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ABSTRACT

This paper investigates dynamics of Taylor bubble in counter-current flows, leveraging large eddy simulations combined with the volume of
fluid method. Utilizing the OpenFOAM framework, we have implemented a high-order Runge-Kutta time-integration scheme, along with a
piecewise linear interface calculation method for precise geometric reconstruction of the bubble interface. We examine the performance of
algebraic vs geometric capturing techniques in the context of Taylor bubble breakup, focusing specifically on the transitional flow regime
with a liquid Reynolds number of 1400. Our results reveal that the geometric capturing technique offers superior accuracy, improving our
understanding of the breakup process and providing valuable insight for multiphase flow simulations in various engineering fields. Our study
also reveals the emergence of a secondary vortex in the turbulent wake region behind the Taylor bubble, a phenomenon most prominent at
finer mesh resolutions. This vortex represents a novel discovery in counter-current Taylor bubble flows.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0186236
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I. INTRODUCTION

Understanding of phenomena in single-phase flows is in such a
developed state that we can confidently construct new models that are
sufficiently accurate for usage in complex flows." However, in multi-
phase flows, this is not the case. There is still a significant lack of exper-
imental data and theoretical knowledge to construct accurate tools for
two-phase flows, especially for turbulent regime.”’ Two-phase slug
flow is a prominent multiphase flow phenomenon with implications in
a wide array of industrial and engineering applications, including oil
and gas pipelines, chemical reactors, and nuclear reactors in normal
operation and under accident management conditions. Characterized
by the periodic formation of elongated gas bubbles or Taylor bubbles
separated by liquid slugs, slug flow dynamics are influenced by numer-
ous physical mechanisms, including interfacial surface tension, gravity,
pressure gradients, and wall effects. Consequently, a comprehensive
understanding of two-phase slug flow is not only fundamental to opti-
mizing the design and operation of multiphase systems but also pivotal
for accurate prediction of their performance under varying operating
conditions. The importance of understanding and accurately predict-
ing two-phase slug flows was underscored by the Deepwater Horizon
explosion in 2010," one of the most significant ecological disasters in

recent history. An uncontrolled gas-liquid slug flow led to a cata-
strophic explosion, emphasizing the necessity for enhanced knowledge
and predictive capabilities of such phenomena to prevent future
disasters.

One of the central aspects of two-phase slug flow is bubble
breakup, a phenomenon where a bubble fragments into smaller bub-
bles due to mechanisms such as turbulence, surface tension, and fluid
viscosity.” Advancements in experimental and theoretical studies have
illuminated the underlying physics of bubble breakup and spurred the
development of sophisticated models. Yet, there remains a critical
need for improved numerical methods capable of accurately simulat-
ing these intricate dynamics. Reliable experiments are crucial for devel-
opment of the accurate databases, which can be used as a benchmark
for numerical simulations. This is especially difficult for flows in the
turbulent regime due to interactions between liquid and gas phases
and the consequence of that—coalescence and breakup. Experimental
studies of a Taylor bubble in turbulent flow are sparse, and most of
them have been performed for co-current flow situations, where liquid
flow and bubble buoyancy have the same direction.” '’ The bubble’s
interface in turbulent flow exhibits unstable and chaotic flapping,
which requires long time periods to obtain time-averaged picture.
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As an alternative, a Taylor bubble in counter-current flow has been
proposed, and it turned out that the bubble stays trapped in the equi-
librium position for hours.'"'* Experiments with the Taylor bubble in
the counter-current regime were performed with a high-speed camera
in visible light, and a disintegration rate of the bubble has been mea-
sured.” In a recent paper by Kren ef al.,'” the dynamics of the Taylor
bubble interface were studied, which could also have implications on
the bubble breakup and coalescence. The observed flow conditions are
therefore suitable for studying the coalescence and breakup of gas
bubbles.

