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Abstract.

The injection of an air bubble in a liquid at rest is an interface flow problem where surface
tension and its modeling at solid boundaries is a key factor. It is the subject of this study.
Numerical simulations have been performed to study 3D axi-symmetrical bubble growth from
an orifice through a horizontal wall. The gas inflow velocity used was sufficiently small to ensure
that the bubble growth is quasi-static so that surface tension and buoyancy forces are dominant.
The wall was considered non-wettable to avoid spreading of the interface along the wall. The
Navier-Stokes equations were solved with two different interface capturing methods based on
Volume of Fluid (VOF) and Level Set (LS) as well as coupled CVOFLS. In the VOF method,
the bubble interface was tracked using either an algebraic solver which results in some diffusion
of the interface (compressive scheme implemented in OpenFOAM), or it was determined using
a geometric reconstruction scheme (Geo-Reconstruct Scheme from Fluent). The TransAT code
was used for the LS model which captures the interface using signed distance function.

The bubble volume and center of gravity have been investigated during the growth using
the three solvers and numerical results have been assessed against experimental data. These
results have shown that reconstructing the interface using the LS method gives good agreement
with the experiments. In VOF (compressive scheme), the bubble detaches at earlier times
resulting in a smaller detachment volume. The coupled CVOFLS-GeoReconstruct was found
to be more computationally expensive than the VOF-GeoReconstruct and to present bubble
oscillation during the growth.

1. Introduction

Two phase flows are commonly found in a broad range of industrial applications such as heat
exchangers, chemical processing, and electronic cooling. Bubbles are known, for example, to
induce rapid and lasting increase in surface heat flux when sliding along heated plates [1]. The
gas phase may originate from nucleation sites due to boiling or it can be directly injected into the
system. The research presented in this article is concerned with the numerical study of the latter
case of bubble injection for heat transfer enhancement applications as an initial stage of studying
the full process of bubble growth, rise, and sliding. The analysis aims to examine the suitability
of the models for predicting the bubble dynamics under adiabatic conditions. The main challenge
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of this analysis is that the bubble passes through different topological changes during its growth
as the bubble is controlled by a balance between the buoyancy and capillary forces [2]. Fixed
grid methods, in particular the VOF [3] and the LS [4] methods, make it possible to study the
complex gas/liquid interface, by modeling both fluids as a single mixture. Recently, a coupling of
the VOF and LS methods has also been developed (CVOFLS [5]) to achieve a smooth interface
reconstruction while preserving mass conservation. Differences across the methods concern the
interface advection but also its reconstruction which is used to evaluate fluid properties and
critically the surface tension through the interface curvature.

Although most surface tension models are based on the same CSF method [ref], differences
in their implementation, whether it is within the fluid domain or at boundaries where a triple
contact point exists, can induce significant variations in the model predictions. The VOF
method, for instance, is known to be affected by spurious currents induced by the curvature
approximation [6]. The only existing study that has investigated the accuracy of both LS and
VOF considered slug and bubbly flows [7] and no comparative study of the three methods (VOF,
LS and CVOFLS) involving an assessment against experimental data has yet been published.
The present research examines, using the three interface capturing methods, the capillary
dominant flow of bubble growth at low Capillary and Bond numbers so that the implementation
of the surface tension has a significant influence on the bubble dynamics and can lead to non
negligible errors. The numerical prediction of bubble growth has been studied using either
the VOF method [8, 9] or the LS method [10, 11], and recently the coupled CVOFLS method
[12, 13, 14]. This body of research, however, has focused on the study of bubble perioding
using high flow rates (> 100mm?3/s) [15, 14] and not low Capillary and Bond numbers. Also,
previous studies have been concerned with predicting the bubble characteristics at detachment
rather than the bubble shape and its characteristics during the growth which has a strong
influence on determining the final bubble shape. Finally, the behavior of the bubble neck has
been investigated previously using either experimental observations [16] or theoretical analysis
of the inviscid pinch-off [17, 18] but is studied here by solving the full numerical domain where
both gas and liquid viscosities.

The bubble formation is modeled using adiabatic axi-symmetrical conditions. The inflow flow
rate is chosen so that isolated bubbles are generated from the wall orifice. The air is injected
through an orifice wall where a static contact angle is imposed to pin the bubble interface at
the orifice rim. This angle can have a strong influence on the bubble growth and detachment
[11]. The accuracy of prediction of the neck formation, bubble detachment time and volume,
the bubble aspect ratio, and the center of gravity in the gravitational direction are assessed by
comparison against experimental data.

2. Governing equations and numerical analysis
Navier Stokes equations are solved to model the multiphase flows problem by treating the fluids
as a single mixture.

