8D583D08-81B2-464A-954A-4B97DE3B1262}

During bubble formation at the tip of an orificketinteraction between the gas/liquid or vaporiiqphases is governed by
a balance between aiding and restraining forcdsa@slwi et al., 2013a; Di Bari and Robinson, 20D8a&ari et al., 2013).
In more detall, the gas injection momentum, thesquee difference and the buoyancy forces are attimdpubble growth
and detachment process, while the inertia, visaodssurface tension forces tend to keep the battalehed to the orifice.
For the case of single bubble growth and detachtmendifferent regimes have been identified (Begzand Myers, 1955;
Oguz and Prosperetti, 1993). In the first regiwieere the gas injection flow rates are smaller tharnitical value, the gas
momentum and liquid inertia have much smaller #fice compared to the surface tension and viscocssfoAs a result,
the buoyancy force is balanced mainly by surfaosié® and viscous effects, and the bubble detachdiameters are
almost independent of gas flow rate in this regifiés regime is also known as quasi-static bublae/th regime (Di Bari
et al., 2013; Gerlach et al., 2005). In contrasydnd the critical gas flow rate (for a given asfisize), the effects of gas
momentum, gas shear, pressure force, and liquitiarage important. Therefore, in this second regihe bubble-departure
diameter increases with respect to the flow raggdgalso strongly dependent upon the orifice Gzdoramani et al., 2007).
Below a critical orifice size, the bubble detachindimmeterincreases with the corresponding increase of tifeceor
diameter, while an opposite behavior is observechigher orifice diameters (Di Marco, 2005; Kasithget al., 2007;

Subramani et al., 2007). The present numericaktigeagion, focuses on the first regime of quadiestaubble growth.

So far, many experimental, analytical and latelynarical works in the literature have been focusedhe adiabatic
gas/vapour injected bubble growth dynamics. Ine&dy work of Davidson and Schiler (1960), annagteis made to
understand the phenomenon of bubble growth in batter and mineral oil, from various orifice diamstéhrough
experimental investigations. Later, several workgehbeen focused in tracking the bubble shape eparidire frequency
for a variety of surrounding liquids (McCann andnBe, 1969; Swope, 1971; Walters and Davidson, ,19683). The
advancement of experimental measuring technigeetotiowing decades, provided a great number oéempental works
focusing on the adiabatic bubble growth and detachroharacteristics, giving detailed insight regagdhe influence of
various controlling parameters such as orifice @i@m gas injection flow rate, surface tension;ligasd contact angles,
viscosity and density ratios (Di Bari and Robins2®1 3b; Byakova et al., 2003; Tsuge et al., 200&ng and Shoji, 2001;
Zhu et al., 2010). Moreover, several researchere hso been focused in the process of adiabakiblédormation and
detachment under reduced gravity conditions (Chuakta et al., 2009; Kim et al., 1994; Pamperin Rath, 1995; Tsuge et
al., 1997), identifying three distinct regimes dgrbubble growth in microgravity, the static, theamic and the turbulent
regime. Finally, a considerable number of experialemorks have been also focused in the effedi@presence of electric
fields in the bubble growth and detachment chariatitss (Di Bari and Robinson, 2013b; Di Marco kt 2003).

All the above experimental efforts, have also gateer a large number of different theoretical modeds describe the
process of adiabatic bubble growth and detachmment submerged orifices, based on different equatiord laws. The
early theoretical works on bubble growth were feclisn the investigation of gas/liquid interfacegtedict the bubble
behavior, assuming that the bubble maintains aristhehape (Davidson and Schiiler, 1960; WaltedsCzavidson, 1963).
Oguz and Prosperetti (Oguz and Prosperetti, 1983)iqgied the bubble volume, considering a forceurtz# between
buoyancy and surface tension, applying a Boundatggial Method for the interface position. The Ygdoaplace
equation has also been applied for tracking thefate position during the process of bubble grd@trlach et al., 2005;
Lee and Tien, 2009). However, the main limitatidntte majority of these theoretical approacheshértinability to

account for the viscous effects as well as theingand pinch-off stages, before detachment.

Over the last decades, the continuous improvemehiei available computational resources and theldement of robust

numerical methods, allowed the simulation of commas/liquid interface deformation in viscous fldidws, by using



either the Eulerian interface capturing or the bagian front tracking approaches. Both of theseeatigal techniques treat
the two phases as a mixture, following a singlelfapproach and solving a single set of Navier-&aquations typically
on a fixed grid, with the mixture properties castat in terms of the interface position. In fraatking methods (Unverdi
and Tryggvason, 1992), the front is represented bggrangian interface which is tracked using blétadaptive marker
elements, and advected using the flow field thablsed on a stationary mesh. Then, the detailseohew position of the
front are transferred to the fluid flow on the fixgrid, using a smooth distribution function. Artexded version of this
method (Hua and Lou, 2007), has been used forttily sf bubble pinch-off, from a nozzle immersedjiriescent water
by Quan and Hua (2008). On the other hand, witirfilte capturing methods, the interface is recaoctstd from a volume
fraction field which is advected by the fluid mirtuvelocity, on a fixed Eulerian grid. The most @lidused interface
capturing approaches are the Volume of Fluid (V@E}hod and the Level Set (LS) method or a comhinaif these two,
known as Combined Level Set and Volume of Fluid $8DF) method. All these three methods, have betansixely
developed and validated for a broad range of twasetflows, including bubble flows. Worth mentioniegamples on
adiabatic bubble growth and detachment includenrds of Gerlach et al. (2007), Pianet et al. (300hakraborty et al.
(2011), Albadawi et al. (2012), Albadawi et al. 138, 2013b), Di Bari et al. (2013). Other, différbot quite promising
numerical techniques for the investigation of beldhnamics, that differ from the widely used, drased CFD techniques
of VOF, LS and CLSVOF, are the Smooth Patrticle ldggnamics (SPH) method (Das and Das, 2009, 201®)tren
Lattice Boltzmann Method (LBM) (Frank et al., 2005)

It is worth mentioning that despite the large humtifethe experimental, analytical and numerical kgoso far, most of
them deal with the formation, growth, and departfrepherical or non-spherical bubbles that follwymmetric growth
and detachment over the orifice mouth, using maimlier and air as the working fluids. In more detaost of these works
examine the effect of vapor injection mass flove mhd/or orifice geometrical characteristics andesavorks address the
effects of surface tension, density and viscositips as well as micro-gravity and/or hyper-gragipnditions but not in a
comprehensive, quantitative manner. Furtherma@gmmetry in bubble shape during its growth and atetent is not
uncommon, in real technological applications. Ptamege induced bubble nucleation over inclinefbsas, can easily
generate asymmetric bubble growth and detachmbetefore, the numerical simulation of asymmetrioddel growth and

detachment can provide valuable insight regardiegdrmation, sliding and detachment of bubbles ov@ined surfaces.

Usually, the generated bubbles become asymmethierevhen the orifice plane is inclined to the hontal or under the
influence of a cross flow. Gas/vapor bubble groankl detachment from an orifice mouth in a liquidssrflow is a quite
common situation and it has already been investighy various researchers throughout the yearsstidtret al., 1993;
Forrester and Rielly, 1998), providing great insigkgarding the shape evolution of the generatdablbe in different
gas/liquid mass flow rates. However, the influenterifice or orifice plate inclination on adiabatubble growth and
detachment characteristics, has not yet beenifuligstigated. According to the authors' best kndgde the only efforts in
this direction are made by Kumar and Kuloor (19D@s and Das (2013) and Di Marco et al. (2013). Urigerstanding of
the influence of orifice inclination on the bubbldume evolution as well as on its departure fregyean be considered to
be essential. The orifice inclination is expectedlter significantly the hydrodynamics of the giogvbubbles since the
induced symmetry in vertical orifices is collapsezhdering the whole growing process three-dimeasicsuch problems
cannot be handled by analytical solutions and éateoratory experiments and numerical simulatioesdifficult. In order
to investigate in detail the bubble formation, gitewdetachment or sliding over inclined surfaced tre quite complex

hydrodynamics of the ambient liquid, 3-D numergiatulations are essential.



