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Multiple spatial scale is an important characteristic of two phase flow phenomena. The micro-scale and
macro-scale flow structures are obviously different in flow state and have different effects on the mass,
momentum and energy transfer between two phases. Different modeling approaches have been devel-
oped for each scale physical phenomenon in traditional numerical simulations. However, it is difficult to
simulate two phase flow systems with multi-scale flow structures simultaneously. In order to address
this problem, a multi-scale two phase method is developed based on the combination of Volume of Fluid
(VOF) interface capture method and Euler-Lagrange particle tracking method. The fundamental assump-
tion of the present method is that there is a clear scale separation between VOF interfaces and bubbles.
Therefore, VOF method with artificial compressive algorithm is used to simulate the dynamic evolution
of macro-scale air-water interface. While Euler-Lagrange method is used to track the micro-scale bubbles
that cannot be captured in grids. Collision, coalescence and breakup of Lagrange bubbles and two-way
coupling are fully considered to construct a comprehensive micro-bubble solving procedure. Transforma-
tion criteria and the corresponding algorithms between micro-scale and macro-scale flow structures are
designed and discussed in detail. In addition, a new curvature-based algorithm for the transformation
from VOF interface to Lagrange bubbles is proposed. Simulations of typical two phase flow problems in-
volving multi-scale flow transformation are carried out to test the performance of the multi-scale solver.
Results indicate that the multi-scale two phase method performs significantly better than the pure VOF
method in capturing micro-scale phenomena. Besides, the curvature-based transformation algorithm pro-
posed in this paper is proved to be more precise and efficient than the previous identify-based one. From
the perspective of simulation accuracy and efficiency, the multi-scale two phase method is more promis-
ing for the simulation of actual complex two-phase flows.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

from large bubbles under the influence of flow interaction. Micro-
scale bubbles keep constant shape and present a chaotic motion.

Many two-phase flow problems present obvious multi-scale
characteristics due to the existence of bubbles, droplets and large
interface. Typical multi-scale two phase flow problems include jet
atomization (Dumouchel et al., 2015), bubble plume (Liu et al.,
2004; Yang et al., 2011), cavitation (Kuiper, 2010) and wave break-
ing (Deike et al., 2016). Fig. 1 illustrates the flow characteristics of
multi-scale two-phase flow by taking a simple bubble plume prob-
lem as an example. Gas is injected into the liquid field from the
bottom inlet, micro-scale bubbles, macro-scale bubbles and gas-
liquid free surface are present in the flow field at the same time.
Continuous interface deformation occurs in the process of macro-
scale bubbles moving, at the same time smaller bubbles break off
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Two phase flow at different scales presents different characteris-
tics, which have an important effect on the mass, momentum and
energy transfer.

Numerical simulation has been widely used in predicting and
investigating two phase flow problems nowadays. Different mod-
eling methods are developed for two-phase flow problems at dif-
ferent scales. On the one hand, several mature interface capture
methods have been applied to the macro-scale two phase flow
problems successfully. For example, ocean waves simulated by Vol-
ume of Fluid (VOF) method (Lubin, et al, 2015) and Level-set
method (Bihs et al., 2016), complex droplet motion simulated by
Front-Tracking Method (FTM) (Armandoost et al.,, 2018), and im-
pact dynamics of compound drop simulated by Diffuse -Interface
Method (Liu et al., 2018). On the other hand, Two-Fluid Method
(TFM) and Euler-Lagrange method are two classical numerical
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Fig. 1. Representation of the multi-scale aspect of bubble plume.

methods for two phase flow problems with a continuous phase
and a discrete phase consisting of large amount of micro-scale par-
ticles. The TFM has been widely used in the prediction of dense
bubbly flow (Ma et al., 2015a). And the Euler-Lagrange method
provides a more precise solution for bubble dynamics by individ-
ually tracking (Ma et al., 2015b). These numerical methods per-
form well in reproducing typical physical problems and have been
widely validated. However, two phase flow problems with multi-
ple scales have become a challenge to the numerical simulation.
The grid-based interface capture method is difficult to capture a
large number of micro-scale structures due to the limitation of
computational cost. While the approximation methods cannot sim-
ulate the dynamic evolution of larger air-water interface. In recent
years, several hybrid numerical simulation methods have been pro-
posed to solve the multi-scale flow. By assuming that there is a
clear scale separation between large interfaces and small bubbles,
droplets and particles, the single-scale numerical methods men-
tioned above were combined to solve flow field at different scales
in a system. At the same time, transformation algorithms were de-
signed to achieve smooth multi-scale coupling.

The idea of concurrent coupling of different simulation meth-
ods for studying the multiple spatiotemporal behavior has been
adopted in various physical problems. In terms of microfluid
and nanofluid, multi-scale ideas were used to develop hybrid
atomistic-continuum methods for dense fluids (Mohamed and
Mohamad, 2010). Domain-decomposition-based algorithms were
used to solve th multiscale flow. Besides, many general single-
phase problems also contain phenomena in different spatial
scales, such as the thermal management in the data center

(Alkharabsheh et al., 2015) and the mass transfer in fuel cells
(Grew and Chiu, 2012). Tong et al. (2019) summarized the com-
bined application of different scale methods on these problems in
detail. In addition, the multi-scale simulation idea has also been
used in granular flow problems (Chen et al., 2016, 2017, 2018).
By the combination of discrete method and continuum method in
different region, the computational efficiency was significantly im-
proved. In conclusion, the idea of multi-scale numerical simulation
has been applied to several kinds of fluid dynamic problems due
to its advantages in computational accuracy and efficiency. In this
paper, the authors mainly focus on the multi-scale bubbly flows, in
which the evolution of air-water interface is the macro-scale phe-
nomenon and discrete bubbles are the micro-scale phenomenon.
Next, the development of multiscale numerical simulation meth-
ods for air-water two phase system will be reviewed.

There are great differences in the modeling ideas and simula-
tion effects between Euler Two Fluid Method and Euler-Lagrange
method, directly leading to the differences in the development of
multi-scale two phase flow solvers based on them. The motion
of dense discrete phase is assumed to be continuous in the TFM,
therefore the Navier-Stokes equations are also used as the gov-
erning equations of discrete phase. Ma et al. (2011a) combined
the TFM and interface capture method based on Level-set and
carried out a multi-scale simulation of the hydraulic jump phe-
nomenon. Wave-induced bubble sources in the recirculation region
and turbulent shear region were captured by the TFM, while free
surface was captured by Level-set method. A comprehensive sub-
grid air entrainment model designed for the multi-scale simula-
tion was adopted to predict the bubble entrainment rate (Ma et al.,
2011b). Although the solution framework is one-way coupled, the
simulation effect has made a unique breakthrough. VOF method
is another commonly used interface capture method. Yan and
Che (2010) developed a multi-scale two phase flow solver based
on the combination of VOF and TFM. Flow field in the algorithm
was divided into three phases according to the length scale. Special
treatment of “volume fraction redistribution” was implemented.
Bubbly flow followed by a rising large gas bubble in a vertical pipe
was simulated in their study. Wardle and Weller (2013) improved
the TFM-VOF method by increasing the accuracy of interface cap-
turing. Liquid-liquid extraction simulations were performed to ver-
ify the capacity of the method in predicting discrete phase dis-
tribution. Multiple Size Group (MUSIG)-model was added into a
multi-scale solver by Hdnsch et al. (2012) to describe the mass
transfers between different bubble size groups due to coalescence
and breakup as well as gas-liquid transfers. Closure models be-
tween the multi-scale flows were designed using basic ideas of the
AIAD-model (Hohne et al., 2011). Volume fraction fields in a bub-
ble column domain is simulated to verify the solver. Similar AIAD-
model was used by Schmidtke and Lucas (2008) to simulate bub-
ble entrainment by an impinging jet. The TFM method was used to
reproduce the physical process of bubble generation near the jet,
which cannot be captured by macro-scale simulation. A coupled
MUSIG-VOF approach is developed by Xiang et al. (2014) to han-
dle the formation of large-scale free surface, bubble entrainment
and bubble dispersion in hydraulic oscillating jumps. The predicted
void fraction bubble frequency distributions were in good agree-
ment with experimental measurement. Rezende et al. (2015) devel-
oped a two-fluid model with a tensor closure model approach to
improve the accuracy of the traditional single-scale interface cap-
ture method. The air-water mixing phenomenon caused by inter-
face breakup is simulated much better.