Vi = 0 (1)

0 ﬂ
5 (P + Y - (piid) = VP + V- [u(Vii + Vi) + pg + F, (2)

where u, p, p, pu, and ¢ are mixture velocity, pressure, mixture fluid density, mixture fluid
viscosity, and gravitational acceleration, respectively. The physical properties of both fluids are
calculated each time step according to the interface position. The source term F, accounts for
the surface tension. Its definition depends on the interface capturing method.

VOF method: In the VOF method, the volume fraction function is defined as a step
function. It lies in the range [0,1]. The liquid and the gas phases fill cells where v = 1 and
a = 0, respectively. The cells, which contain a volume fraction between 0 and 1, include the
interface. The volume fraction satisfies the advection equation ((da/0t) + 4 - Va = 0).
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Two methods have been considered for the solution of the last equation; VOF-GeoReconstruct
which uses the geometrical reconstruction method (PLIC-VOF [19]) implemented in Fluent,
and VOF-compressive which is based on an analytical counter-gradient transport method [20])
implemented in OpenFOAM. In the GeoReconstruct model, the surface tension force model used
is the Continuum Surface Force (CSF) model proposed by Brackbill et al. [21]:

Fo = (0prVa)/(1/2(pg + p1)) (3)

where o is the surface tension coefficient, k is the interface curvature which is calculated in terms
of the unit interface normal K = V-7 = V - (Va/|Val|). The subscripts g and [ stand for the
gas and the liquid, respectively. The surface tension force in OpenFOAM is calculated without
using any density weighting (F, = okVa).

LS method: In the LS method, the two immiscible fluids are characterized using a smoothed
distance function ¢ , where the bubble free surface is defined by the isoline ¢ = 0. After few
time steps, the LS function fails to maintain the signed distance function |V¢| # 1. To solve
this issue, a reinitialization (re-distancing) process is applied [4]. Furthermore, a Dirac function
0(¢) is employed to limit the region where the surface tension force is considered.

fo = 0k(9)6(9)V (4)

CVOFLS-GeoReconstruct: In this case, both the LS and the VOF advection equations
are solved. The re-initialization is accomplished by using the PLIC reconstruction. The interface
normal is determined using the LS function, while the fluid volume is obtained from the VOF
function. The surface tension force and the physical properties are calculated similarly to the
LS method.

Numerical solution: A cell center finite volume formulation is used to discretize the
governing equations. The temporal derivative parameters are discretized using a first order Euler
implicit scheme, while the spatial derivatives are discretized using second order schemes.TransAT
uses SIMPLE algorithm [22] for coupling between the velocity and the pressure. This coupling
is attained in both Fluent and OpenFOAM by using PISO algorithm [23].

3. Problem description

The bubble is injected through an orifice with a radius r, = 0.8 x 1073m submerged into
an initially quiescent liquid (Figure 1). The gravitational acceleration is imposed in the
axi-symmetrical direction, while the surface tension coefficient is assumed to be constant
(0.073kg/s?). The physical properties of both air (p = 1.225kg/m?>, n = 1.789 x 10~%kg/(m.s))
and water (p = 998.2kg/m® p = 1.003 x 10~*kg/(m.s)) are constant and taken at room
temperature. The gas is injected under constant flow rate (¢ = 100mlph = 27.778 x 10~9m?/s)
which is well below the critical value for quasi-static flow [24] (Qerit =~ w(%)l/ 6(%)5/ 6 =
1.82 x 1075m3/s). The numerical domain has a width ~ 2.5D,, and height ~ 5D, equivalent
to 10 x 20mm?. The wall dimensions chosen in this study are comparable with Gerlach et
al. [12]. The mesh step size is regular Az = 0.1 x 10~3m, so that the orifice diameter will
be simulated using 16 grid cells. The time step was chosen small enough, At = 1 x 107%s
to give Courant number below 0.4. The step sizes are relatively close to those taken in other
studies [12, 25]. Four boundary conditions are set to represent the borders of the numerical
domain. Inflow velocity is defined at the inlet where the gas is injected through the throat at
a constant velocity. The velocity is determined according to the imposed volumetric flow rate
vo = Q/(nrd) = 0.0138m/s . A no slip wall boundary condition is imposed along all walls
except for the lower wall where wall adhesion is considered. A contact angle is defined so that
the bubble interface will not spread along the wall. The numerical results are compared with
the experimental data produced using the experimental setup described in [26].
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4. Results and Discussion