In the present investigation, the VOF based, iatercapturing approach that is already impleméant&penFOAM® CFD
Toolbox (version 2.2.1), is accordingly modifiedarder to account for spurious currents reductidrthis point it should
be mentioned that initial trial simulations wittethriginal VOF based solver of OpenFOAM (interFoamyealed that due
to erroneous calculation of the interface curvatsparious velocities are formed at the vicinitytled interface that in turn
lead to unphysical fluctuations in the pressurel fieausing unphysical movement of the interfaaenduhe bubble growth
process. The adopted and implemented modificatiomlves the application of a smoothing procedyméor to the
calculation of the interface curvature. The préalit of the improved numerical model, are firstideted against two
different literature available experiments on adiabbubble growth and detachment from a submeogiéide. Then, the
optimum version of the model is further appliedtfte conduction of a wide range of axisymmetric atioal simulations,
aiming to quantitatively identify the exact influen of fundamental controlling parameters in theblrldetachment
characteristics, for certain gravity levels thatrespond to the majority of the planets on thersslatem. The choice of the
gravity levels of the planets is intended to gimgy@ more pictorial representation of the restits,it does not result into a
physical restriction of the final outcomes. Moreouwbe effect of gravity vector inclination withggect to the air/vapor
injection axis direction is examined, through aieserf 3D numerical simulations. The supercompufagijlities of
CINECA in Bologna, Italy, were utilized for the aurction of the large number of simulations, whickrevrequired for the

present parametric investigations.

2.NUMERICAL METHOD
2.1 Governing equations
With the VOF approach, the transport equation fiertolume fractiong, of the secondary (dispersed) phase is solved
simultaneously with a single set of continuity aavier—Stokes equations for the whole flow fieltheTcorresponding
volume fraction of the primary phase is simply cédted as (1e). The main underlying assumptions are that the two

fluids are Newtonian, incompressible, and immiseifilhe governing equations can be written as:

vV-U=0 (1)
28 V- (pTT) = ~Vp + V1, (VT + VIT) + pu f +F; @)
2z —

—+V-(all =0 ®3)

whereU is the fluid velocity p the pressurd,the gravitational force, arfég; the volumetric representation of the surface
tension force. The bulk densijbty and viscosityy, are computed as the averages over the two phasigjted with the

volume fractionu:

gy = pa + pll —a) 4)

Uy = ue + i1 —a) 5)

wherep, g, 1 and i, are the densities and the viscosities of thepghases. At this point it should be mentioned that t
widely used, linear weighted average for the budicesity calculation (equation 5), can be safelydufor the physical
problem that is addressed in the present inveatigaln all of the simulated cases, two well defifmilks exist in the
computational domain (gas/vapour and liquid) amdititerface region. The interface region, the ealjion where any
potential errors by the utilised bulk viscosityam@ent could arise, is quite sharp (1 to 1.5 cellgreover, in all of the

simulated cases of the present paper, a small dublracked in a relatively large computationaindin. Hence, even



for the largest density and viscosity ratios in twomsidered cases, the interface region in theativeomputational

domain represents a quite small percentage, aneftine this bulk viscosity treatment does not irelaay considerable
errors in the spatial and temporal evolution of lthéble growth and detachment. However, in otherentmmplex

physical problems such as bubbly flows with a langenber of dispersed bubbles into the carrier dgoither more
complex treatments for the calculation of the bu#icosity, should be utilised. In the VOF methads advected by the
velocity field. For the case of incompressible fldhis is equivalent to volume fraction conservatihich makes the
method mass conservative. Finally, the surfaceidan®rce is modelled as a volumetric force usihg Continuum

Surface Force (CSF) method by Brackbill et al. @%pplying the following equations:

F, =yx(Va) (6)
k=V- (|:_Z|J ™)

wherey is the tension of the interface and the curvature of the interface.

2.2 Sharpening of theinterface

Interface sharpening is very important in simufatinvo-phase flows of two immiscible fluids. In Op&€DAM the
sharpening of the interface is achieved artifigily introducing an extra compression term in ttigeation equation af.
Therefore equation (3) is modified and transforneetthe following equation:

%"‘V'(ﬂm—v'(n(l—a][frjzn o

U, is the artificial compression velocity which idadated from the following relationship:

U, = ngmin ’C fﬁ max (Li:)] 9
wherex; is the cell surface normal vecterjs the mass fluxs; is the surface area of the cell, afiglis a coefficient,
the value of which can be set between 0 anii,4s the relative velocity between the two fluideedo the density and
viscosity change across the interface. In equaf®nthe divergence of the compression veldgityensures the
conservation of the volume fractieny while the terma(1-o) limits this artificial compression approach onty the
vicinity of the interface, wher® <a< 1 (Hoang et al., 2013). The level of compressionedels on the value of,
(Deshpande et al., 2012; Hoang et al., 2013). k@isimulations of the present paper, initial, tsiahulations indicated
that a value of,=1 should be used, in order to maintain a quitepsimterface without at the same time having ungiaysi

results.

2.3VOF Smoothing

As it is known the VOF method usually suffers fraon-physical spurious currents in the interfacéoregrhese spurious
velocities are due to errors in the calculatiorthef normal vectors and the curvature of the interthat are used for the
calculation of the interfacial forces. These ermmserge from the fact that in the VOF method therface is implicitly
represented by the volume fraction values thatameo sharp changes over a thin region (ScardamiliZaleski, 1999).
In the present paper initially, following the tneeent of Hoang et al. (2013) the spurious currergsappressed by suitably

modifying the original VOF-based solver of OpenFOAilterFoam). The proposed modification involves dalculation



of the interface curvatureusing the smoothed volume fraction valégsvhich are obtained from the initially calculated
field, smoothing it over a finite region in the ity of the interface. All other equations arengsthe initially calculated
(non-smoothed) volume fraction values «of Therefore, instead of equation (7) the followiguation is used for the

interface curvature calculation:
x=v-() (10)

The proposed smoothing is achieved by the applitati a Laplacian filter which can be describedthy following

equation:
YaogSy
G =52 (11)

In Equation (11), the subscrigesandf denote the cell and face index respectively @nds the linearly interpolated value
of a at the face center. The application of the progdéeer can be repeated more than one time inraebtain an
adequately smoothed field. For the applicationthefpresent investigation, initial trial simulatomdicated that this filter

should be applied no more than 2 times, in ordextid the leveling out of high curvature regions.

In order to test the degree of spurious currentpgenimg for the modified solver, the widely used dall's test case is
used (Brackbill et al., 1992). In this test casmiboidal bubble is initially patched at a stagraptid domain of different
density and viscosity, with no gravity effects takato consideration, and it is let to reach itsildgrium state. At this
equilibrium state a spherical bubble should be &mfrat rest in the center of the computational domadih a pressure
difference with the ambient liquid, equal to theplae pressure difference. Figure 1 (a) depictsebelts of the maximum
velocity in the computational domain with respectie, for the modified and the original VOF saled OpenFOAM,
while Figure 1 (b) shows the numerically prediciméssure difference between the relaxed spherigablé and the
ambient liquid along the bubble diameter axis fxteof the two cases, in comparison with the thiealevalue predicted
from the Laplace equation. As it can be observedibdified/improved VOF solver that is adoptedtfa applications of
the present investigation (“VOF-Smooth” in the figlegend) reduces significantly the spurious veésc(Figure 1a) and
it also provides a better prediction of the thdoattpressure difference (Figure 1b) than the pabiVOF solver of
OpenFOAM (“VOF” in the figure legend). Finally, Figure 1c, the effect of the proposed smoothingttnent in a real
bubble case is depicted. In more detail the volfmaetion, the relative pressure and velocity figddperimposed in the
corresponding pressure field), are plotted in d@rakwertical section of the computational doméam,the case of a bubble
that is formed by the quasi-static air injectionnfr a submerged orifice, into an isothermal wateol.pds it can be
observed, in the case where no smoothing has gstiedy despite the fact that the interface is steard well-defined,
spurious fluctuations are observed in the relgtiessure field due to the corresponding spurioleciies development in
the vicinity of the interface (VOF case). On thateary, in the case that the smoothing procedusebban applied, these
spurious fluctuations in the relative pressure agldcity fields are not present any more, while ititerface still remains

sharp and well-defined (VOF-Smooth case).