Using the TFM method to describe the bubble and droplet
groups in multi-scale flows can give the general phase fraction
and momentum distribution, but the motion details of discrete
phase cannot be obtained. In contrast, micro-scale flow structures
are tracked individually in Euler-Lagrange method, which can be
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used to analyze the behavior and physical mechanism of micro-
scale bubbles and droplets. Herrmann (2010) developed a parallel
Level-set/Euler-Lagrange multi-scale coupling procedure. The sim-
ulated flow scale is related to the grid scale. The level-set method
is used to capture the flow structures with sufficient number of
occupied grids for fully resolving. In the flow regions where the
phase interface geometry can no longer be resolved adequately, the
micro-scale flow structures were modeled as Lagrange particles. By
using this method, the simulation accuracy of jet atomization pro-
cess was improved obviously. Patkar et al. (2013) presented a hy-
brid Lagrange-Euler framework for multi-scale bubbly flow simu-
lation. The larger well-resolved bubbles were modeled by Level-
set method and the smaller under-resolved bubbles were modeled
by Lagrange tracking. Novel interconverting scheme and seeding
mechanism models were proposed to simulate complex interac-
tion. Elaborate direct numerical simulations were performed for
rising bubble breakup, bubble plume, cavitation and faucet pour-
ing water problems. Hsiao et al. (2013) carried out both experi-
mental measurement and Euler-Lagrange one-way coupled multi-
scale simulation for horizontal plunging jet flow. Bubble entrain-
ment was simulated by an improved sub-grid bubble entrainment
model. The evolution of free-surface and micro-bubbles were in
good agreement with the experimental results. Cavitation flow in-
volves multi-scale flow states, including micro-scale gas core, sheet
cavity, dispersing bubble cloud. Coupled Euler-Lagrange/Level-set
method provides a solving approach for the whole process simula-
tion of cavitation flows (Ma et al., 2017; Hsiao et al., 2017). By us-
ing the multi-scale method, the capture accuracy of the flow struc-
tures is obviously improved, such as cavitation collapse on hydro-
foil surface and tip vortex cavitation of propeller. At the same time,
the pressure oscillation is also well predicted.

The combination of VOF method and Euler-Lagrange method is
also an effective idea of constructing multi-scale algorithm. Com-
pared with the Level-set method, the VOF method has signifi-
cantly better conservation. Jain et al. (2014) developed a semi-
coupled VOF/Euler-Lagrange multi-scale two phase flow solving
code for bubble plume problems. The free surface was captured
by VOF method while bubbles in water were modeled by Lagrange
tracking. Transformation from Lagrange bubbles to VOF interface
was implemented when bubbles approach to free surface. How-
ever, micro-bubbles generated by interface breakup or deformation
of large bubble due to coalescence were not considered. Similar
numerical method was adopted by Li et al. (2017) to study gas-
steel-slag three-phase flow in ladle metallurgy. The perturbations
caused by the rise of Lagrange bubbles to the free surface were
analyzed in detail. To further simulate complex physical phenom-
ena, several scholars developed fully-coupled VOF/Euler-Lagrange
multi-scale two phase flow solving code. Tomar et al. (2010) per-
formed multi-scale simulations of primary atomization using a
VOF algorithm coupled with a two-way coupling Lagrange particle
tracking model. Conversion between VOF interface and Lagrange
particles was achieved by the manipulation of local void fraction
and particle volume. Transformation from VOF framework to La-
grange framework was identified by tagging simply connected cells
with void fraction larger than zero. At the same time the trans-
form criterion from Lagrange framework to VOF framework was
based on the proximity with interface. The algorithm has been
successfully used in the prediction of jet atomization. More re-
cently, Ling et al. (2015) improved the VOF-EL multiscale algo-
rithm by determining the criteria for conversion. In their study,
VOF bubbles or droplets which contain less than 43 grids and
are more than one diameter away from interface should be trans-
formed to spherical Lagrange points. In turn, Lagrange particles
with a distance less than one diameter from the interface will be
transformed back to VOF solution. Karimi et al. (2018) carried out
polyurethane foam simulation using VOF-EL multi-scale method.

The numerical results were in good agreement with experimen-
tal results. Zuzio et al. (2018) improved the accuracy of multi-scale
algorithm. An adaptive mesh refinement technique is used to dy-
namically optimize the structured Cartesian mesh and improve the
interface capture accuracy. It was proved that the combination of
Lagrange tracking could improve the computational efficiency on
the basis of micro-scale structure simulation.

Summing up the above numerical simulation methods, the
Euler-Lagrange method can track each micro-scale flow structure
in detail, and the VOF method has good conservation. Therefore,
these two methods are used as the basic methods for construct-
ing the multi-scale two-phase flow solver in this study. The previ-
ous VOF/Euler-Lagrange multi-scale studies are not comprehensive
enough about the consideration of physical phenomena. For exam-
ple, the semi-coupling (Jain et al., 2014; Li et al., 2017) and partially
ignoring kinematic behaviors of bubbles and droplets (Tomar et al.,
2010; Ling et al., 2015; Zuzio et al., 2018). The fundamental goal of
the present work is to develop a comprehensive multi-scale two
phase solver based on VOF and Euler-Lagrange method for bub-
bly flow problems. Collision, coalescence and breakup of Lagrange
bubbles are considered and high robustness two-way coupling al-
gorithm is adopted in the Euler-Lagrange solving framework. Spe-
cific multi-scale transformation algorithms are designed to guar-
antee the smooth transformation between VOF interface and La-
grange bubbles. On the basis, this paper focuses on the discussion
of simulation effects, efficiency, critical criteria and algorithm per-
formance of the developed multi-scale solver.

The paper is organized as follows. First, the single-scale numer-
ical methods used to construct multi-scale method in this work are
introduced in Section 2 and Section 3, including the VOF interface
capture algorithm and Euler-Lagrange algorithm for small bubble
tracking. Algorithms of Lagrange bubble collision, coalescence and
breakup are also introduced. Section 4 describes the multi-scale
transformation algorithm and the overall computational procedure.
Next, some academic two phase problems are simulated to show
the capability of the present method in the description of multi-
scale phenomena. The effects of critical criteria and transforma-
tion algorithms are discussed in detail. Finally, conclusions are pro-
vided.