Several other experiments of bubble breakup and coalescence
have been made.'* The measurements span from an investigation of
the liquid film region during coalescence,”'® to the transition between
flow patterns.'” The recent development in the experimental methods
using the multi-cameras approach enabled a better insight into the
bubble breakup mechanisms and construction of new phenomenologi-
cal models."® There are two review articles on bubble breakup models
and mechanisms.'”* The first mechanism is breakup due to turbulent
fluctuation and collision. In the turbulent case, the pressure fluctua-
tions near the bubble—fluid interface and the collision between eddies
and bubbles are the most common cause of breakup. The second
mechanism is breakup due to viscous shear forces. These forces will
induce a velocity gradient around the interface and deform the bubble,
leading to breakup. As the bubble size increases, the leading cause of
breakup is due to viscous shear. As the relative velocity between bubble
and fluid increases, the skirt behind the bubble becomes unstable and
starts breaking up. The last mechanism is breakup due to interfacial
instability. This includes the Rayleigh-Taylor instability, which occurs
when a lighter fluid is pushing the heavier one, and the Kelvin-
Helmholtz instability, which occurs when there is a velocity shear in a
single continuous liquid.

Numerical simulations of turbulent flows laden with droplets or
bubbles can be carried out with different approaches. One possible
option is Euler-Euler approach, where the Navier-Stokes equations
are solved for each phase separately.”' The other possible approach is
one-fluid formulation, which consists of applying a single set of gov-
erning equations over the entire domain including the interface.””
There are several methods for interface advection: the volume of fluid
(VOF) method,””* Front tracking method,” and level-set method””
are among the most popular.

In this paper, we focus on the VOF method, which is imple-
mented in the open-source OpenFOAM computer code.”” An advan-
tage of the VOF method over alternative methods is that it is already
well established and conservation of volume is guaranteed. At the heart
of the VOF method is the concept of a marker function that represents
a volume fraction of one of the fluids in each computational cell of the
domain. The basic problem with advecting a marker function is the
numerical diffusion resulting from working with a cell-averaged
marker function.” To prevent the marker function from further diffu-
sion, the interface is reconstructed in the VOF method in such a way
that the marker does not start to flow into a new cell until the current
cell is full. The reconstruction methods are divided into algebraic and
geometric reconstruction methods. Significant effort has been put into
the application of the geometric methods as they show better results
than the algebraic reconstruction methods.”” >’ One of such methods
is Piecewise Linear Interface Calculation (PLIC) method, which has
been investigated for large eddy simulations (LES) in the present study.

pubs.aip.org/aip/pof

LES offers a good compromise between precise and expensive DNS,
and, cheap and less accurate RANS. The development of LES methods
in multiphase flows is still in early stages, and one of the reasons for
that is the lack of experimental and DNS benchmarks. The framework
for the development of the LES in multiphase flows was proposed by
Ketterl and Klein.”" In single-phase flow, the modeling of small
scales is needed only for the convective term, which is usually done by
adding eddy viscosity to the equations. However, in multiphase flows,
we need to model six terms, where at least two of them are significant.
In general, the convective term can be modeled in the similar manner
as in the single-phase flow,”> but for other closures, new models
need to be developed. The current status of development shows that
the c%os:lrs of the sub-grid term for surface tension is the most signifi-
cant.”7°

Numerical simulations of a Taylor bubble were mainly studied in
a stagnant or co-current background liquid flow in a variety of settings,
from simple 2D and Euler-Euler simulations’* to the full 3D simula-
tions with interface tracking.””"’ LES of the Taylor bubble in a
co-current turbulent regime with no sub-grid scale models for bubble
coalescence or breakup showed one to two orders of magnitude faster
bubble disintegration than in the experiment of Taylor bubble in
counter-current turbulent flow.'”*' The phenomena that control the
coalescence and breakup of bubbles are acting below the Kolmogorov
scale and are therefore not directly incorporated in the formulation of
the multiphase flow equations.” However, performing DNS or LES
with interface tracking allows for coalescence and breakup by design,
but it is usually not physically accurate due to various reasons. The
VOF method, for example, has issues with calculating the curvature
from the front using volume fractions. For coalescence cases, the prob-
lem with the VOF method is that it cannot distinguish between two
interfaces in the same cell so a multi-marker method is needed.
Additional models therefore need to be applied. For the level-set
method, a model that prevents or delays bubble coalescence has been
constructed and applied successfully to the numerical simulations."”
Other models have been proposed for the coalescence and breakup
using combined level-set and VOF method"” and the immersed
boundary method** with limited success. To sum up, the work on
experimental and numerical gas-liquid turbulent flows has been exten-
sive, but it is still lacking on several aspects of understanding the
phenomena.