24 Simulation Parameters
As mentioned previously, all the numerical simalas on adiabatic bubble growth and detachmenteofpthsent work
were performed with the finite-volume-based CFDec@penFOAM (version 2.2.1) utilizing and improvitige VOF-

based solver “interFoam”. For pressure—velocityptiog, the PISO (pressure-implicit with splittin§aperators) scheme is



applied. The transient terms in the equations deeralized using a second order, bounded, impkcheme
(CrankNicolson). The calculation time step is colfed by setting the maximum Courant number to W/2h this adaptive
time stepping technique, the time step was auteaibtivaried from approximately o 10° sec. The gradient terms are
discretized using a second order, Gaussian integraiith linear interpolation (Gauss linear). Fbetdivergence terms
different discretization schemes are applied fahearm in the equations. In more detail the cotiwederm of equation
(2) is discretized using a Gauss limited linedresae in order to produce good accuracy, with theevef the required
coefficientp equal to unity, since this value ensured bettasilély during the calculations (Gauss limitedLane 1.0). The
v-(zD) term of equation (8) is discretised using the “@GauanLeer” scheme, while tfie- (a1 — &)U.) term is
discretised using the “Gauss interfaceCompresssafieme that ensures the boundedness of the cettulatume
fraction field. Finally, all Laplacian terms aresdietised using the “Gauss Linear Corrected” schétagher details
regarding the adopted discretization schemes cdoung in OpenFOAM Documentation (OpenFOAM, 2013).

For the axisymmetric simulations of the presenepap uniform hybrid computational mesh, consisthgexahedral and
prismatic elements was used, while for the 3D saimhs the computational mesh was non-uniform stingi of
hexahedral, prismatic and polyhedral elements, diffierent levels of refinement. The finer meshioegwas extended
symmetrically in all directions from the inlet balary, up to a certain distance so that the wholgbleugrowth and
detachment process to occur within it. Mesh inddpeoe studies indicated that the solution is megdbgendent if 32
computational cells are used within the inlet dismen each case. This also agrees with previmo#as investigations
(e.g. Albadawi et al., 2012; Albadawi et al., 2013a13b). At the solid walls, a no-slip velocityumary condition was
used with a fixed flux pressure boundary condifmmthe pressure values and a constant contact &ogindary condition
for the volume fraction values. This contact antgbeindary condition is used to correct the surfamenal vector, and
therefore adjusts the curvature of the interfadhénvicinity of the wall in relation to the wetthty of the solid material. A
parabolic inflow velocity profile, a fixed flux pssure and a constant volume fraction value werkealgt the inlets. At the
outlet, a fixed-valued (atmospheric) pressure bagndondition and a zero-gradient boundary condifar the volume
fraction were used, while for the velocity valuespecial (combined) type of boundary condition wasd that applies a
zero-gradient when the fluid mixture exits the catagional domain and a fixed value condition to tregential velocity
component, in cases that fluid enters the domairthér details regarding the utilized boundary @ik can be found in
OpenFOAM Documentation (OpenFOAM, 2013).

3. VALIDATION OF NUMERICAL METHOD
3.1 Problem Definition
In order to validate the numerical model, initicie experiments on quasi-static bubble growthdmtdchment reported in
the recent work of Albadawi et al. (2013b) wereestdd among others as “Validation Case 1", sincaynmecessary
information for their numerical reproduction ar@aded by the authors. In more detail, the fornmtbair bubbles at an
orifice in a stagnant water domain is considerd@ gas phase is injected through the orifice uaisgnall and constant
volumetric flow rateQ, so that the bubble growth and detachment procassbe considered to fall in the quasi-static

regime.

The proposed experimental facility consists of @zontal surface from which bubble growth takespléhrough a stainless
steel orifice of 1.6 mm diameter, submerged tomitdef 20 mm below the surface of water within assg 50 mm glass
tank. Gas flow rate is controlled with the combimatof a Hamilton (GASTIGHT 1002 series) 2.5 mlisge and a
kdScientific (KDS 200 cz) infusion pump. A singléAN Hi-Dcam Il high speed digital video camera igdiso capture
images at a frame rate of 1000 Hz, with an exposome of 0.5 ms which results in quite sharp imaddse bubble was



illuminated with a diffused back light, consistiafysix 300 Im LED bulbs in an array. In order taets the boundary of the
bubble, a custom image processing code has beetoded, which utilizes the Image processing tooldexeloped by
Matlab. Raw images were converted from the RGBi¢oHSV color space. The boundary of the bubblethers detected
by means of bubble isolation. According to the argh(Albadawi et al., 2013b), this isolation meth@dults in an

uncertainty in detecting the bubble boundary ohe pixel, which corresponds to a value of +0.0134.m

3.2 Computational setup

Since, the process of bubble growth and detachiinetiiese experiments can be considered to be axisymc, an
axisymmetric computational domain was constructedteir numerical reproduction. As also mentioirethe previous
section of the present paper, mesh dependencestimdiicated that the numerical solution can beidered to be mesh-
independent with 16 computational cells per orifreglius. The adopted computational domain, mesh bemohdary
conditions are illustrated in Figure 2. As it candeen, a wedge type geometry was constructedsespirgg a Slegrees
section of the corresponding 3D domain of the aw@red physical problem. A uniform computational mesas used
consisting of 79,600 hexahedral cells and 400 @igntells in the vicinity of the axis of symmet#.cell size of 5Qum
was selected in order for the solution to be medependent. The overall domain size in the XY plar® mm x 20 mm.
These dimensions were indicated from initial, tehulations that were conducted in order to detsenthe minimum
distances between the inlet and the perpendicidibaundary as well as between the inlet and thietpin order to avoid

any influence of these boundaries in the compubéthle growth and detachment process.

At the inlet, the flow is assumed to be fully ded, laminar and a parabolic inflow velocity piefs imposed applying

the following relationship at the inlet boundary:

b

U = Umay (l - f_] (12)

AE/

ik

where atx=0 (axis of symmetry) the velocity takes its maximuaiue v, and atx=R; (orifice diameter) the velocity

becomes zero. The maximum velocity value is caledl&om the volumetric injection flow ra@as:

(13

At the lower wall an equilibrium contact angle isposed ag=20". The contact anglé is used in order to calculate the
surface normalx) in the adjacent to the wall boundaries computaticells, where the two fluid phases are in direct

contact with the solid surface, utilizing the foliog relationship:

N =n,cosf+n.cos? (14)

wheren,, and=; are the unit vectors at the directions normaltandential to the solid wall, respectively (UbbitR97).

The equilibrium contact angle for air, water aralrdess steel can vary depending on the waterymsitvell as the surface
cleanliness, roughness and wettability. Howevelhais been shown by Gerlach et al. (2007) that i& inumerical

simulation, the imposed contact angle is belowrdtiig value, the evolving interface between theriiog bubble and the
ambient liquid stays pined at the orifice rim. Aistpoint it should be mentioned that initial trignulations verified that

imposing angles lower than 28oes not influence significantly the bubble detaeht characteristics, and the interface



between the two phases remains attached to theeatifiring the entire process of the bubble growtre the value of 20
was selected in order for the interface to stapguiat the orifice as observed in the proposedriempets (Albadawi et al.,
2013b). The initial conditions that are used foe tonsidered numerical validation case, imitating ¢torresponding

experimental conditions are summarized in Tablgaké 1).

3.3 Comparison of numerical and experimental results

In Figure 3, a quantitative comparison is made iyaeting the point coordinates of the interfacsifjon with respect
to time, both from the numerical and the corresprumeexperimental results, from the beginning of twmsidered
phenomenon up to a time just before the bubblectetant from the orifice. At each time instance, @roscopic
gualitative comparison is also included, illustigtside by side (at the same time instances) tans&ructed 3D evolution
of the 0.5 volume fraction contour (interface) frahe axisymmetric simulation and the correspondimgerimental

shapshots. As it can be observed, there is anlertelonvergence of the numerical and the expefiaheasults. The
spatial evolution of the numerically predicted ifaee is very close to the corresponding experiadetata, in each of
the considered time intervals, before the detachmitihe bubble from the orifice. However, a sntifference in the
predicted and measured time values that are camesidere as the time of detachment can be obsefhésideviation

at the predicted time of detachment may arise W@itm the overall numerical assumptions as well @snf the

experimental uncertainties. However, as it can dendrom Table 2, the modified VOF solver for spus current
reduction that was used in the present paper, geedhe bubble detachment characteristics mucheclas the

experimental values than other non-modified VOre™ that were tested and reported in the worklbadawi et al.

(2013).

Since, in the work of Albadawi et al. (2013b) ngpermental data are reported regarding the intereamlution after
the bubble detachment, it was deemed appropriatbdok the numerical predictions of the presenterical model,

through a second validation case (Validation Cgseeproducing numerically the experiments that@esented in the
work of Quan and Hua (2008). The same simulati@ratteristics as well as the same computationabhdoand mesh
were used, as in the previously presented validatise (Validation Case 1). The only difference thasorifice radius

as well as the initial conditions that are also sarized in Table 1 (Case 2).