4.1. Dynamics of Bubble Formation

Figure 2 shows the bubble interface at 5 successive stages of growth (¢/tze: ~ 0,0.2,0.4,0.6,0.8, 1,
where t4¢¢ is the detachment time) as modelled by the LS method and measured experimentally.
The other methods provide bubble shapes which are broadly similar. With LS and CVOFLS,
the interface is captured by the isoline ¢ = 0, while the interface is represented in VOF by the
isoline o = 0.5. At the initial stage t/tge; ~ 0, the bubble is assumed to have a hemispherical
shape with a stationary gas. At time ¢/t4e; ~ 0.2,0.4, the bubble has a truncated spherical shape
where the bubble growth is dominated by the capillary force ~ 2wor, [2]. As the bubble grows,
the buoyancy force (~ (p; — pg)9Vp) increases and has a larger influence on the formation. From
that stage, the bubble becomes spherical, and the balance between capillary and buoyancy forces
controls the bubble growth. At larger times t/tge¢ ~ 0.8, the bubble becomes more elongated
leading to increased instantaneous contact angle and a neck formation. At time t/tgze; = 1, the
bubble detaches where the neck pinches off, and it rises freely due to the gravitational effect.
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Figurg 1-' Schematic diagram of the Figure 2. History of the bubble shape using
numerical rig. LS method and experimental data.

4.2. Bubble detachment parameters

The numerical methods are first assessed by comparing the geometrical parameters at
detachment with experimental data. Results are summarized in table 1 and indicate that the
LS and the VOF-GeoReconstruct methods tend to give the largest detachment volume with
an error Vm#;:”p x 100 < 7%. Although this is non negligible, the error from the equivalent

bubble radius defined as R = (3Ve; /4m)'/3 is small ~ 2.1%. VOF-Compressive gives very small
detachment volume by comparison with the experiments with an early bubble detachment (see
Table 1 for the detachment time). The VOF-GeoReconstruct and LS solvers, on the other hand,
provide larger detachment time when compared to the experimental data. All the numerical
methods except VOF-Compressive give detachment center of gravity close to the experimental
measurements with difference smaller than 1.5Az. The detachment parameters show that the
only method which does not predict accurately the bubble characteristics at detachment is the
algebraic advection scheme (VOF-Compressive).

4.8. Bubble Geometrical Aspects
The history of bubble growth is studied in this section to investigate the unsteady growth and
detachment process. Figure 3 shows the numerical and the experimental results of the bubble
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Method Volume Center of Gravity Time
[mm3]  Error(%) [mm] Error(%) [s] Error(%)

Experiment 26.98 3.513 0.954

VOF-GeoReconstruct 28.863  06.979 3.385 -03.635 0.997  04.476
CVOFLS-GeoReconstruct  27.215  00.871 3.423 -02.559 0.937 -01.824
LS 28.786  06.694 3.566  01.503 1.005  05.293
VOF-Compressive 20.234 -25.004 3.068 -12.673 0.606 -36.478

Table 1. Numerical and experimental bubble detachment parameters and the corresponding
error.

center of gravity in the vertical direction CGy. The VOF-Compressive method shows a rapid
increase in stretching along the vertical direction before detachment. This occurs at time ¢t = 0.4s
instead of ¢ = 0.9s with other methods. The LS method shows a bubble which grows smoothly
until detachment as observed experimentally. Also, although the CVOFLS-GeoReconstruct
method gives detachment center of gravity which agrees with experimental measurments, it
predicts bubble oscillations during the growth with amplitude of oscillation which increases
towards detachment. The bubble aspect ratio provides further details on the dynamic behavior
of the bubble shape. It is defined as the ratio of the maximum bubble height to the maximum
bubble width and is shown in figure 4. In VOF-Compressive, the bubble grows faster in the
longitudinal direction than the horizontal. The instability of the Geo-Reconstruct methods is
further exhibited in this figure. This behavior is represented by a Pulse-Shrink motion, where
the growth is accompanied by a rhythmical expansion and contraction of the bubble. Similar
observations are noticed when examining the instantaneous contact angle behavior during the
growth (Figure 5). This contact angle is defined as the angle between the tangential wall axis
and the gas/liquid interface, and is measured in the heavier phase (water). At the onset of
bubble growth, it decreases until reaching a minimum value where the bubble has a truncated
spherical shape. The angle is then shown to increase as the bubble elongates in the vertical
direction. The neck formation and detachment stage is determined by the rapid increase of the
contact angle. Duhar and Colin [2] observed similar behavior of this angle in their experimental
data.