Despite the extensive body of literature on Taylor bubble flows
and breakup dynamics, there remains a notable gap in high-fidelity
numerical studies that focus on the breakup of Taylor bubbles in
counter-current flow regimes. Previous research has often employed
simplified models or lower-fidelity simulations, which may not fully
capture the complex interplay of fluid dynamics phenomena such as
coalescence and breakup. Our study aims to bridge this gap by
employing large eddy simulation (LES) techniques with algebraic and
geometric VOF to provide a more accurate and comprehensive under-
standing of Taylor bubble dynamics in counter-current flows.

The paper is structured as follows: following this introduction, we
present the theoretical background and the numerical methodology
employed (Sec. I1), including the implementation and coupling of the
Runge-Kutta (RK) and PLIC methods. In Sec. I1I, we compare the per-
formance of algebraic vs geometric capturing techniques for the Taylor
bubble scenario, especially for transitional flow with a Reynolds num-
ber of 1400 (see Sec. I1I). We also present detailed results for the
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geometric VOF simulations. In Sec. IV, we show the implications of
currently developed techniques for Taylor bubble flow at higher
Reynolds number 5600 (Sec. IV). We specifically highlight and criti-
cally examine some limitations of our model. While the model demon-
strated efficacy for simulations of transitional flow, it shows
inadequacies when applied to turbulent conditions where bubble
breakup is more pronounced. Notably, in the context of Taylor bub-
bles in counter-current turbulent flow, two key physical phenomena
become increasingly significant: the enhanced breakup of the bubble
and the asymmetry in the bubble’s shape and behavior, which the
model fails to correctly predict. We conclude the paper by discussing
the implications of our findings and suggesting future research direc-
tions. In the Appendix, complete validation of the numerical frame-
work with the Hysing rising bubble case and Zalesak slotted disk case
is presented.

Il. METHODOLOGY

A two-phase gas-liquid system has been modeled using the one-
fluid formulation of the Navier-Stokes equations and the VOF
approach for interface capturing. Within this framework, a void frac-
tion, denoted as o, is defined. Its advection equation is given as

O +u-Vo =0, (1)

where 0 is the time derivative, u is the velocity vector, and V is the
gradient operator. The fluid mixture’s behavior is governed by the
incompressible Navier-Stokes equations, represented as

V-u=0 2)
and
9(pu) +V - (puu) = =Vp + pg+ V- 2u,4D) + ox8(n)n, (3)

where p = ap; + (1 — o) p, is the mass density, p is the pressure, g is
the gravitational acceleration, D is the deformation tensor, e = Oy
+ (1 — o), is the effective mixture viscosity, k is the interface curva-
ture, n is the interface normal unit vector, and 8(n) represents the
interface Dirac delta function. These equations are solved in the open-
source computational fluid dynamics (CFD) software OpenFOAM
v10, with the aid of a modified interFoam solver. The solver enables
the usage of Diagonally Implicit Runge-Kutta (DIRK) time integration
schemes integrated with PLIC geometric reconstruction. It is an exten-
sion of a solver developed previously in OpenFOAM v4 by Frederix
et al.”” The subgrid-scale model used in the present work is eddy vis-
cosity model WALE (Wall-Adapting Local Eddy-viscosity)." The
Pressure-Implicit with Splitting of Operators (PISO) algorithm is
employed to find the solution to the system of governing equations.
Unlike coupled methods, the PISO technique decouples the equations
for pressure and velocity, solving them in a segregated manner. Within
this framework, two inner corrector loops are utilized. This implies
that the equation for pressure is formulated and solved on two separate
occasions within each Runge-Kutta (RK) stage of the time-stepping
scheme. Surface tension term is being solved in the OpenFOAM using
continuum surface tension model (CSF) as described by Brackbill
et al,"® which smears the surface tension force over multiple cells,
using a Dirac delta function, where 6(x) = V o. The Dirac-delta func-
tion in the surface tension term is being smoothened with the help of
the o function. Goal is to achieve exact balance between the pressure
gradient and the surface tension forces.

ARTICLE pubs.aip.org/aip/pof

The key component of this study is the comparison between the
algebraic and geometric VOF method. Until OpenFOAM v8, only an
algebraic VOF method was implemented. In our current study, we
have implemented the Runge-Kutta time-integration scheme in the
interFoam solver of OpenFOAM v10, which has implemented the
PLIC method, i.e., a geometric VOF method.