In Figures 4 and 5, a quantitative comparison igdenay extracting the point coordinates of the faies position with
respect to time, both from the numerical (presemestigation) and experimental results (Quan and, F2008), at
certain time instances before (Figure 4) and affégure 5) the detachment of the bubble from thiicer As
previously (Validation Case 1), for all the depétténes, a macroscopic qualitative comparisonse aicluded, through
the comparison of the reconstructed 3D evolutiotthef 0.5 volume fraction contour (interface) frone axisymmetric
simulation, with the corresponding experimentalpshats (bottom left part in these figures). Asahde observed, the
results of the present numerical model are in éacehgreement with the proposed experimental tgscubnsidering
the successive shape transitions of the generateloldy both before and after the time of detachrfremt the orifice.
Therefore, it can be concluded that the improved\lased numerical model that is proposed and us#tkipresent
paper, can be safely utilized for the conduction noimerical experiments that aim in the investigatiand
understanding of the underlying dynamics in casesd@mbatic gas/vapor bubbles that grow quasiestiyi and detach
from submerged orifices, in liquid pools. Howevieshould be stated here that the proposed aridaditreatment for
spurious currents dampening, cannot be consideredgéobal treatment for the simulation of a widerge of physical

problems, were the interface between two incomslesand immiscible fluids needs to be tracked.réf@e, it is



suggested that for different physical problemss thinoothing treatment as well as the number of fithat the

proposed filter must be applied, should alwayshmErked against analogous experimental data.

4. EFFECT OF FLUID PROPERTIES
In the present section of the paper, the improvedi alidated VOF model that was described and atédidl against
literature available experiments in the precediagtioen, is further applied in order to investigéte effect of fluid
properties in the bubble detachment characterigtigially, in order to visualise the influence thfe fluid properties on
the bubble growth and detachment characteristios, @ the numerical simulation cases describechén previous
section of the paper (Validation case 1) is furtapplied, keeping the same initial conditions bharging the fluid
properties of the two-phase system. In more detaih, additional numerical simulations are performesing the
saturation values of vapour and liquid propert@msR245fa and Decane, at atmospheric pressureaihstf water and
air that was used in the experiments of Albadaveile(2013b). The utilized properties for theseitoiaal simulations

are summarized in Table 3.

In Figure 6, a comparison of the bubble growth aedachment process is made between these two auditi
simulations and the initial Water/Air case that waed for the validation of the numerical modell{§tion case 1).
In each case, streamlines in a central verticaliseof the flow field (coloured by the velocity mwitude) are
illustrated, in conjunction with the 3D evolutioffi the interface, between the gas/vapor and lighigsps (transparent
grey surface, reconstructed as the 0.5 volumeidracto-surface), for three successive time ingan©ne at an earlier
time prior the detachment of the bubble, one jefoie the detachment (final stage of bubble negkiagd one a few
msec after the pinch-off of the bubble. The eq@mtlbubble detachment diameter.dDand the bubble detachment
time (e, are also indicated for each case. The equivalgnble detachment diameter is calculated as treater of a
sphere that has the same volume, as the volumeedfubble at detachment. The time of detachmertrisidered as
the time instance just prior to the bubble pinchfodm the orifice. As it can be observed, the Hebprowth and
detachment characteristics are strongly dependenthe fluid properties. Despite the fact that ih edses the
gas/vapour injection rate, the orifice diameter #ralstatic contact angle values are kept constaistevident that in
the R245fa case the detachment time and volumsigmdicantly smaller than in the Water/Air casd)ile the Decane
case presents quite higher bubble detachment ¢bestics. Comparing the equivalent bubble detactirdeameters
between the two additional simulations, it is clotgeistic that in the Decane case, the bubble tHetafrom the orifice
with almost the double diameter as that of the R24ase. Furthermore, it is evident that the steymution of the
interface is quite different in all three casest Example, the rising bubble after the pinch-offnfrthe orifice, in the
case of Decane, maintains a more spherical shapettle concave shape at the bottom of the bubatésiwbserved in
the other two cases. It is also quite interesthrg tn the case of R245fa, at the early stage ehbibble growth, the
growing bubble encounters a more elongated buketdhape, which is not observed in the other tases. Another
quite interesting observation that results by tken@ination of the streamline field, is the formatiaf Worthington jets
that are formed after the bubble detachment fragotiifice, in agreement with previous investigasig@hakraborty et
al., 2011). Finally, in all cases the formationre€irculation regions in the flow domain is evideHbwever, despite
the fact that the same injection flow rate andicgidiameter is used, the size, shape and coréqrosf these regions
is quite different in each of the examined casdkth®se macroscopic observations, clearly iderttiy importance of
variable fluid properties, such as surface tensidensity and viscosity in the bubble growth andadetent

characteristics.
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In all three cases of Figure 6, the gas inject®nrider a constant flow rate @ = 4.17x10~% m? /s which is lower
116 r . . .
than the critical value for quasi-static bubblevgto (Q,,;; = = (ﬁ\] (?] ) identified by Oguz and Prosperetti

(1993). The corresponding critical values for th@4Bfa, Water/Air and Decane cases 282x10~7, 1.82¢107% and

9.68x 10 7 m" /s, respectively. As it is mentioned before, in thzaduction section of the present paper, sincegtise
flow rate is in each case well below the correspupdritical values, the numerically predicted blgbdetachment
diameter should remain almost constant by furthergasing or decreasing the gas/vapour injectimm fate. In order
to check this, the R245fa case is further modibigcerforming two additional simulations where tirposed vapour
injection flow rate is successively increased frbs® (Figure 6) to 200 and 300 mliph. In Figure & R245fa case that
was previously compared with the Water/Air and Blezane cases, is now compared with these two additcases of

successively higher vapour injection flow rates.

As it can be observed, despite the increase otdmsidered in each case vapour injection flow rtite,equivalent
bubble detachment diameter stays almost constiaig. dharacteristic that increasing the flow rateabfactor of 2
(comparing the two extreme cases), the equivalebble detachment diameter increases insignificantha factor of
just 1.04. However, the bubble detachment timeades®as by a considerable factor of 1.63. Thereforagreement
with previous investigations, it can be concludidttfor quasi-static bubble growth from submergeifices into
isothermal liquid pools, the influence of the gagétion flow rate to the bubble detachment diametenegligible,
while the influence of fluid properties is quite portant. Therefore, the remaining part of the pnesection of the
paper, will focus on the effect of variable fluicbperties as well as of variable gravity levelstioa equivalent bubble

detachment diameter and the bubble detachment time.

In order to further investigate the exact quantitateffect of fundamental controlling parameters tbe bubble
detachment characteristics, such as the fluid ptiegeas well as the gravitational acceleratiore faidditional series of
parametric numerical simulations with variable dlyproperties are performed, for five different dradevels that
correspond to the gravitational acceleration vahfesll the major planets in the Earth's solar exystin more detail,
parametric runs are conducted in each series \@anyia fluid properties of the R245fa case preseei@tier (see
Figure 6a). In each series, in the first six sirtiatss the value of the surface tension coefficismaried (range: 0.01 to
0.06 N/m), while all the other properties are kemtstant with respect to the base case. In thewaig six simulations
the density (range: 250 to 1600 kdjrand accordingly the kinematic viscosity valuest® liquid phase are varied,
keeping the dynamic viscosity and the rest of ttope@rties unchanged. Finally, in the last 10 sittioes of each series
the values of the liquid phase dynamic and acaogigikinematic viscosity are varied (low viscosignge: 1x17 to
2x10° kg/m s, high viscosity range: 0.0850.1 kg/m s ), keeping the liquid density and tast of the properties
constant. The initial conditions of the base caseveall as the overall varied parameters for the ihltotal additional
simulations, are summarized in Table 4. At thisnpdi should be mentioned that the R245fa casese&cted as the
base case for the proposed parametric investigatinoe as it can be observed from Figure 6a,dttha lowest bubble
detachment characteristics (diameter and time) fzerte the lowest computational demand, especiatiyn fthe

computational time point of view.