2. Mathematical modeling for Euler framework

In the present solver, large air-water interfaces and small bub-
bles are modeled separately according to different scales. Macro-
scale flow is solved in the Euler framework based on grids. De-
tailed mathematical models for Euler framework including govern-
ing equations and interface capture method are introduced as fol-
lows.

2.1. Governing equations

The two phase flow considered in the present study is assumed
to be incompressible and immiscible. The adopted governing equa-
tions are Navier-Stokes equations consist of continuity equation
and momentum equation as follows:

aOlL
W‘FV-((XLU)—O (1)
da pU

5 +V . (pUU)=-Vp+pg+V S+ fs+ fp (2)

where U is fluid velocity vector, p is the fluid density, p is pres-
sure, g is gravity, S = 2uD with D = 1/2(VU + VUT) is the vis-
cous stress. fg is the Euler-Lagrange coupled source term, which
reflects the effect of micro-bubbles on the fluid. fg is surface
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tension force, which is defined as:
fs=0akVay (3)

where o is surface tension coefficient, which is set to be 0.072 N/m
in the present study. k is interface curvature.

It is worth noting that the influence of bubbles at different
scales on flow momentum is different. Therefore, the calculation
of volume fraction in the grids is also different. There are two
kinds of volume fraction in the solving procedure. ¢ in Eq. (1) and
Eq. (2) represents the volume fraction of a grid removing the vol-
ume of Lagrange bubbles. While «y in Eq. (3) represents the vol-
ume fraction of a grid calculated by the VOF transport equation.

2.2. Interface capture method

The complex evolution of interface is an important feature of
macro-scale two phase flow problems. In order to capture the in-
terface accurately, the Volume of Fluid (VOF) method with artificial
compressive term is applied to locate and track the air-water inter-
face (Hirt and Nichols, 1981). The transport equation of the volume
fraction of water can be written as:

B%Jrv.(avunv.(ava—aV)UC)zo (4)

where the third term on the left side of Eq. (4) is the artificial com-
pression term and it is non-zero only at the interface. The effect
of artificial compressive term is to counteract the phase interface
fuzziness caused by the numerical dissipation to obtain a sharper
interface. U, is the compressive speed, which should be used to
compress in the normal direction of the interface rather than tan-
gential, otherwise false diffusion will appear. Therefore the com-
pressive speed is defined as:

Vo
V|
where ¢ represents compressive factor. The compression effect in-

creases with the increase of c. There is no compressive effect when
c equals to 0.

Ue = clU] (3)

3. Mathematical modeling for Lagrange framework

In the present solver, micro-scale bubbles are tracked individu-
ally in Lagrange framework based on Newton’s second law. Com-
prehensive bubble behaviors including collision, coalescence and
breakup are modeled in the solving procedure. Detailed mathemat-
ical are introduced as follows.

3.1. Micro-bubble advection tracking

Every Lagrange micro-bubble is assumed to be spherical with
constant diameter. The advection of bubbles is rigid translation
controlled by various hydrodynamic forces and collision force. The
governing equation can be written as follows:

dv
aT fo+fi+fo+fo+fe

_ 3mCD

T 4d

mp; Du Pl
o DI +mg( pb) + fe (6)
where v is the velocity of micro-bubble, m is mass, d is bubble di-
ameter, p; and p;, represent the liquid density and bubble density,
respectively. Source terms of Eq. (6) represent drag force, shear lift
force, fluid acceleration force, gravity-buoyancy and collision force
in order.

Two-way coupling between Lagrange bubbles and Euler phase
solving is realized by a Gaussian distribution scheme (Zhang et al.,

m

|u—u|(u—v)+%Q(u—u) x (V x 1)
b

2020). The improved algorithm has been proved to be effective in
improving the robustness of the code.

Tomiyama’s drag model (Tomiyama et al., 2002a) and lift model
(Tomiyama et al., 2002b) are adopted for the calculation of Drag
force coefficient Cp and lift force coefficient C; as follows:

_ . (16 0es7y 48\ 8 Eo
CD_max<m1n<Re(1+O.15Re ) Re)’ 350+4> (7)
min[0.288 tanh(0.121Re), f(Eoy))] Eo4 <4

=1 F(Eoq) 4<Eos <107 (8)
f(Eog) = 0.00105E03 — 0.0159E0? — 0.0204E0, + 0.474

where Re = d |u — v|/v is the bubble Reynolds number, Eotvos
number FEo is defined as Eo = g |p, — ppl/0.

3.2. Micro-bubble collision

The collision between two Lagrange micro-bubbles is handled
to be an elastic process. Although the bubble deformation is not
actually solved, a nonlinear model (Heitkam et al., 2017) is used to
describe the relationship between the collision force and the de-
formation of bubbles. The collision force consists of an elastic force
and a viscous force which are defined as:

A 2
Fetgstic = 18.50 (R) +2.0A0 (9)
eq
-0.5
e Ry A R, Req
Fyiscous = uc”cﬁo':ﬂ(ﬂq + 0-0002) X <4.0\/l + 3.0RaE
(10)

where Req is the effective radius, A is the deformation length of
bubble, hy is the gap width when bubble approaches another bub-
ble or a wall surface. The parameter Cp. is a constant collision co-
efficient, which is equal to 1 for bubble-wall collision and 0.25 for
bubble-bubble collision.

3.3. Micro-bubble breakup

Previous Euler-Lagrange multi-scale numerical methods usually
ignored the breakup of Lagrange bubbles. In fact, under the effect
of turbulent fluctuation and viscous shear stress, Lagrange bubbles
can further breakup and form a special size distribution in the flow
field. The complex physical breakup mechanism can be described
by the relationship with turbulent kinetic energy and bubble sur-
face energy, which can be further derived to be a critical weber
number. The critical criterion proposed by Lau et al. (2014) for
Euler-Lagrange simulation is adopted in the present solver, which
can be written as:

Su2(d)d 14262\ /7
We:’ola()>Wecr,-f:]2-§;§:<3Ez/3p”> (11)
b

where p = 1.6075, E;, = f(Eo;) has been shown in Eq. (8). This
model is derived by the analysis of bubble deformation in turbu-
lence flow and has been proved to be accurate.

Another key problem of bubble breakup is the daughter bub-
ble size distribution. Binary breakup is assumed in the present
solver and the daughter bubble size is described as a U-shape
distribution. The U-shape distribution model has been proved to
have a strong physical foundation, which stands for the mecha-
nism that equal size binary breakup consumes the most energy
(Nambiar et al.,, 1992). The probability density function is defined
as:

fu(y) = =t D) ‘

rosros? - (12)
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where I' is the gamma function and y is a random value between
0 and 1.

3.4. Micro-bubble coalescence

Film drainage model (Prince and Blanch, 1990) is adopted in the
present solver, which is one of the most widely accepted bubble
coalescence models in the previous studies. The dominate mech-
anism of the model is that there is a thin liquid film between
two bubbles when they contact to each other. During the bub-
ble contact process, the liquid film is drained and thinned. Coales-
cence happens when the liquid film is drained to a critical thick-
ness. Therefore, the critical criterion is that the contact time of two
bubbles must be longer than the liquid film drainage time. The
drainage time is defined as:

3
ear 11 G (13)
Oy

tdrainage = 1280

where 04 and 6; is the initial liquid film thickness and final liquid
film thickness, respectively. 0 is set to be 104 and 6y is set to be
108 for air-water system in the present study.