A critical component of the algebraic VOF method is the accurate
computation of the numerical fluxes to update the void fraction func-
tion.” Originally, a donor-acceptor formulation, along with flux limit-
ers, was employed to ensure the boundedness of the o function. In
OpenFOAM v10, algebraic capturing is performed through the
Multidimensional Universal Limiter for Explicit Solution (MULES)
framework.” It uses Flux Corrected Transport (FCT) with an interface
compression scheme.

The geometric VOF method, on the other hand, involves a two-
step process for interface reconstruction and advection, following Dai
and Tong.”® The interface approximation is first geometrically built
from volume fraction information. This is typically accomplished
using methods like the PLIC interface reconstruction. The recon-
structed interface is then advected using the given velocity field. For
the PLIC methods, the reconstruction process involves determining
the normal from the known o function within the cell and its neigh-
bors using a gradient of the « field. Geometrically, the line is then
moved in the normal direction so that the interface position in each
cell aligns with the local void fraction value. In OpenFOAM, the
PLIC method is employed to compute the fluxes, after which the o
equation is algebraically solved. This approach sets OpenFOAM
apart from the typical methods adopted by other CFD codes.
MULES framework is also used with the PLIC method to ensure
local volume enforcement.

For the spatial discretization of the divergence terms, we rely on
Gauss’ theorem, which, in the finite volume framework, reduces to a
simple summation of all the face-normal fluxes across all the faces
enclosing each control volume. Similarly to Frederix et al.,”” we have
used blended scheme for momentum convection term that stabilizes
the artificial breakup and does not have a detrimental effect on the
single-phase turbulence far away from the bubble. All other interpola-
tions and gradients are discretized using linear schemes, which are
second-order accurate. The modified solver is able to use any Runge-
Kutta scheme, but we have mainly used the Diagonally Implicit
Runge-Kutta scheme of second order (DIRK2). Butcher tableau,
which is Runge-Kutta matrix for coefficients for each Runge-Kutta
stage and term, for this scheme is the following:*’

vpr 0
Lj 1=y 4)
L=y 7y
wherey =1 — 4 Time-step was used in such a manner that the CFL

number was below 0.4. Additionally, given the Weber number for this
scenario, the constraint on the time step imposed by the surface ten-
sion term is less stringent. The complete verification of our solver can
be found in the Appendix.

We have chosen fluid properties that resemble a water—air mix-
ture and simulated Taylor bubble motion under two conditions—a
pipe with a diameter of 12.4 mm (transitional flow) and another with a
diameter of 26 mm (turbulent flow). These two cases were chosen as
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TABLE 1. Dimensionless numbers for the transitional and turbulent case.

Case Morton Froude Eotvos Weber Reynolds

Transitional 2.60 x 1071 0.069 19.34 1.33 1400
Turbulent 2.60 x 10711 0.113 9090 104 5600

the same setup is being used in experimental measurements in the
THELMA laboratory of Reactor Engineering Division, Jozef Stefan
Institute. It should be noted that forces acting on the Taylor bubble in
counter-current flow are buoyancy, liquid velocity, surface tension,
and liquid inertia. The bubble in that conditions is in inertial regime,
which means that viscosity and surface tension effects can be neglected
and the bubble rising velocity in stagnant liquid can be approximated
with U = k+/(gD), where k is experimentally deduced constant and D
is pipe diameter.

Our analysis focuses on a water—air mixture at 20 °C, the behav-
ior of which can be better understood through several dimensionless
numbers, as presented in Table I. We calculated the Weber, E6tvos,
Froude, and Morton numbers for two cases characterized by terminal
velocities of 0.09 and 0.17 m/s and characteristic lengths (pipe diame-
ter) of 0.0124 and 0.026 m, respectively. The Weber number, which
provides a ratio of inertial forces to surface tension forces, is crucial in
predicting the formation and breakup of bubbles in a fluid. The E6tvos
number, comparing buoyancy to surface tension forces, is instrumen-
tal in understanding the rise or fall of bubbles in a fluid. The Froude
number, which compares the flow inertia to the external field (typically
gravity), is key in predicting the formation of waves and overall fluid
flow patterns. Finally, the Morton number, which characterizes the
motion of bubbles or drops in a surrounding fluid, is essential in pre-
dicting the shape and behavior of bubbles, taking into account the
properties of both fluids, including their viscosity, density, and surface
tension. These dimensionless numbers again prove that we are in the
inertial bubble regime as the inertial forces dominate over surface ten-
sion and liquid viscosity.