A schematic representation of the effect of eaclthef examined fundamental controlling parameteravitational

acceleration, surface tension, liquid phase dereitgl liquid phase dynamic viscosity) on the bubtidgachment
volume, is depicted in Figures 8a to 8d, respelstivim all these figures, the position of the ifis@e between the
generated in each case vapour bubble and the antibigid, is illustrated in a central XY plane dfet reconstructed 3D
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flow field from the axisymmetric simulations, fdre time instance just before the bubble detachiinemt the orifice.
The predicted in each case equivalent bubble detachdiameter and bubble detachment time, areshisan in the
corresponding figure legends. It should be mendahat in all of the simulated cases, the lattegdnh simulation time
instance, just before the bubble pinch-off from thiice, is considered as the bubble detachmeme,tiat which the
equivalent bubble detachment diameter is calcul@teequating the generated bubble volume to themwel of a
sphere. Furthermore, the bubble detachment chastitie, for all cases presented in Figure 8, doter in Figures 9a
to 9d, against the varied parameter in each caseg Imormalized by their corresponding referendaegs The result of
the reference numerical simulation in each caseejgesented by the blue line in Figures 8a to 8t analso
highlighted with a red circle in the diagrams oflie 9. The fluid properties variation ranges #ratshown in Table 4,
are applied in all of the considered gravity levilat are illustrated in Figures 8a and 9a. Howeaethis stage the
effect of surface tension variation is depictedidatively only for the gravity level of Earth (Figes 8b and 9b) and
accordingly the effects of the liquid phase den@figured 8c and 9c) and liquid phase dynamic wiggdFigures 8d
and 9d), only for the gravity levels of Venus/SatUiranus and Neptune, respectively. As it can bgeo/ed from
Figure 8a, the variation of the gravitational aecalion has a direct influence on the bubble detectt volume. In
general, as the value of the gravitational acceteralecreases the bubble detachment volume iresedis can be
explained by considering the magnitude of the bunoyaforce in the bubble. A decrease in the grawvite
acceleration induces a subsequent decrease iutlyaucy force. Therefore in order for the buoyafmrge magnitude
to become significant and aid to the detachmenthefbubble from the orifice, a higher bubble volumest be
attained. For planets of a similar gravity levelttwEarth (Neptune, Venus, Saturn and Uranus) tfleeince is
minimal, while for planets with significantly lowegravity level (Mars, Mercury and Pluto) the effent bubble
detachment volume is quite significant. In moreadetit is evident that increasing the referencavgational
acceleration (Earth) by a factor of 1.12 (Neptuoe)decreasing it by a factor of 1.11 (Venus/Saturahus), the
equivalent bubble detachment diameter decreasesnarghses, respectively, by a factor of just 1l88wever, the
bubble detachment time decreases and increasesieggy by a considerable factor, of approximat&ly3. Further
decreasing the reference gravitational accelerdtianth) by a factor of 2.64 (Mars/Mercury) and §Pluto), the
equivalent bubble detachment diameter increases fagtor 1.33 and 2.71 respectively, while the beilmetachment
time increases by much higher factors of 2.71 ah@7L From Figure 9a, it is evident that both theaiealent bubble
detachment diameter as well as the bubble detadhtiree follow a power law increase with the corresging
decrease of the gravitational acceleration. Howetrer influence of the gravitational accelerati@ariation, is quite

more significant in the bubble detachment time.

Regarding the effect of surface tension, Figurén8licates that for the Earth's gravity accelerattat is considered, in
general a successive increase of the surface temalae causes a similar increase in the bubblectieient volume.
This happens, since an increase in the surfacétemalue, causes a subsequent increase in thacsuténsion force
that is the main force that tends to keep the lubtihched to the orifice. Therefore, in ordertfar bubble to detach a
higher bubble volume is required in order for theyancy force to become significant and lead todéechment of
the bubble. It can be seen that in comparison thighreference case € 0.015 N/m), a decrease in the surface tension
value by a factor of 1.50, causes a correspordigease in the equivalent bubble detachment déaraat the bubble
detachment time by a factor of 1.10 and 1.51, mspdy. Moreover, a successive increase of théasertension value

by a factor of 1.33, 2.00, 2.67, 3.33 and 4.00reiases the equivalent bubble detachment diametardoyresponding
factor of 1.07, 1.20, 1.31, 1.39 and 1.46, and lhéble detachment time by 1.31, 1.94, 2.54, 3.08 a67,

respectively. From Figure 9b, it can be seen tbét the equivalent bubble detachment diameter disasmehe bubble
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detachment time, follow a linear increase with ¢beresponding increase in the value of the surfassion. However,
again the influence is much higher in the bubblad®&nent time.

Figure 8c indicates that for the considered gralasel (Venus/Saturn/Uranus), the liquid phase igns also an
important influencing parameter on the bubble deteent characteristics. Generally, a decrease irvéhee of the
liquid phase density causes a corresponding inergmghe bubble detachment characteristics. Thipdas, since a
decrease in the liquid phase density causes aspaméding decrease in the density difference betweetwo phases,
and therefore the bubble must reach to a largamvwe) in order for the magnitude of the buoyancgdato become
important and lead to its detachment from the ceifin more detail, increasing the reference vgiue 1364.9 kg/r)
by a factor of 1.1 and 1.17, the equivalent bubid¢achment diameter decreases by a factor of Ind21204,
respectively, while the bubble detachment time dlsoreases by a factor of 1.1 and 1.17. Furtherpssuccessive
decrease of the liquid phase density by a factol.86, 1.82, 2.73 and 5.46, increases the equivdlabble
detachment diameter by a corresponding factor @®,11.18, 1.32 and 1.62, and the bubble detachtiraet by a
corresponding factor of 1.35, 1.79, 2.60, and 5t86pectively. From Figure 9c, it is evident thattbthe equivalent
bubble detachment diameter as well as the bubliéiiment time, follow a power law decay with there@ase of the
liquid phase density, as it is indicated by theadabts and their corresponding power fits. Her@ragt is evident that
the variation of the considered controlling paraanehas a bigger effect in the bubble detachmema tind a smaller

but still considerable effect in the equivalent biebdetachment diameter.

Finally, the influence of the liquid phase dynamiscosity on the bubble detachment characterissicddressed in
Figures 8d and 9d. In this case, an interestingrbsion is that for small variations of the refese value i, =
0.00046 kg/m s), both the equivalent bubble detastindiameter and the bubble detachment time remlamost
constant. In more detail, decreasing the referemabtge by a factor of 2.00 and 4.00 respectivelyinoreasing it by a
factor of 1.74, 1.96, 2.17 and 4.35 the equivalaiible detachment diameter and the bubble detac¢himen change
by a maximum factor of just 1.01 and 1.06, respetti Furthermore, even for a quite high increakthe reference
dynamic viscosity value by a factor of 217, theieglent bubble detachment diameter and the bubdtizctiment time
increase only by a factor of 1.21 and 2.00, respelgt

From the analysis and discussion of the resulfarsdt can be concluded that the gravitationaledemation, the surface
tension as well as the liquid phase density, imftgesignificantly the bubble detachment charadtesi@nd especially
the bubble detachment time. On the contrary, in pamson to the influence of the aforementioned rahitig
parameters, the variation of the liquid phase dyoarscosity has a minimal effect both in the e@liént bubble
detachment diameter as well as in the bubble detanhtime. Comparing the diagrams of Figure 9s ievident that
the most influential parameter, especially in thiblide detachment time, is the gravitational acegien, while the
effects of the surface tension and the liquid pluesesity are of quite similar magnitude. Howeversglte the fact that
similar gravity levels are used in Figures 8b toa8dwvell as in Figures 9b to 9d, in order to corafhe corresponding
influences of the examined fluid properties to thebble detachment characteristics in a more detaded
comprehensive way, the diagrams illustrated in FdL0 are plotted. In more detail, in Figures &) and 10c, the
dimensionless equivalent bubble detachment dianfdierensionalized by the diameter of the vapouedtipn orifice
Dy) is plotted against the surface tension, liquidgghdensity and dynamic viscosity values, respagtivor all of the
considered gravity levels. For comparison purposies,values of the varied parameters are normalmedheir
reference value in each of the considered graeigls. Accordingly, in Figures 10d, 10e and 10& timensionless

bubble detachment time (dimensionalized by muliigyeach value by the ratio of the gas injectiotocity to the
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orifice diameter Do), is plotted against the aforementioned normalizedlies of the examined properties, for all the
considered gravity levels. As it can be observaanfrFigure 10a, the linear increase of the equivalarbble
detachment diameter with the increase of the serfacsion that was shown in Figure 9b for the gydeiel of Earth,

is also evident in the rest of the considered gyalévels. However, as the gravity level succedgiveduces to
significantly lower values (3.71 and 0.58 fi)/sapart from the expected higher values in theivedent bubble
detachment diameter, a successive increase inldpe ®f the aforementioned linear trend is alsadewnt. These
observations are even more significant for the Butdbtachment time (Figure 10d).