Benefiting from the fact that the contact between bubbles
can be calculated directly in the present solver as described in
Section 3.2, no additional model is required to calculate the con-
tact time.

4. Transformation algorithm and computational procedure

The detailed numerical methods adopted in the present
method for single-scale two phase flow have been introduced in
Sections 2 and 3. In this section, the transformation algorithms be-
tween the two scale models are explained and the numerical im-
plementation for the main computational procedure is introduced.

4.1. Transformation from Lagrange bubbles to VOF interface

There are two scenarios that Lagrange bubbles should be trans-
formed to VOF interface:

(a) the Lagrange bubbles contact with an existing VOF interface.
(b) the bubbles coalesce and grow so large that they are no longer
suitable for tracking in the Lagrange framework.

Illustration of the transformation process for these two scenar-
ios can be seen in Fig. 2. For the first scenario (a), a transformation
criterion based on the distance between Lagrange bubble and ex-
isting VOF interface is usually adopted. Although this algorithm is
relatively simple and straightforward, the definition of critical dis-
tance Agli are different in previous studies. There are mainly three
kinds of critical values, which are:

Ap < Af = g (14)
; d

ABI < AE;I = E +lg (15)

Ag < A = g + 21, (16)

where d is the Lagrange bubble diameter, I is the local interface
grid thickness.

Eq. (14) is the most commonly used criterion in the previ-
ous studies because of its explicit physical meaning. Eq. (15) and
Eq. (16) add the influence of interface grid thickness based on
Eq. (14). However, a comparison of the effects of these different
critical criteria is still lacking, which becomes an important work
of the present study.

ay =0
=
= U ay=1
—
(a)
P9 )
Fal \\‘ | — 0.2 0.4 0.1
7’
l‘ ~ I, ,’, \\‘
Mo’ i Voverta
/,,.:\Q [ =] = Vvy”_:v - 0.4 0.4
\
1 '\ ’
L v,,/,' i
4 02 06 01

(b)

Fig. 2. Illustration of the two kinds of transformation process from Lagrange bub-
bles to VOF interface. (a) The Lagrange bubbles contact with an existing VOF inter-
face. (b) The bubbles coalesce and grow so large that they are no longer suitable
for tracking in the Lagrange framework.

For the second scenario (b), the critical Lagrange bubble size is
limited by the bubble diameter and grid size, which can be written
as:

d > max(dgy, Cenelg ) (17)

where dg, is a threshold bubble diameter and Cg, is a user de-
fined threshold grid size factor. The critical diameter of Lagrange
bubbles in the transformation algorithm is considered from two as-
pects. First, in physics, the d,, represents the critical diameter that
bubbles can basically maintain a sphere shape in specific physical
problem. In other word, dg;, is the upper limit of bubble diam-
eter suitable for Lagrange simulation. Therefore, the value of d,
is determined by specific physical problems. In a specific physi-
cal condition, bubbles with the diameters larger than d,,, deform
under the influence of the flow, which does not conform to the
spherical hypothesis in the Lagrange framework. Therefore, the La-
grange bubble is transformed to VOF interface. Second, in numeri-
cal modeling, because of the relationship between bubble size and
grid size, another critical criterion is designed, which is Cy,, multi-
plied by Ig. G,y is a threshold grid size factor, which represents the
maximum number of grids a Lagrange bubble can contain. When
transformation takes place from Lagrange bubble to VOF interface,
the bubble should occupy enough grids so that the bubble can be
expressed, but not too many grids because of numerical instability
in two-way coupling. Therefore, the value of Cy, is recommended
between 1.0 and 8.0.

The above describes the critical criteria in two different scenar-
ios. With the help of Fig. 2, the implementation of the transforma-
tion algorithm is introduced next. The dotted line represents La-
grange bubbles, and the solid line represents VOF interface. Each
bubble is traversed at each computation time step to evaluate
whether the critical condition of transformation is met. If so, the
grids occupied by the bubble will be marked. The volume fraction
field will be transformed first. Volume fraction values oy of the
grids contained by the Lagrange bubble are set to be zero. While
the oy value of the grids at the edge of the Lagrange bubble will
be determined by the ratio of the overlap volume by the grid vol-
ume. The main goal of volume fraction field transformation is to
ensure the conservation of mass. At the same time, the computa-
tional grids containing the Lagrange bubble are assigned a velocity
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field for momentum conservation. For scenario (a), the velocity U
in grids are equal to the original velocity of the Lagrange bubble.
For scenario (b), the velocity is obtained according to the two small
bubbles before coalescence as Eq. (18) shows. After transformation,
the original Lagrange bubble will be removed immediately within
a time step to achieve a smooth simulation.

B (dgva + df,vb)

(& + @) (18)

4.2. Transformation from VOF interface to Lagrange bubbles

The transformation of micro-scale bubbles from VOF interface
to Lagrange tracking can significantly improve the simulation ac-
curacy. At present, most of the transformation algorithms in liter-
atures consist of two steps (Herrmann, 2010; Patkar et al., 2013;
Zuzio et al., 2018). First, the VOF bubbles in the computational do-
main are identified and tagged to calculate the volume and cen-
troid of each bubble. Second, evaluating the size criterion for each
VOF bubble to complete the transformation. This method is called
identify-based algorithm in this paper. A new curvature-based al-
gorithm is proposed in this paper to provide a lower computational
cost and more efficient way for multi-scale bubbly flow simulation.
The two algorithms developed in the present solver are introduced
as follows.

4.2.1. Identify-based algorithm

The first step of the identify-based algorithm is to detect the
VOF bubbles to be transformed. A flood-fill algorithm is adopted
in the present solver to identify the volume and centroid of
each VOF bubble. Flood-fill is a classical algorithm in image pro-
cessing and has been widely used in raster graphic editors to
color connected areas. Recently, the algorithm was adopted by
Wang et al. (2016) and Deike et al. (2016) to identify bubbles in
breaking waves. The algorithm is implemented in a stack-based
(recursive) fashion and the detailed procedure can be seen in
Fig. 3.

First, each cell in the computational domain is looped over and
evaluated whether the volume fraction «y is smaller than 0.5. If
the criterion is true, the main loop is paused and the cell is tagged
with a unique number n. Then, loop over the neighbor cells of
the initial cell and seek the cells located in the same bubble with
the initial cell. A recursive idea is taken to advance the search
for neighbor grids until all the cells in one bubble have been
tagged with the same number as the initial cell, which is shown
in Fig. 3(c). After the process above, this one bubble is identified
completely. The main loop continues to identify the next bubble
n + 1. After the identification, three important information, vol-
ume, centroid and the contained grid number, are stored for each
VOF bubble b. The volume and centroid can be calculated by:

Z ce”( ) (19)

leN,J

Z cell (

lENb

) cell (20)

where V. and X, is the volume and centroid of the grid-cell,
respectively. It should be noted that there is some error in the cur-
rent bubble identify algorithm, which comes from the grids par-
tially occupied by the VOF interface on the bubble surface.