Weber number (We) E6tvo snumber(Eo)
2 _
We = pDU Eo — (pL — pg)gD?
o G

Froude number (Fr) Morton number (Mo)

a0,
oY 8P —r)

gD(pr — pc)/p1 pio’

Pertinent issue in the numerical simulations of two-phase flows is
spurious currents, which are also observable in the OpenFOAM

ARTICLE pubs.aip.org/aip/pof

computer code. The surface tension term is in OpenFOAM calculated
as continuum surface tension force. According to Abadie et al.** and
Popinet,”” this method has a large span of sensitivity to spurious cur-
rents, which are important, particularly when the capillary forces are
dominant, i.e., usually for Capillary number Ca < 1 and Weber num-
ber We < 1. However, in the current regime, where We number is
1.33 (Transitional case) and 10.4 (Turbulent case) and the flow is iner-
tia dominant, the spurious currents are negligible. Spurious currents
would be more prominent in the case of Taylor bubbles in microchan-
nels and/or at smaller streamwise velocities.

In order to simulate the Taylor bubble in counter-current flow
situation and under fully developed turbulent conditions, we applied a
recycling boundary condition at the inlet, positioned upstream of the
Taylor bubble. The recycling is done five hydraulic diameters D, after
the inlet. This way we ensure that the velocity field has enough space
to fully develop.”” After the recycling, there is another 2-3Dj, to the
Taylor bubble nose to ensure that the nose does not influence the recy-
cling boundary condition. We adjusted the flow rate at every time step
to balance the bubble’s buoyancy with hydrodynamic drag, ensuring
the bubble’s position remains relatively constant throughout the simu-
lation. This procedure is illustrated in Fig. 1. Small changes were
adjusted with a gentle relaxation factor of 0.01 to keep the bubble from
being pushed one way or another due to minor fluctuations. Velocity
at the inlet at each time step was prescribed as

Ukl — gk 0.01Ug, (5)

inlet inlet

where Uy is the velocity of the Taylor bubble and we aim for it to be 0.

We conducted the study of Re=1400 cases on three different
mesh resolutions, as shown in Fig. 2. The geometry of all the meshes was
identical: a cylinder with a length of 0.248 m and a diameter of 12.4 mm.
The G20 mesh has around 700000 hexahedral cells, the G15 mesh
around 2 x 10° cells, and the G10 mesh 4.1 x 10° cells. The numerical
designation in each mesh name corresponds to the dimensionless span-
wise bulk cell size. In the near-wall region, the dimensionless spanwise
cell size reduces to below 1 wall unit. Wall unit spacing is defined as
dx" = 6xU* /v, where dx is the width of the cell in dimension units, U*
is the friction velocity, and v is the kinematic viscosity. The friction
velocity was determined in the wake region behind the Taylor bubble,
where it attains its maximum value. Meanwhile, in the streamwise direc-
tion, the cell size is roughly equivalent to that in the bulk spanwise direc-
tion, albeit with minor refinement in the near-bubble region. More
information about the meshes can be found in Table II.

Ill. RESULTS: TAYLOR BUBBLE IN TRANSITIONAL
COUNTER-CURRENT FLOW

In this section, we present LES results of a Taylor bubble in the
counter-current flow regime. We focus on a pipe with a 12.4mm

<=au.

V¥ |

recycling

FIG. 1. Visualization of the recycling procedure. The bubble motion was calculated for every time step in the volume V* and the flow rate has been adjusted accordingly.
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FIG. 2. Three different mesh resolutions: G10 (left), G15 (middle), and G20 (right).

diameter, where the liquid Reynolds number upstream of the Taylor
bubble is approximately 1400, corresponding to laminar flow condi-
tions. However, as the liquid water accelerates around the Taylor bub-
ble and detaches at the trailing edge of the Taylor bubble, turbulence is
generated. Consequently, we refer to this case as a Taylor bubble in a
transitional flow regime. Our study primarily examines the shape,
velocity, and breakup dynamics of the Taylor bubble, shedding light on
the impact of the liquid flow regime on the bubble breakup process. In
addition, the comparison of two different interface capturing schemes
is shown, i.e., the algebraic and geometric (PLIC) reconstruction.