Similarly, carefully observing Figures 10b and 1fe power law decay of the bubble detachment ckeriatics with
the increase of the liquid phase density that Wastiated in Figure 9c for the gravity levels oéMs, Saturn and
Uranus, is also evident in the rest of the considgravity levels. Again here, as the gravity lesighificantly reduces
with respect to the gravitational acceleration feé Earth, the bubble detachment characteristica gignificantly
higher values and their rate of increase with respethe corresponding decrease of the liquid @lisity becomes
successively higher. Also here, these observaiomsnore significant to the bubble detachment fimeomparison to

the equivalent bubble detachment diameter.

Finally, regarding the influence of the liquid dymia viscosity on the bubble detachment charactesishat is depicted
in Figures 10c and 10f, the negligible linear ire®e of the equivalent bubble detachment diametertiz® bubble
detachment time with respect to the consideraldeease of the liquid phase dynamic viscosity, thas observed in
Figure 9d for the gravity level of Neptune, is afgesent for the rest of the considered gravitglevHowever, for the
lowest of the examined gravity levels (Pluto), st dharacteristic that for the low variation randetle reference
dynamic viscosity value (Table 4), that in the refsthe considered gravitational accelerationgifsct on the bubble
detachment characteristics is negligible, in thasecboth the equivalent bubble detachment dianastevell as the

bubble detachment time present a quite rapid andiderable in magnitude increase.

Table 5, summarises the maximum change factoreretfuivalent bubble detachment diameter as weili e bubble
detachment time, in comparison with the maximumatin factor of all of the three examined fluicoperties in the
present parametric investigation, for each of tlswered gravity levels. The maximum variationtdes are
calculated as the ratio of the highest to the lowedues from the overall variation range of thewmined fluid

properties.

As it was observed from the diagrams of Figureitlig, evident also from Table 5 that the liquid peaviscosity effect
on the bubble detachment characteristics is minimatomparison to the rest of the examined fluidperties.
Comparing now the resulting maximum change factats respect to the maximum variation factors floe surface
tension and the liquid phase density, it is obvithet their corresponding effect in the equivaleabble detachment
diameter is almost the same. However, the influeidde liquid phase density is a bit higher thea torresponding
influence of the surface tension, in the bubblacletnent time. Another quite interesting observaisae fact that the
maximum change factors in the bubble detachmenactexistics with respect to the maximum variatiactors of the
considered flow properties, present similar valfeesgravity levels (10.99 m?sand 8.83mA close to the reference
gravity level (9.81 mA. However, as the gravity level significantly deteis from the reference value (3.71 Tatsd
0.58 m/$), the maximum change factors increase or decraeserdingly, significantly with respect to the maxim
change factor in the case of the reference grawitalt acceleration.
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In the quasi-static bubble growth regime, as a-firder assessment, a simple force balance betiveeyancy and
surface tension forces just before the detachmment the orifice, can be applied. In other wordshis case the bubble
is considered to detach from the orifice when theylancy force exceeds the maximum possible sutésgon force.

This can be expressed by the following equation:

F, =F; =202 (; —pg)g = nhyo (15)

Rearranging equation (15), the following theordtoarelation that predicts the equivalent bubldéadhment diameter

in relation to the E6tvos number (or equivalently Bond number “Bo”) is derived:

Dag 23
— = 1.82Fp %2

n

(16)
where the E6tvos number is defined as follows:

(pi-pglani

Eo = a7

The proposed theoretical correlation, has servedasadn the literature as the “conventional propmy for the
prediction of the equivalent bubble detachment éi&m for isolated bubbles, growing and detachioghfsubmerges
orifices in isothermal liquid pools, while beingtime quasi-static growth regime (Di Marco, 2005%tdich et al., 2013;
Kulkarni and Joshi, 2005).

As it can be observed from Figure 11, by plottihg humerically predicted equivalent bubble detacdiindéameters
(blue coloured data) for all the numerical simuat of the present parametric investigation, nomadlby the orifice
diameter (@), against the calculated E6tvos numbers in a ltfgaic scale, but excluding the high range valuethe
liquid phase dynamic viscosity variation (please $able 4), the following power law relationshipf@ind to best

describe the numerically derived data:

%2 _ 1.68E0~0 (18)
Dy

By utilizing Equation (16) and plotting also theethietical equivalent bubble detachment diametethérsame graph
(brown coloured data), a quite significant deviatitom the numerically predicted data can be olexrin more detail,
the proposed deviation increases in magnitudeeagdtivos number reduces. The low range of Edtvasoeus, where
the more significant deviations are observed, spoad to the lowest of the examined gravity leygts 0.58 m/9), in

the conducted parametric numerical simulationsitAss illustrated previously in Figure 10c, foetlow value range
of the liquid dynamic viscosityu(: 0.001-0.002 kg/m s) and for the lowest of theneixeed gravity levels (g= 0.58
m/<), the effect of liquid phase viscosity in the eguént bubble detachment diameter is quite sigificin

comparison to the rest of the examined gravitylfetleat the corresponding influence is negligifileerefore, since the
aforementioned theoretical correlation safely netgl¢he influence of viscosity for gravity levelese to the value of
Earth, it fails to capture the aforementioned ialagty for very low gravity levels and hence ddem significantly

from the numerically predicted data. This suggtssthe proposed theoretical correlation (Equatiénthat is derived
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by the a simplified force balance (Equation 15)utidoe further modified, applying a suitable coti@t that takes into
account a combination of the viscosity and gragffgcts on the bubble detachment characteristiese ithe following

correction is suggested:

i 0.06 . ooz
=1 = 1.826070% () (L2
D,

| SEareR’ “Hurgrer!

(19)

By plotting also Equation (19) in the diagram oflie 11, the green coloured data points are deri&edt can be
observed their best fit line that is described lop&ion (20) below, is very close to the correspogeéquation of the

best fit line of the numerically predicted data (&tijon 18):

22 = 1.74E070% (20)
Therefore, it can be concluded that for the queiesbubble growth regime and for the conside@tes of gravity
levels, surface tension coefficients, liquid phdsesities and liquid phase dynamic viscosities,afiqn (19) can be
safely applied for the prediction of the equivalbobble detachment diameter, taking into accodrthalfundamental

controlling parameters that were identified asuefitial, in the present parametric analysis.

In Figure 12, the numerically predicted equivalembble detachment diameters, normalized by théerifiameter, are
plotted against the calculated E6tvos numbers lfafdhe conducted numerical simulations of thegamt parametric
analysis, including also the high dynamic viscoségge runs (please see Table 4). However, in dadbighlight the

deviation from the power law fit of Equation (18)at resulted previously (Figure 10, blue colourath)l the high
viscosity runs are grouped together by the liquidainic viscosity value and are plotted with segacatiours. As it
can be observed, the previously identified fit ofuBtion (18), is successively shifted as higheelewof viscosity are
considered. This clearly shows that towards theliptien of the bubble detachment diameter for gsteic bubble
growth, two different regimes can be identified.régime of “low-viscosity” fluids where the bubblestdchment
diameter can be globally predicted by a single pdae for a wide range of E6tvos numbers, and glthriscosity”

fluids regime where successive increase in liquiscasity values cannot be described by a single epolaw

relationship.

Finally, in accordance to Figure 12, in Figure &® variation of the numerically predicted bubbttathment time
(normalized by multiplying the corresponding valussthe ratio of the gas injection velocity to thefice diameter
Uo/Do), with respect to the E6tvos number is plotted.itAcan be observed, considering all the conducigmerical
simulations but excluding the high viscosity ruitse bubble detachment time can be predicted byfatewing
relationship that results from the equation of¢beresponding best fit curve:

Lgecln

= 2.88E0™%% (21)

As in the case of the equivalent bubble detachrdemheter, it is obvious that the resulting fit afuation (21) is
successively shifted as higher levels of viscoaity considered. This again indicates that towdredtediction of the
bubble detachment time, the same two differentogigg regimes can be identified.
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5. EFFECT OF GRAVITY VECTOR INCLINATION ANGLE
In this section of the paper, the effect of thevigyavector inclination angle with respect to therizontal plane in the
bubble growth and detachment characteristics iestigated. For this purpose a full, 3D, cylindricaimputational
domain is constructed. The computational domairshmand the applied boundary conditions are illtsttan Figure
14. As it can be seen, a non-uniform computatiomash is used with three levels of mesh refinenmEme. finer mesh
region covers the volume that the bubble growthdetdchment takes place, identified by the axisytrimsimulation
of R245fa that was presented and discussed inridoos section of the present paper (Section gyrEi 6a). The
reason that the 3D numerical investigation is cetelll for the R245fa case is simply for computatioseed
purposes, since as it was observed the R245fa déuialsl the smallest detachment volume and detachimenthan the
other two cases of Section 4 (Water/Air and Decapour/liquid). Therefore, it was more computatignafficient to
perform 3D parametric numerical experiments fordhase of refrigerant R245fa. The same uniform sie# is used as
in the proposed axisymmetric simulation in the fimesh region (32 cells per orifice diameter), wkifter the domain
of main interest the mesh gradually coarsens, usiegsuccessively coarser domains. As in the axisgtric case, a
3D parabolic inflow profile is used for the circulimlet boundary, with the maximum value of velgciteing at the
centre and radically decreasing to zero at thauleircedge. For the bottom and circumferential sbbdndaries a wall

boundary condition is applied, while the top bouwydzf the domain represents the outlet boundary.