The transformation criterion can be defined directly based on
the geometric information of VOF bubbles. Ny, is defined as the to-
tal number of cell contained in a bubble. Small bubbles with N, <
N, can be transformed to Lagrange tracking. The critical number
N, is determined by specific computational requirements. A larger
number of N; results in that larger deformable VOF bubbles are

transformed to spherical Lagrange bubbles, reducing the accuracy
of simulation and producing numerical instability in the Euler-
Lagrange two-way coupling. Zuzio et al. (2018) used N; = 83 in
their study.

If a VOF bubble satisfies the critical criterion and will be trans-
formed into a Lagrange bubble, the volume fraction field oy of
the grids occupied by the VOF bubble will be set to 1 firstly. Vol-
ume and location of the new Lagrange bubble are determined by
Eqgs. (19) and (20). At the same time, velocity of the new Lagrange
bubble is obtained by averaging the velocity field of the VOF bub-
ble as Eq (21) shows.

V Z cell(

ieN,

) cell (21 )

4.2.2. Curvature-based algorithm

As mentioned above, the identify-based transformation algo-
rithm needs to identify the VOF bubbles in the flow field at each
time step, which involves a large number of loops, resulting in a
significant increase of computational costs. At the same time, it
will also consume a large amount of computer memory if there
are large bubbles containing a large number of grids. Therefore, the
authors proposed a curvature-based algorithm to provide a high-
efficiency method for the transformation from VOF interface to La-
grange bubbles.

If a continuous air-water interface is about to break up into
small bubbles, the location where the interface is broken is bound
to form a bulge, leading to the difference of curvature at different
locations as Fig. 4 shows. The curvature of the interface is larger
for the bulge and the small bubbles generated by breaking. There-
fore the curvature can be used as a criterion for the transforma-
tion from VOF interface to Lagrange bubbles. However, it is diffi-
cult to evaluate the range of curvature. Thus, the curvature radius
Rc, which is equal to the radius of inscribed sphere, is adopted as
the geometrical criterion of transformation. Besides, there is a mo-
mentum criterion that the velocity of the bulge must be towards
the outside of the VOF interface. In conclusion, the critical criterion
in the curvature-based algorithm can be written as:

(0 < oty < 1)&&(R: < RT)&& (U, - fi > 0) (22)

where RS is a critical curvature radius value determined by de-
sired transformation scale in specific simulations. Uy, is the veloc-
ity of the interface and i is the unit normal vector of the interface.
For the implementation of the algorithm, it only takes one loop of
grid and the computational cost will not increase significantly.

After the transformation is implemented, all the Lagrange bub-
bles are in sub-grid scale firstly. Volume, location and velocity are
determined by the void fraction, center coordinate and velocity of
the grids on the broken VOF interface, respectively. It should be
noted that this breakup and transformation are reasonable in a
violent turbulent flow, but in more moderate flows it may imply
excessive breakup because the bubbles are too small. By adopting
the Lagrange bubble coalescence algorithm as Section 3.4 shows,
small bubbles in the moderate flow will coalesce within several
time steps, which improve the simulation effect. In contrast with
the Identify-based algorithm, the conservation error caused by the
identify can also be avoided, which reduces the air mass loss in
the flow field.

Another problem for this algorithm is the calculation of cur-
vature. The calculation of interface normal vector and curvature
needs to take the derivative of volume fraction «y in the VOF
method. It is well known that the curvature calculation error in
the VOF method is large because «y is a discontinuous function. A
simple coupled Level-set Volume of Fluid (S-CLSVOF) method pro-
posed by Albadawi et al. (2013) is adopted in the present solver
to overcome the problem of curvature calculation. A Level-set dis-
tance function field ¢ is introduced and the interface is defined
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Fig. 3. Illustration of the flood-fill algorithm used for the identification of VOF bubbles. (a) A cell with ay < 0.5 (yellow) is tagged as “0”, seeking is performed in its
neighbor cells (red). (b) Cells in the same bubble with the initial cell are tagged as “0” and then keep on seeking. (c) The bubble “0” is identified completely. (d) The next
bubble “1” begins to be identified. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Small curvature
Small curvature

Large curvature

Large curvature

Fig. 4. lllustration of the difference of curvature when interface breaking.

by the isosurface ¢ = 0. The distance function field is obtained by
solving the re-initialization equation (Sussman et al., 1998):

99

¢ (x,0) = Po(x) = 2y — 1) - Q
where 7 is the artificial time step, S(¢g) is a sign function, Q is
a small value defined as 0.75Ax where AX is grid size. The initial
value of Level-set function is constructed by the volume fraction
in VOF method. The solution converges to a signed distance func-
tion achieving |¢|= 1 after several iterations. The interface normal
vector and curvature are then calculated by the ¢ field as:

Vo
"=Vl (24
k(¢)=V - (25)

Because of the characteristic of continuity, the Level-set func-
tion can help calculate the interface curvature and surface tension
accurately, which provides a favorable conditions for the imple-
mentation of the curvature-based transformation algorithm.

4.3. Computational procedure

In summary, by the combination of the numerical models and
algorithms introduced above, the main computational procedure
can be seen in Table 1 Before the solving loop begins, initial data
containing Lagrange bubble positions and VOF interface and the
corresponding volumetric field are calculated. During each time
step, behaviors of Lagrange bubbles are evaluated first including
breakup, collision and coalescence according to Eqs. (9)-(13). Then
the forces acting on the Lagrange bubbles are calculated based on
the grid data and the motion is solved based on Egs. (6)-(8). Multi-
scale transformations are implemented next. Lagrange bubbles that
come into contact with the air-water interface or that are larger
than the critical size will be transformed to the VOF interface as
Eqgs. (14)-(18). After that, small scale bubbles will be transformed
from VOF interface to Lagrange tracking by specific algorithms as
Eqs. (19)-(22). Finally is a classic PIMPLE loop to solve the VOF
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Table 1

Computational procedure of the multi-scale two phase solver for bubbly flows.

Simulation Procedure

while time < endTime do

1
2
3
4 Evaluate Lagrange bubble breakup
5
6
7
8

9 PIMPLE loop

10 Solve VOF phase transport equation
11 Solve velocity and pressure equations
12 time += At

13 end while

Initialize the Lagrange bubble distribution, calculate the corresponding void fractionain grids
Initialize the VOF field, calculate the corresponding void fractionayin grids

Evaluate Lagrange bubble collision and coalescence

Calculate hydrodynamic forces and collision force on Lagrange bubbles, update the bubble locations
Evaluate transformation from Lagrange bubbles to VOF interface

Evaluate transformation from VOF interface to Lagrange bubbles

\Free-surface
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Fig. 5. Numerical conditions for the case that bubble rise up and collide with free-
surface.

phase transport equation and N-S equations. The solver is devel-
oped based on the open source platform OpenFOAM.

5. Results and discussion

This paper focuses on the simulation effect of the multi-scale
transformation. In this section, the ability of the present solver
will be presented by typical academic cases. At the same time,
the comparison of different critical criteria, algorithms will be dis-
cussed in detail in the simulations.