Importantly, our simulations are validated against experimental
results from our laboratory that investigate Taylor bubbles in counter-
current flows at varying lengths.'” It is worth noting that while bubble
void shedding is a key characteristic in such flow conditions, its occur-
rence is proportional to the bubble length. It should be stressed that in
the cases considered in the present study, there was practically no void
shedding observed in experiments.

A. Validation with experiment

Liquid film thickness measurements were performed using the
method presented in Kren et al."* This section provides a brief quanti-
tative comparison with the experiment, thereby validating our

TABLE II. Properties of the meshes. Cell sizes are in wall units.

Mesh G20 Mesh G15 Mesh G10

Wall-normal wall cell size 0.6 0.6 0.6
Spanwise bulk cell size 20 15 10
Inlet/outlet streamwise cell size 35 24 18
Bubble region streamwise 17 11 8
cell size

20D 20D 20D

Domain length
Domain diameter (mm) 12.4 12.4 12.4
Number of cells 0.75x 10° 2.05x 10° 4.2 x 10°
Number of cells inside 025x10° 08x10° 2x10°
Taylor bubble

numerical methods. The simulated bubbles are compared with the
most relevant experimental bubble. In Fig. 3, the bubble shape and lig-
uid film thickness are observed. This comparison presents a significant
challenge for the VOF method as the interface shape is more distorted
compared to the level-set or, notably, the front-tracking method.
However, as shown in Fig. 3, there is excellent agreement in shape
between the experimental and simulation results, for both algebraic
and geometric VOF methods. The experimental results are displayed
with a 5% error margin, indicated by the shaded region around the
data points. The bubble shape is a critical characteristic as it affects the
pressure drop induced by the bubble as well as the flow properties in
the wake. The first and second profile denoted in Fig. 3 correspond to
the left and right profile of the Taylor bubble based on the Taylor bub-
ble nose, which is on the centerline due to bubble symmetry.

B. Instantaneous fields

Figure 4 illustrates the isosurfaces of instantaneous gas void frac-
tion at o = 0.5 for the two distinct interface capturing methods, cap-
tured at three different time instances: t = 5s, t = 10s, and t = 15s.
On the right side, a photo from experimental observations shows a
Taylor bubble of comparable length. There is a noticeable void

Experiment; 1st profile
Experiment; 2nd profile
—— PLIC Simulation; 1st profile
=== PLIC Simulation; 2nd profile
—— Algebraic Simulation; 1st profile
---Algebraic Simulation; 2nd profile

Film Thickness (mm)

0 5 10 15 20 25 30 35 40
Axial Coordinate (mm)

FIG. 3. Comparison of the experimental and numerical bubble shape.
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FIG. 4. Isosurfaces of the instantaneous gas void fraction (blue color) at three differ-
ent timesteps (t = 5, t = 10, and t = 15s) obtained with standard algebraic inter-
face capturing (left) and PLIC reconstruction (middle) for transitional case
(Re=1400). The color scheme in the liquid phase represents the velocity magni-
tude. On the right side is the experimental measurement of Taylor bubble in
counter-current flow.

shedding exhibited in the case of the algebraic VOF method. In con-
trast, the geometric VOF method does not display this behavior. This
is first evidence that the geometric VOF method shows better agree-
ment with the experimental observations.'” Furthermore, a stark dif-
ference between the algebraic and geometric VOF methods is
identified in the velocity fields within the bubble’s wake region, as illus-
trated in Fig. 4. In the case of the geometric VOF method, the wake
region presents an organized pattern, characterized by recirculating
flow patterns that trail the bubble. On the other hand, the algebraic
VOF method produces a starkly contrasting scenario. The wake region
in this instance is punctuated by a higher degree of disorder.
Numerous smaller bubbles emerge and proliferate, causing significant
perturbations to the velocity field. These multiple smaller bubbles con-
tribute to a more random and turbulent flow pattern, making the
velocity field more chaotic.

In Table III, the average loss of void fraction (gas) is compared
across different mesh sizes and interface capturing methods. For the
algebraic method, the loss of void fraction decreases as the mesh
becomes finer. As mentioned in the beginning, the void shedding has

ARTICLE pubs.aip.org/aip/pof

TABLE IlI. Average loss of void fraction (gas) for different meshes and interface cap-
turing methods.