For the proposed, parametric, numerical investigatihe same initial conditions with the axisymnetase were used.
The only thing that was varied between each nurakeixperiment, was the inclination angle of thevgyavector with
respect to the bottom wall horizontal plane. A t@f9 simulations were performed, with the progbseclination
angle taking values from=90- (gravity vector parallel to the vapor injection sixas in the axisymmetric case of
Section 4), up to¥=10- with 10> increments. The results of th#=90- case were initially compared with the
corresponding axisymmetric case, and it was founad the differences in the predictions of the babi#tachment

characteristics were negligible (less than 1%).

Figure 15 depicts indicatively, the bubble growttd aletachment characteristics for 3 of the 9 ialteimulated cases.
For each of the illustrated inclination anglestaf gravity vector, the time instance of bubble deteent as well as a
time instance 4 msec before and 4 msec after thbldwetachment are shown. The 0.5 volume fragforsurface,

together with the velocity magnitude contours adl ae the velocity vector field, in a vertical centsection of the
computational domain, are illustrated for each tinstance.

Comparing the bubble growth and detachment proogskse =90 case (Figure 15a) with the other cases that the
gravity vector inclination angle to the horizonfghne successively decreases (Figures 15b and 4&aje worth
mentioning macroscopic conclusions can be drawmegdly, as it was also discussed in the previaasiens of the
present paper, the bubble growth and detachmenggsaconstitutes a quite complex hydrodynamic pienon, that
in the quasi-static growth regime, is governed tyaay the interactions between the buoyancy fonoe #he surface
tension force at the interface between the gaseodsliquid phases. In the first casgg=90-) this hydrodynamic
complexity is significantly reduced, as the integfaevolution remains axisymmetric both before after ahe time of
bubble detachment. This simplicity in the processny arises from the fact that the governing fobedance in all
stages of interface evolution, consists of pardibetes acting on the bubble, in the direction lné gravitational
acceleration. On the contrary, as the gravity wedicection gradually deviates from being paralielthe orifice
longitudinal axis, the proposed axisymmetry is gedly lost, and the bubble shape as well as theosoding flow

field becomes three-dimensional. This happens gmeéorce balance is now more complicated, abtioyancy force
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acts in each case in a different direction andstiace tension forces act along a different iatgdl shape. From the
hydrodynamics point of view, it is evident that timitially symmetric vortexes (recirculation regnin the flow
domain (=90-), gradually become asymmetric with the left sidetex gradually reducing and the right side vortex
gradually increasing in size#£50°) and finally predominatindd=10). This corresponding gradual decrease and
increase in the initially symmetric and equal imesiecirculation regions, deflect the growing bebial the direction of

the smaller vortex, leading also to a differentiidirection and shape of the detaching bubble.

But in order to examine the influence on the buliiiewth and detachment characteristics from a nyorntitative
point of view, graphs of the resulting bubble dataent times and volumes, with respect to the grawvéctor
inclination angle are illustrated in the diagranfissgure 16a and 16b, respectively. As it can bseoled from the
graphs of Figure 15, both the bubble detachmerg imwell as the bubble detachment volume, degraaske gravity
vector direction gradually deviates from being palao the vapor injection axis#£90°) and tending to become
normal to the orifice axis#€10). One can observe that the rate of decrease bfthetbubble detachment time and
volume is non-linear. For gravity vector inclinatiangles fromf=90- up to8=80-, a relatively small rate of decrease
is observed, which then gradually increases umtalaost constant rate frofix 70> up to6=30c. Finally, at the last

range of the examined inclination anglés §0- up to#=10-) a gradual decrease in the rates of decreasédisrey

From all the above observations it can be conclublatithe underlying hydrodynamics in adiabatictidalgrowth and
detachment, are also strongly dependent on thdtgraector inclination angle with respect to thgeiction orifice
longitudinal axis. However, it should be mentioniedt since the numerical model of the present itiyatson has been
validated against experimental data where the vamection axis is parallel to the gravitationalcter, further
validation with potential future, literature avdila experimental data where the vapor injectiors éiinclined with

respect to the gravitational vector, must be cotedtlifor future investigations.

6. CONCLUSIONS
In the present paper, the algebraic VOF (Volumilaitl) based interface capturing approach thdtésdy implemented in
the CFD ToolBox of OpenFOAM® (v.2.2.1), is adopted further improved for the conduction of axisynmieand 3D
numerical experiments on adiabatic bubble growtradyics. The main goal was the identification ofekact quantitative
effect of fundamental parameters on the bubble tralynamics, focusing on the detachment charatitsrisf isolated
gas/vapour bubbles (from inception to departunelareating quasi-statically from orifices submergedsothermal liquid
pools. Prior to the main applications the adopt&@f\model is accordingly modified and improved, idey to account for
the adequate reduction of the spurious velocitiasare formed in the vicinity of the interfacegdeng to unphysical results.
The predictions of the improved model, are quaitély validated against literature available expental data, showing
an excellent degree of convergence. The optimisedvalidated version of the numerical model is theplied for the
conduction of two wide series of numerical simalas. The first series, quantitatively explorespgheametric effects of a
wide range of liquid phase properties (surfaceit@nsiensity and dynamic viscosity), for five ditéat gravity levels that
correspond to the main planets in the solar systenough 2D axisymmetric simulations. In the secaedies, the
guantitative effect of the gravity vector directimiclination with respect to the bubble injectiofisas investigated for the
gravity level of Earth, utilising 3D numerical sitions. From the overall analysis and discussiorhef results the

following important conclusions can be withdrawn:

< Among the examined fundamental controlling paranseté is shown that the gravitational acceleratite

surface tension as well as the liquid phase densitfluence significantly the bubble detachment
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characteristics. On the contrary, in comparisoth&influence of the aforementioned controllinggmaeters,
the variation of the liquid phase dynamic viscoditgs a minimal effect both in the equivalent bubble

detachment diameter as well as in the bubble detanhtime.

« In all of the considered gravity levels, the bubtdgachment diameter as well as the bubble detathtinge
follow a linear increase with the increase of theface tension. However, as the gravity level sssively
reduces to significantly lower values than the gyaevel of the Earth, apart from the expectedheigvalues
in the bubble detachment characteristics, a suseegscrease in the slope of the resulted lineandris

evident.

« Both the bubble detachment diameter as well abtibdle detachment time, decrease following a pdawer
with respect to the corresponding increase of ithéd phase density. Again, with successively logevity
levels, the bubble detachment characteristics stignificantly higher values and their rate of irase with

respect to the corresponding decrease of the lipfudce density becomes successively higher.

* Regarding the effect of the liquid phase dynamscesity, generally a negligible linear increaséhef bubble
detachment characteristics is observed, with redpethe corresponding significant increase of pheposed
fluid property. However, it is important that fdret lowest of the considered gravity levels (Plutahjch is
significantly lower than the gravity level of Eartand for the lowest value range of the examineskadyic
viscosities, both the bubble detachment diametewel$ as the bubble detachment time present a quite

significant increase that is not present for higrawitational accelerations.

e It is characteristic that, the influence of all tbe examined controlling parameters, is higherhia bubble

detachment time in comparison to the bubble detaciliameter.

e For gravity levels close to the Earth's gravity thlative change of the bubble detachment chaistite with
respect to the variation of the examined fluid prtigs, is almost the same. However, as the graeitgl
significantly reduces the relative change of thédder detachment characteristics is quite highen ttee
corresponding relative change in the gravity lefdtarth.

e A correction to an existing theoretical correlatirat results from a simplified force balance isgmsed,
leading to a relationship that for the examinedgemnof E6tvos numbers it can be safely appliedttier
prediction of the bubble detachment diameter. Ailaintorrelation is also proposed for the predictaf the

bubble detachment time. However these correla@goadimited to low viscosity fluids.

e Apart from the fluid properties and the magnitudi¢he gravitational acceleration, it is shown ttia bubble
detachment characteristics are also strongly deperzh the gravity vector inclination angle wittspect to
the injection orifice longitudinal axis. Both thalible detachment volume as well as the bubble detant
time, reduce significantly as the gravity vectaredtion gradually deviates from being parallel e vapour

injection orifice, following a non-linear decrease.