5.1. Bubble rise up and merge with free-surface

In this section, the solver is validated by simulating the interac-
tion between a rising bubble and free-surface. The test case is de-
rived from the first scenario of the transformation from Lagrange
bubbles to VOF interface as Section 4.1 introduced. The numeri-
cal conditions can be seen in Fig. 5. The computational domain
is a box with 10 mm in length, 10 mm in width and 20 mm in
height. An air-water interface is initialized at height 15 mm. A
three-dimensional bubble initially at rest is immersed into the wa-
ter and is located 10 m away from the free-surface. Diameter of the
initial bubble is 1 mm and the physical properties are p,= 1kg/m3
and v,= 1.48 x 10>m?/s. For the water phase, the physical prop-
erties are pw= 1000kg/m? and vy= 1 x 10-%m?/s. The computa-
tional domain is discretized using NyxNyxN,= 80 x 160 x 80 grid

MS_Cril MS_Cri2 MS_Cri3 SS VOF
Q Q () [ ]
g 1. 1

Fig. 6. Multi-scale simulation of bubble rising up and merging with free-surface by
three different transformation criteria. (a). Lagrange bubble rise up. (b). Transforma-
tion moment from Lagrange bubble to VOF interface. (c). Jet flow at the center of
the free-surface after the bubble merges into the interface. (d). Circular ripple on
the free surface at the end of simulations.

points in three directions. The grid distribution corresponds to 8
grids in a bubble diameter, which is not a fine grid arrangement
for a VOF bubble rising up simulation, but it is basically conforms
to the resolution of micro-bubbles in the simulation of practical
complex problems. The main purpose of this simulation is to ver-
ify the performance of different transformation criteria and show
the advantages of the multi-scale method in the case with insuffi-
cient grid resolution.

As introduced in the Section 4.1, there are three kinds of criti-
cal criteria that have been used in the previous studies. However,
there is a lack of research on the effect of these criteria on the
multi-scale transformation process. Therefore, in order to perform
this work, three multi-scale simulations are carried out as:

e [MS_Cri1]: Simulated by multi-scale solver and the critical cri-
terion is Ap < AY = d/2 as Eq. (14).

e [MS_Cri2]: Simulated by multi-scale solver and the critical cri-
terion is Ap < ASH =d/2 +1g as Eq. (15).

e [MS_Cri3]: Simulated by multi-scale solver and the critical cri-
terion is Ag < AS = d/2 + 2lg as Eq. (16).

In order to investigate the simulation effect of the multi-scale
solver in contrast with the traditional single-scale solver, a VOF
simulation is carried out under the same conditions with the above
multi-scale simulations. The results are called SS_VOF in the fol-
lowing figures.

First, three multi-scale simulation results in Fig. 6 are discussed.
During the rising process shown in Fig. 6(a), the bubble is mod-
eled as a spherical Lagrange particle. The hydrodynamic forces act-
ing on the bubble is quickly balanced and the bubble maintains a
steady rising velocity. Fig. 6(b) shows the transformation moment
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Fig. 7. Comparison of the diachronic evolution of the center height of the free-
surface between three multi-scale transformation simulations and one single-scale
simulation.

in the simulations. The original Lagrange bubble can be success-
fully transformed into a VOF bubble with interface capturing. Ob-
vious differences can be seen from the results of three different
cases. Because of the adoption of different criteria, the transforma-
tion is successively advanced in these cases. The transformation in
case MS_Cril takes place at the latest, at which time the Lagrange
bubble has overlapped with the free-surface, leading to a certain
amount of mass loss. On the other hand, the transformation in case
MS_Cril takes place too early. Due to the less grid resolution, the
early transformation will first bring some oscillation on the bub-
ble surface, which will affect the bubble movement. In contrast,
the transformation moment of case MS_Cri2 is relatively reason-
able, at which time the Lagrange bubble is just in contact with
the free surface. Fig. 6(c) presents the jet flow at the center of the
free-surface after the bubble merges into the interface. Separated
droplets can be seen clearly in the case MS_Cril and MS_Cri2.
However, the phenomenon is not captured in the case MS_Cri3. Fi-
nally, the jet flow falls back and forms a circular ripple on the free
surface as Fig. 6(d) shows. In order to quantitatively compare the
influence of three different critical criteria on the evolution of free-
surface after transformation, the diachronic evolution of the center
height of the free-surface is plotted as shown in Fig. 7.

Fig. 7 presents the diachronic evolution of the center height of
the free-surface. The x-coordinate is the dimensionless time which
is defined as t*= tU/d, while the y-coordinate is the dimension-
less free-surface height which is defined as h*= h/d. The peak of
the curve represents the height of the central jet flow. The height
results calculated from case MS_Cril and MS_Cri2 are close and
significantly higher than that calculated from case MS_Cri3. Com-
bined with Fig. 6(c), it can be seen that the increase of jet flow
height is reflected by the generation of separated droplets. In the
simulation of flow phenomena after multi-scale transformation,
case MS_Cril and MS_Cri2 are better than MS_Cri3. At the same
time, although the simulation effect of the first two cases is not
very different, case MS_Cri2 has a slightly better conservation of
mass due to its early transformation. Therefore it can be concluded
that the corresponding critical criterion Ag; < AcBrli = d/2+]g is bet-
ter for using in the transformation scenario that Lagrange bubbles
contact with an existing interface.

Then, the comparison between multi-scale simulation results
of MS_Cri2 and single-scale simulation results of SS_VOF is dis-
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Fig. 8. Comparison of final velocity of bubbles rising up in quiescent water.

cussed. In Fig. 6, it can be seen that most of the evolution pro-
cesses fit well. However, the droplet splash phenomenon captured
in the multi-scale simulation is not reproduced by the single-scale
simulation. Quantitatively, the comparison of diachronic evolution
of the center height of the free-surface between the MS cases and
SS_VOF case is also plotted in Fig. 7. Comparing the results of case
SS_VOF with case MS_Cri2, the merge time and the valley value
of the curve of the two simulation results are in good agreement.
However, significant difference can be seen in the central jet flow
height. Result of the case SS_VOF is much smaller than that of the
multi-scale case. It has been proposed by previous related studies
that the jet flow height depends sensitively on the bubble velocity.
Therefore, the final velocities of the rising bubbles in two kinds of
simulations are plotted in Fig. 8 for further analysis.

Fig. 8 presents the final velocity of rising bubbles. Since the
bubble rising up in quiescent water is a classic problem, two exper-
imental measurement data (Moore, 1965; Duineveld, 1995) are also
plotted to validate the numerical results. It can be found that the
rising velocity of case MS_Cri2 agrees better with the experimental
results, while the rising velocity of case SS_VOF is obviously lower.
As introduced above, the grid distribution used in the simulation
corresponds to 8 grids in a bubble diameter. Insufficient grid reso-
lution causes a certain degree of errors in the SS_VOF simulation of
rising bubble. The under-predicted rising velocity is the main rea-
son why the height of central jet flow is lower in the SS_VOF case
as shown in Fig. 7. In contrast, the motion of bubbles tracked un-
der the Lagrange framework is obtained by a series of force mod-
els, so it can still predict the velocity accurately with less grid res-
olution. The accurate predicted rising velocity makes it better to
capture the flow phenomenon after the multi-scale transformation
as Fig. 6 shows. It can be seen clearly how the multi-scale solver
is better than the single-scale pure VOF method as the bubble be-
comes less resolved.