Algebraic PLIC
G20 0.112cm>/s 0
G15 0.0659 cm’/s 0
G10 0.0615 cm’/s 0

not been experimentally observed for this particular case;'” thus, we
believe the observed loss void fraction in the algebraic exhibit artificial
numerical breakup. In contrast, the PLIC method shows no loss of
void fraction across all mesh sizes. This is desirable as we have been
able to stop the artificial numerical breakup.

These results demonstrate the importance of the choice of
interface capturing method in simulations of multiphase flow, par-
ticularly for cases where the bubble void shedding is of interest.
The algebraic VOF method, while simpler and less computationally
intensive, may lead to artificial bubble fragmentation due to its less
accurate representation of the interface. On the other hand, the
PLIC method provides a more accurate prediction of the bubble
void shedding, but at a higher computational cost. Therefore, the
choice between these two methods will depend on the specific
requirements of the simulation. Enhanced bubble fragmentation
also affects other hydrodynamic properties, such as velocity fields,
velocity fluctuations, and turbulent kinetic energy (TKE). For these
reasons, we have demonstrated that the PLIC method is superior
for this case. Therefore, in Secs. I1I C and III C 1, we focus solely on
simulations conducted using the PLIC method.

C. Time-averaged fields

At the bubble wake region, the flow is actually not laminar,
but chaotic. Thus, time-averaging is needed to obtain comparable
data that we provide in this section. By presenting the time-
averaged fields, we aim to give a comprehensive overview of the
differences in the flow characteristics predicted by the PLIC
method on different meshes. The length of the time-averaging for
different cases can be seen in Table IV. It turned out that sufficient
statistical accumulation is about 50 s; however, we afforded longer
time-averaging especially for the PLIC method due to no loss of
void fraction. All simulations were conducted on in-house com-
puter cluster, utilizing 100-300 CPUs depending on the mesh size.
One single simulation on our finest mesh reproduced 50 s of statis-
tical accumulation in about one month.

Figure 5 represents the 2D contour plots of mean streamwise,
radial, and tangential velocities, respectively. The streamwise velocity
contour illustrates the flow along the direction of the main flow.

TABLE IV. Time-averaging of different simulations.

Model
Mesh PLIC
G20 380s
G15 150s
G10 70s
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FIG. 5. 2D velocity fields of streamwise (a), radial, (b) and tangential velocity (c) at the middle plane of the pipe along with the mean position of the bubble denoted with green

line. The results are from coarse G20 mesh with the PLIC method.

Notice the larger velocities in the annular region surrounding the bub-
ble and slower streamwise velocities in the wake region, a typical char-
acteristic of the Taylor bubble flow regime. The radial velocity contour
provides insight into the flow direction concerning the bubble’s center.
The most flapping of the velocity is observed in the bubble wake
region, where there is a pronounced recirculation zone. In the radial
velocity field, there is a visible “checkerboard” pattern that shows cou-
pling between the velocity inside the Taylor bubble and in the bubble
wake region. The bottom contour in Fig. 5 presents the tangential
velocity component, which is the smallest in magnitude. Here, the
near-zero tangential velocity along the interface signifies that there is a
minimal rotational or swirl motion about the bubble axis which could
be also due to computational instabilities. However, as the magnitude
is very small, this is still indicative of the axisymmetric nature of the
flow around the Taylor bubble in the transitional regime.

Figure 6 presents time-averaged one-dimensional plots providing
more detailed information on the streamwise velocity at five different
cross sections. Five distinct graphs are shown with three different
meshes on each graph. Clearly, there is no significant difference
between the meshes for single-phase laminar flow upfront the bubble
(cyan profile). However, the discrepancies are observed between all
three simulations at the tip of the nose profile (red profile). It should
be noted that these differences stem from the fact that the Taylor bub-
ble is slightly moving during time-averaging and our reference point at
the tip of the bubble is at different location for each simulation. Thus,
there is a small uncertainty of the reference point location which is
associated with its detection criteria, time-averaging, and spatial discre-
tization. In the film region (green profile), we observe very good
agreement and the highest velocities correspond to the location of gas—
liquid interface (dotted-dashed line). However, there are some discrep-
ancies inside the bubble (shaded red area) in the core region of the
pipe, which can be attributed to insufficient spatial resolution of the
coarsest mesh. In the bubble wake region (indicated by the yellow
line), significant differences are observed with varying meshes.

This variation can be attributed to the critical influence of the bubble’s
position on this velocity profile as seen in Fig. 5. Further downstream
the turbulent flow slowly laminarizes; however, the velocity profile at
the blue profile is still chaotic. The simulations at this location predict
consistent velocity profiles with minor asymmetries.