Summarizing, the present investigation adds sicgaifily to the existing knowledge on bubble growtid detachment,

from submerged orifices into isothermal liquid pyddince a comprehensive examination of the etfeaindamental
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controlling parameters on the bubble detachmentachteristics is conducted, identifying their exagtantitative
influence on the bubble detachment diameter an@ tam well as their relative importance. Furthermdrem

dimensionless analysis on the overall numericalltedwo correlations are derived, that for thamined range of
E6tvos number, are able to predict the equivalaribke detachment diameter and the bubble detachtimaat

respectively. Finally, it can be said that the w$ethe improved VOF-based interface capturing apphnothat is
presented, validated and applied in the presemsiigation, constitutes a quite promising tool tlee simulation of
adiabatic bubble growth and detachment processesiding great insight regarding the complex unided physics
and hydrodynamics, of such two-phase flow phenonoésignificant interest to real technological apations.
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Table 1 Initial conditions for the numerical simulationsgtiation Cases 1 and 2).

Parameter Symbol Values Values Units
(Casel) (Case2)

Liquid Dynamic Viscosity W 0.001 0.0014 kg/m s
Gas Dynamic Viscosity g 1.79x10° 1.824x10 kg/m s
Liquid Density P 998.: 998.1: kg/m?
Gas Density Pg 1.225 1.188 kg/fh
Surface Tension Coeff. Iy 0.073 0.07273 N/m
Orifice radiu R. 0.8 1.3¢ mm
Gas Injection Flow Rate Q 4.17x10 1.67x10° m’/s

Table 2 Comparison of Bubble detachment characteristicavdzen experimental and numerical results from three
different VOF-based CFD solvers.

METHOD REFERENCE dts (sec) Edet (%0) Vet (MNT) EVger(%0)
Experimental Albadawi et al. (2013h) 0.684 0 29.69 0
VOF(Ansys Fluen Albadawi et al. (2013t | 0.83¢ 21.¢ 35.80¢ 20.5¢
VOF (OpenFOAM) Original Albadawi et al. (2013h) N -37.2 21.022 29.22
VOF (OpenFOAM) Smooth Present work 0.61y -9.8 28.76 -10.9

Table 3 Fluid properties for the simulated cases of R24%jaour/liquid and Decane vapour/liquid.

Parameter Symbol Case Value Units
o o R245fa 4.64x19
Liquid Dynamic Viscosity W Docane 0.63 kg/m s
o R245fe 9.96x1(°
Gas Dynamic Viscosity g Decane 309010 kg/m s
o ) R245fa 1364.90 5
Liquid Density pi Docane 13026 kg/m
. R245f: 5.9¢€ 5
Gas Density Pg Docan 5ol kg/m
Surface Tension Coeff. 6 R24%fa 0015 N/m
Decane 0.025
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Table 4 Initial conditions for the base case and overatapgeter variation.

Par ameter Symbol Value Units
Liquid Dynamic Viscosity W 4.64x10° kg/m s
Gas Dynamic Viscosi g 9.96x1(° kg/m ¢
Liquid Density P 1364.9( kg/m?
Gas Density Py 5.96 kg/nd
Surface Tension Coeff. c 0.01531 N/m
Orifice radiu: R 0.8 mm
Gas Injection FlovRate Q 150x1¢3 I’h
Liquid Density Variation 250, 500, 750, 100, 150600 [kg/ni]
Liquid Dynamic Viscosity Variation | 0.0001, 0.000ZBP008, 0.0009, 0.001, 0.002 [kg/m s] (low vistosange)
0.025, 0.050, 0.07, 0.10 [kg/m s] (high viscos@nge)
Surface Tension Variatit 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 [N
Gravitational Acceleration Variation| 0.58 (Pluto), 3.71 (Mars, Mercury), 8.83 (Venustuda Uranus), 9.8
(Earth), 10.99 (Neptune) [nf]s

Table 5 Maximum variation factors in the examined fluid pesties and corresponding maximum change factars fo
the equivalent bubble detachment diameter andubblb detachment time, in all of the considereditydevels.

Max. Variation factor M ax. Dey/Do change factor M ax. tgeUo/Do change factor
Gravity Level (m/s?) Gravity Level (m/s?) Gravity Level (m/s?)
Parameter | 10.99 | 9.81| 883 | 3.71 | 058 | 10.99 | 9.81 | 8.83 | 3.71 | 0.58 | 10.99|9.81|8.83|3.71|0.58
c 6 6 6 6 6 16| 1.621.61|1.63| 1.71 | 5.44| 5.545.32|4.83|5.11
P 6.4 64| 64 6.4 64 | 1.6¢ |1.7C|16S|1.7z| 1.81 | 6.2C |6.15(5.95|5.55|6.02
W 100C |100C| 100C | 100C | 100C | 1.21 | 1.2C|1.2C|21.17| 1.15 | 2.0Z [1.94|1.91|1.67|1.5¢F
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Fig. 6. Streamlines coloured by velocity magnitude durindgptde growth and detachment for the three differest
phase flow cases: (a) R245fa vapour/liquid, (b)awand air and (c) Decane vapour/liquid.
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R245fa Liquid/Vapour R245fa Liquid/Vapour R245fa Liquid/Vapour

Q,: 150 ml/h Deq:2_12 mm Q,:200 ml/h D_:2.17 mm Q,:300 ml/h D_:2.22 mm
D :1.60 mm t :0.101 s D :1.60 mm t :0.083s D :1.60 mm t :0.062s
0 det 0 det’ 0 det’
02 » 0.2 — //////' 0.2 a i 11177/
1 ]}t‘=0.063 s ) \ , W

Fig. 7. Streamlines coloured by velocity magnitude duringtide growth and detachment for three differentitisge
values for the R245fa case: (a) 150 miph, (b) 2@bnaind (c) 300 miph.
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Effect of gravity level
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Fig. 8. Effect of the examined parameters variation ingbaerated bubble volume at the time instance jefire its
detachment from the orifice: a) gravity, b) surfatension (Earth gravity level), c) liquid phase sign
(Venus/Saturn/Uranus gravity level) and d) liquithpe viscosity (Neptune gravity level).
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Effect of surface tension

Effect of gravity level 4 . 4
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Fig. 9. Relative effect of examined parameters variatiotha equivalent bubble detachment diameter andutwble
detachment time: a) gravity, b) surface tensionljqz)id phase density and d) liquid phase viscoéity values are
normalized by their corresponding reference values)
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Fig. 10. Dimensionless equivalent bubble detachment diamgér diagrams) and dimensionless detachment time
(right diagrams) with respect to the varied paramseinormalised by the corresponding values ofr theference
simulation), for all the considered gravity levels.
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Fig. 11. Dimensionless equivalent bubble detachment diame&sus E6tvos number: numerical simulations
excluding high viscosity runs (blue data pointBgdretical correlation (brown data points) and ssged correction

(green data points).
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Fig. 12. Dimensionless equivalent bubble detachment diameérsus Eo6tvos number: numerical simulations
excluding high viscosity runs (blue data pointsjl @umerical simulations with liquid dynamic visdysof 0.025
kg/m s (orange data points), 0.05 kg/m s (greea @aints), 0.07 kg/m s (brown data points) andkg/n s
(orange data points).
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Fig. 13. Dimensionless bubble detachment time versus Edtuasber: numerical simulations excluding high vigto
runs (blue data points) and numerical simulatiofith Wiquid dynamic viscosity of 0.025 kg/m s (orandata
points), 0.05 kg/m s (green data points), 0.07 kgfiorown data points) and 0.1 kg/m s (black dafatp).
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Fig. 14. Computational domain, mesh and boundary conditions
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Fig. 15. Adiabatic bubble growth and detachment of R245fgoua injected into a R245fa liquid, for differentagity
vector inclinations with relation to the horizonfdane:6=90" (a), 6=50" (b) and6=10" (c). For each inclination angle
three different time instances are illustrated {ihme of detachment and 4 msec before and after).
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Fig. 16. Diagrams of (a) bubble detachment time and (b) utibbtachment volume, with respect to the gravégter
inclination angle.
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