5.2. Bubble coalesces and exceed a critical scale

In this section, the simulation effect of transformation from La-
grange bubbles exceeding critical scale to VOF interface is verified.
The test case is derived from the second scenario of the transfor-
mation from Lagrange bubbles to VOF interface as Section 4.1 in-
troduced. The numerical conditions can be seen in Fig. 9. A rect-
angular vertical channel with a side length of 9 mm is used as the
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Fig. 9. Numerical conditions for the case of bubble coalescence.

computational domain. The height of the domain is 36 mm, and
two water flow inlet boundaries with the velocity of 0.035 m/s are
arranged symmetrically on the left and right sides. The computa-
tional domain is discretized using Ny xNyxN;= 90 x 360 x 90 grid
points in three directions. 12 bubbles with the diameter of 0.8 mm
are randomly initialized near the height of 4.5 mm. The flows on
both sides are used to push the rising bubbles to contact with each
other. Density and viscosity of the fluids are set to be the same
with those in the Section 5.1. The initial conditions are selected af-
ter several tests, aiming at creating a simulation effect that a part
of the micro-bubbles coalesce and form large bubbles over a crit-
ical scale. The critical bubble diameter is set to be 1.5 mm in the
present simulation, which means that the Lagrange bubbles larger
than 1.5 mm will be transformed to VOF interface.

Evolution of bubble behaviors in the vertical channel is pre-
sented in Fig. 10. Initially, some of the Lagrange bubbles are in con-
tact with each other. By using the coalescence model introduced in

Table 2
Physical parameters and non-dimensional numbers defining the test case.

ol Py M M & o Re  Eo pilpy il
1000 1 10 0.1 0.98 1.96 35 125 1000 100

Section 3.4, the micro-bubbles soon coalesce and become medium-
sized bubbles. Driven by the water flow on both sides, the bubbles
move toward the center as the rising process. Two larger Lagrange
bubbles contact and then form a bubble with a diameter of more
than 1.5 mm. The bubble in the present flow field should be de-
formed, which is not in line with the spherical bubble hypothe-
sis of the Lagrange bubble tracking method. Therefore, the bub-
ble after coalescence is directly transformed into the VOF inter-
face within one time step as the Fig. 10(c) and 10(d) show. After
the multi-scale transformation, the shape of VOF bubbles gradu-
ally changes from sphere to ellipsod. The rising velocity of the el-
lipsoidal bubble is slightly lower than that of the original spherical
bubble, which conforms to the actual physical phenomenon.

5.3. Large bubble rising and breakup

In this section, rising and breakup process of a large bubble
are simulated to validate the transformation algorithm from VOF
interface capturing to Lagrange tracking of the multi-scale solver.
The test case is performed against Hysing et al.’s (2009) quanti-
tative benchmark computations of two-dimensional bubble rising.
Two benchmark cases were provided in their paper, and the more
challenging one with larger density ratio and complex breakup is
adopted for the simulation of this section. The numerical condi-
tions can be seen in Fig. 11. A bubble with the diameter of 0.5 cen-
tered at the position (0.5, 0.5) in a 1 x 2 rectangular computational
domain. The computational domain is discretized using Ny x Ny =
80 x 160 grid points. No-slip boundary condition is adopted for
the upper and lower wall, while free-slip boundary condition is
used for the vertical walls. Table 2 presents the physical param-
eters and non-dimensional numbers defining the test case, where
the Reynolds number is defined as Re = pl/@d/ul and the E6tvos
number is defined as Eo = p;gd?/o. In the rising process, the orig-
inal bubbles will break up and then shed out micro-bubbles and
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Fig. 10. Multi-scale simulation of the bubble coalescence and exceed a critical scale. (a). Initial distribution of the Lagrange bubbles. (b). Some contacted micro-bubble
coalesce to middle-sized bubbles. (c). Two larger bubbles contact driven by the lateral water flow. (d). Lagrange bubble exceeding the critical scale after coalescence is
transformed into VOF interface capture. (e). The shape of large VOF bubble becomes ellipsoidal. (f). Final flow state.
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Fig. 11. Numerical conditions of the case that two-dimensional large bubble rising
and breakup.

banded flow structure, which present challenges to the traditional
interface capture methods.

As introduced in the Section 4.2, most of the previous multi-
scale solvers adopted the identify-based algorithm for the transfor-
mation form VOF interface to Lagrange bubbles [17, 25]. This algo-
rithm is realized by a flood-fill idea in the present solver. In addi-
tion, a new curvature-based transformation algorithm is proposed
in this paper. In order to compare the performance of different al-
gorithms, three simulations are carried out as:

o [MS_IBA]: Simulated by multi-scale (MS) solver combined with
the identify-based algorithm (IBA).

o [MS_CBA]: Simulated by multi-scale (MS) solver combined with
the curvature-based algorithm (CBA).

o [SS_VOF]: Simulated by single-scale solver and the interface is
captured by VOF method.

Fig. 12 shows the results of rising bubble behavior up to t = 4 s,
given by the case SS_VOF. The bubble is presented by the contour
line of @y = 0.5. During the rising process, the bottom of the bub-
ble appears to sag gradually. Thin filaments come out and break

off from the edge of the bubble. The time of breakup predicted in
the simulation is about t = 3 s as Fig. 12(c) shows. Finally, there
are only the original main bubble and two middle-sized break off
daughter bubbles in the computational domain. It should be noted
that the VOF result is obtained using a relatively coarse grid distri-
bution. Micro-scale bubbles are not captured due to the numerical
diffusion. In fact, there are some small satellite bubbles trailing the
bulk of the main bubble, which has been partly captured by some
simulations with high grid resolution in the reference [40].

Fig. 13 shows the bubble behaviors of the case MS_IBA from
t =3 stot=4s. Results before t = 3 s are not presented be-
cause no transformation takes place at that time. The critical cri-
terion is set to be N, < N.; =10, which means that VOF bub-
bles contained less than 10 grids will be transformed to Lagrange
tracking. It can be seen from Fig. 13(b) that in addition to the
two middle-sized bubbles breaking off first, there are subsequent
micro-scale bubbles that further break off from the original main
bubble. These micro-scale two phase flow structures are gradu-
ally blurred in the SS_VOF simulation because of the numerical
diffusion of traditional VOF methods under less grid resolution.
However, the micro-bubbles are successfully captured in the case
MS_IBA as shown in Fig. 13(c). By using the multi-scale trans-
formation algorithm, the bubbles that are about to diffuse away
are transformed to Lagrange particles. Finally, the simulation of
MS_IBA case capture two more spherical bubbles than that of the
SS_VOF case.

The results of bubble behaviors calculated from the case
MS_CBA are shown in Fig. 14. Critical curvature radius in the
curvature-based transformation algorithm is set to be d/50. Dis-
tinct difference can be seen in the wake of the main bubble. As
the simulation progresses, the micro-scale satellite bubbles con-
tinuously break off from the edge of the main bubble and are
transformed to Lagrange particles by the multi-scale solver. The La-
grange bubbles breaking off vary in size. In addition, coalescence
and breakup can be further accomplished by specific algorithms in
the solver. The micro-scale satellite bubbles arrange in long thin
trailing filament and trail the bulk of the main bubble. The suc-
cessful capture of these phenomena shows the excellent simula-
tion effect of curvature-based transformation algorithm proposed
in this paper for multi-scale two-phase bubbly flow problems.