4 2
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Figure 3. Comparison between the numeri- Figure 4. Comparison between the numeri-
cal and the experimental results for the bub- cal and the experimental results for the aspect
ble center of gravity. ratio.
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Figure 6 displays the neck radius during detachment. The origin of the horizontal axis
is defined at the moment when the bubble breaks-up. In spite of the apparent difference
in the geometrical properties during the bubble growth between the different methods, the
bubble follows the same behavior during the neck break-up. The neck radius starts to decrease
rapidly at time 0.01s before detachment. The onset of the neck formation is assumed to be
when the minimum bubble radius is smaller than the orifice radius, while the bubble detaches
when the neck radius reaches the mesh step size. The logarithmic scale plot of the neck
radius is shown to follow an exponential law Ryecr < ¢(—tget)? at the final stages of the
bubble break-up where the logarithmic curve is linear. This behavior was previously observed
[18, 16]. The exponential power has an approximate value of 0.3. Based on Rayleigh-Plesset
equation, Gordillo [18] showed that the minimum bubble radius follows either a logarithmic

2

ok —lnRieck )where the neck has a slender shape before detachment, or an

law tger x R
exponential law Ryecr X ¢(—tger)with v = 1/3 where the neck divides the bubble into two
cones with different semi-angles. The formation of the neck forces the gas inflow to pass through
narrower region. This increases the velocity of the gas stream through the neck leading to a
pressure suction inside the neck (Bernoulli effect). The large pressure difference generated at
the neck between the inner gas and the outer liquid draws the liquid towards the neck and
accelerates the bubble break-up.
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Figure 5. Comparison between the numeri- Figure 6. Comparison of the minimum
cal and the experimental results for the bub- bubble radius (Neck radius) during the
ble instantaneous contact angle. detachment.

4.4. Surface tension modeling

The main difference between the numerical methods relates to the modeling of surface tension.
In VOF-Compressive, it is based on the CSF model which generates large velocities inside
the bubble. It is possible that these velocities are the reason of the non-physical detachment.
Although Fluent also uses CSF model in VOF-GeoReconstruct, the surface tension force model
is dampened using an averaged density (see Eqn. 3). The density averaging is localising the
surface tension towards the liquid phase where its influence is significantly smaller due to the
large density of the liquid. A different scheme is implemented by the LS and CVOFLS methods.
The surface tension term (eqn. 4) in this case is applied only over a narrow region around the
interface by using the Dirac (delta) function. Furthermore, the physical properties are smoothly
distributed across the interface in the CVOFLS and the LS methods since the mixture density is
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Figure 7. Center of Gravity profile for inflow flow rate 150miph and orifice diameter 1.6mm.

calculated using a smoothed Heaviside function rather than a step function (volume fraction « ).
The static contact angle formulation has been used with all the methods as a boundary condition
for both the VOF and LS fields. The imposed static contact angle corrects the interface normal
at the cells close to the wall and as a result the bubble interface curvature at the adjacent cells
to the wall. This correction can impose large and sudden variations in the instantaneous contact
angle between the first and the second cells in the direction perpendicular to the wall. This can
enhance the large oscillations that are observed, in particular with the GeoReconstruct methods.
Such oscillations can lead to an earlier detachment and to a non-stable bubble rise by changing
the conditions at detachment.

4.5. Influence of flow rate

The LS method studied in this research has been shown to give physically consistent results.
Higher volumetric flow rate was considered here (150miph) to confirm the last results. In
this case, the detachment parameters (except the time) should remain the same since it is a
quasi-static flow. The larger volumetric flow rate, however, induces significant gas circulations
inside the bubble with a corresponding increase in Courant number (UAt/Az). Hence, any
unphysical results will be more apparent. Figure 7 shows the profile of bubble CGy during
the growth for the volumetric flow rate 150mliph. For the GeoReconstruct methods, the
discrepancy between the experimental and the numerical data increases with increasing flow
rate. CVOFLS-GeoReconstruct gives unphysical oscillations larger than what is observed with
100miph. Althought VOF-GeoReconstruct gives stable results, it detaches with larger center of
gravity. The best results were obtained again using the LS method where the center of gravity
is always the closest to the experimental data. The results also highlighted that increasing the
flow rates leads to higher sensitivity to the time step and the solution residuals.

5. Conclusions

The quasi-static bubble growth and detachment through an orifice submerged into a quiescent
liquid were investigated using four different interface capturing methods (VOF-Compressive,
VOF-GeoReconstruct, CVOFLS-GeoReconstruct, and LS). For 100mliph, all the numerical
methods except the VOF-Compressive were in good agreement with the experimental results
for the detachment volume, time, and center of gravity. Results suggested that the difference
in the implementation of the surface tension force in each method was the main contributing
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factor in the difference at detachment. The GeoReconstruct methods were showen to give bubble
oscillations during the growth, this oscillation is deemed to be due to the implementation of the
static contact angle model. During detachment, the neck radius decreases rapidly and follows
an exponential power law at the final stages of detachment. The exponential power was found
to be (0.3) which is smaller than the value predicted by Rayleigh-Plesset equation (1/3). The
Bernoulli effect was explained to be the result of the rapid neck break-up. For the prescribed
conditions and by using higher inflow flow rates, the LS method proved to provide the most
precise and stable detachment results.
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