The diffusion of phase interface is a key problem in the sim-
ulation of multi-scale two-phase flow problems using the tradi-
tional algebraic VOF method. If a constant isosurface of volume
fraction is used to represent the bubbles in the flow field, the size
of the bubbles will gradually decrease, and the micro-scale bub-
bles will gradually disappear. This phenomenon is more obvious

(a) (b)
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Fig. 12. Simulation results of rising bubble behavior given by the case SS_VOF. (a). t =1s. (b). t =2s.(c).t=3s.(d).t=4s.
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Fig. 13. Simulation results of rising bubble behavior given by the case MS_IBA. (a). t = 3 s. (b). t = 3.25s.(c). t =3.58 s. (d). t =4 s.
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Fig. 14. Simulation results of rising bubble behavior given by the case MS_CBA. (a). t = 3 s. (b). t =3.255s.(c). t =3.5s.(d). t =4s.
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Fig. 15. Total volume of bubbles in the flow field varies over time.

at less grid resolution. Fig. 15 shows the total volume of bubbles
in the flow field varying over time in the simulation. Vr is calcu-
lated by adding the volume contained in the isosurface oy = 0.5
and the volume of Lagrange bubbles in the flow field. Vy is the
initial volume of the main bubble. It can be seen that the multi-
scale simulation method using the two transformation algorithms

can compensate the bubble volume loss in the flow field to a cer-
tain degree. After the break-off of small bubbles, the volume loss
is more dramatic in the case SS_VOF because the small bubbles
cannot be captured at less grid resolution. However, the volume of
the breaking off bubbles are collected by the multi-scale solver us-
ing Lagrange tracking. Therefore the volume losses of case MS_IBA
and MS_CBA are smaller than that of the case SS_VOF. In contrast,
the curvature-based transformation algorithm proposed in this pa-
per performs better for keeping the volume at the final time, be-
cause more bubbles are captured in the wake of the main bubble
as Fig. 14 shows.

Computational efficiency is an important advantage of
curvature-based algorithm in contrast with the identify-based
algorithm for the transformation from VOF interface capturing to
Lagrange tracking. Fig. 16 summarizes the final simulation effects
of the three test cases and the CPU time required to obtain the
corresponding results. At the same time, a much finer SS_VOF
case with NyxNy=320 x 640 grid points is performed and the
final simulation effect is also plotted. T2y 0F-80*160 js the total
CPU time cost in the case SS_VOF with NxxNy=80 x 160 grid
points, and it is used as a benchmark to evaluate the computa-
tional efficiency of the multi-scale solver. The cases are performed
serially using an Intel Core i7-7700 CPU. It costs 148 s of CPU
time to complete the computation of case SS_VOF_80 x 160. It is
obvious in Fig. 16 that the computational cost of case MS_IBA is
much larger than that of case SS_VOF. The direct reason is that
it takes a lot of computational time to identify the VOF bubbles
in the flow field at each time step. In the identification process,
seeking and evaluating the neighbor grids are bound to carry
out a lot of loops, whatever the algorithm is recursive or not. If
there are bubbles in the flow field that contain a large number
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Fig. 16. Summary of the final simulation effects of the four test cases and the CPU time required to obtain the corresponding results. (a). Case SS_VOF with 80 x 160 grid
points. (b). Case MS_IBA. (c). Case MS_CBA. (d). Case SS_VOF with 320 x 640 grid points. (For interpretation of the references to colour in this figure, the reader is referred

to the web version of this article.)

of grids, the identification process will be significantly slowed
down because the number of loops nested is too high. In the
recent studies of Zuzio et al. [25], they also pointed out that the
identification process is time-consuming. Although the simulation
effect is indeed improved slightly by comparing Fig. 16(b) with
Fig. 16(a), it is not a good choice to add so much computational
cost.

It can be seen from Fig. 16(d) that many small bubbles in
the wake of the large bubble can also be captured using SS_VOF
with further grid refinement. As the grid resolution increases, the
time step decreases accordingly, resulting in a more than hundred-
fold increase in computing time. The advantage of the curvature-
based transformation algorithm can be seen in Fig. 16(c). The cap-
ture accuracy of micro-scale bubbles is significantly improved com-
pared with pure VOF simulation with less grid resolution. The phe-
nomenon of small bubbles can be well simulated while the CPU
time only increases by 1%. The increased computational cost is
used for the evaluation of motion, collision and coalescence of
Lagrange bubbles. The implement of curvature-based transforma-
tion algorithm does not involve redundant loop calculations, thus
there is little additional computing time. Both computational ac-
curacy and efficiency taken into consideration, the algorithm is
more promising to be extended to solve three-dimensional com-
plex multi-scale two-phase flow problems.

6. Conclusions

In this paper, an improved multi-scale two-phase solver is de-
veloped to simulate bubbly flow problems, in which the macro-
scale bubbles are captured by VOF method and micro-scale bub-
bles are modeled by Lagrange tracking. The dynamic behavior of
multi-scale bubbles in incompressible flows is considered compre-
hensively in the solver, including motion, collision, coalescence and
breakup. This paper focuses on the comparison between the simu-
lation effect of multi-scale method and that of pure VOF method,
as well as the discussion of multi-scale transformation process and
algorithms. Following conclusions can be obtained:

(1) The new multi-scale two-phase model combines the advantage
of interface capture method and particle tracking method suc-
cessfully. The bubbles of different scales in the flow field can be
calculated simultaneously by different methods. And the trans-
formation between micro-scale Lagrange tracking and macro-
scale VOF capturing is smooth and physical reasonable. The
multi-scale two-phase model performs significantly better than
the pure VOF model in capturing micro-scale phenomenon un-
der less grid resolution. Especially for the sub-grid bubbles,
they directly disappear in the pure VOF simulation due to nu-
merical diffusion, but can be captured by Lagrange tracking
in the multi-scale two-phase model. Refining grids to capture
micro-scale flow structures is strictly limited by computational
costs. But Lagrange method can track arbitrarily small bubbles.

Therefore, the multi-scale two-phase model is more promising

for the simulation of actual complex two-phase flows.

Comparison is carried out between three different critical crite-

ria for the transformation from Lagrange bubble tracking to VOF

interface capturing The criterion A < Ag‘li =d/2+]lg based on
the distance between Lagrange bubbles and existing VOF inter-
face is recommended according to the presented numerical re-
sults. The transformation process can be completed smoothly.

The dynamic evaluation of the air-water interface can be well

simulated with relatively good mass conservation.

(3) A new curvature-based algorithm is proposed for the transfor-
mation from VOF interface capturing to Lagrange bubble track-
ing. The simulation effect and computational time are com-
pared with the previous identify-based algorithm in detail. In
conclusion, the advantage of the identify-based algorithm is
that the transformation idea is straightforward, VOF bubbles
containing many grids can be directly transformed into a La-
grange bubble. However, the disadvantage of the identify-based
algorithm is that bubble identification needs to be performed
at each time step. A lot of loops are required to seek and eval-
uate the neighbor grids, which is very time-consuming. For
the curvature-based algorithm proposed in this paper, it shows
significantly better performance both in simulation precision
and computational efficiency. In the given test cases, micro-
bubble distribution and flow details are well captured with
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computational time increasing by only 1%. The results indicate
that the new curvature-based algorithm is more promising to
be adopted in actual complex two-phase flow simulation. On
the other hand, the main shortcoming of the proposed algo-
rithm is that it is relatively difficult to determine an appropriate
control parameter before calculation. Over-breakup may occurs
for the VOF interface. Future works will further deal with this
problem.
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