The velocity fluctuation contours can be found in Fig. 7. As the
velocity fluctuations span over a large range in magnitude, we have
plotted it with log scale colorbar. Due to the interaction between the
bubble and the incoming fluid, the flow generates turbulence, and in
the bubble wake region, the fluctuations are significantly larger. These
fluctuations are orders of magnitude larger than in other regions. The
largest fluctuations are in the streamwise direction; however, the peak
is in the small region near the flow separation region. More spatially
pronounced are the radial velocity fluctuations, but they are an order
of magnitude smaller than the maximum value in the streamwise
direction. Here, we also observe the coupling between the velocity field
in the wake and the velocity field inside the tail of the bubble, where
the fluctuations are the largest in magnitude. The tangential fluctua-
tions are the smallest in magnitude, which again shows the axisymmet-
ric nature of the Taylor bubble in transitional regime. The last graph in
Fig. 7 shows the turbulent kinetic energy (TKE), which combines the
strongest structures of each of the velocity fluctuations field. Turbulent
kinetic energy is calculated as TKE =1 (Uly + Upg + Upy). We
observe a noticeable increase in TKE at the interface between the bub-
ble and the surrounding liquid, especially toward the rear of the bub-
ble. This could be indicative of high turbulence production at the
interface due to the shear between the bubble and the downward flow.

These findings are significant as they enhance our under-
standing of the local flow characteristics around Taylor bubbles
and the role of turbulence as a precondition for bubble breakup
and coalescence. The observed distribution of TKE also aligns with
previous experimental and computational studies in co-current
regime,”’ which have reported heightened turbulence activity near
the bubble-liquid interface.

Phys. Fluids 36, 023311 (2024); doi: 10.1063/5.0186236
© Author(s) 2024

36, 023311-7

L1180 20T 1AV L1


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE pubs.aip.org/aip/pof
x =0.05m x =0.00 m
0.000
0.025
O = —0.025 =
U u £ 0.000
E _0.050 E
Z 2-0.025
8 —0.075 ]
S ‘v -0.050
> >
g ~0100 2 _0.075
£ £-o.
€ —0.125 £
g @ —0.100
& —0.150 2
@ 9 —0.125
-0.175
-0.150
—-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 —0.006 -0.004 -0.002 0.000 0.002 0.004 0.006
r-coordinate [m] r-coordinate [m]
x =-0.05m x=-0.11m
08 0.05
4 04 a
£ £
> 02 5, 200
= =
3 3
S 00 < —0.05
> >
$-0.2 g
0 0
= s —0.10
£ -04 €
2 o
‘ﬁ‘ —0.6 xﬁ- -0.15
-0.8 -0.20
—-0.006 —0.004 -—0.002 0.000 0.002 0.004 0.006 —0.006 —0.004 -0.002 0.000 0.002 0.004 0.006
r-coordinate [m] r-coordinate [m]
x=-0.14m
0.00
7 —-0.02 '5
£ 5
2. -0.04
> o
mm— ] s G20 S
(<}
3 —0.06 S
g 0
5 mmmm G115 S
£-0.08 =
]
£ mmss G110
o —0.10
]
-0.12
—-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006

r-coordinate [m]

FIG. 6. Streamwise velocity profile of a Taylor bubble in counter-current flow. The left side of the figure presents a 2D schematic of a Taylor bubble with denoted different cross
sections. The right side displays five one-dimensional plots of streamwise velocity, arranged in two rows, corresponding to the cross sections around the Taylor bubble.

Figure 8 presents one-dimensional profiles of streamwise velocity
fluctuations. Upstream the Taylor bubble the flow is laminar; hence,
very low fluctuations are observed. The velocity fluctuations develop in
the vicinity of the Taylor bubble nose, in particular inside the bubble,
and increase downstream the flow. The largest values occur inside the
bubble and inside its wake region. Minor differences exist between the
different used meshes. The coarsest G20 mesh consistently displays
reduced fluctuations in all profiles, underscoring the importance of uti-
lizing fine mesh discretization.

Similar trends can also be observed for the radial velocity fluctua-
tions in Fig. 9. Following the film region, we detect a liquid jet, also visible
in Fig. 5. In this area, we accordingly note the most substantial velocity
fluctuations within the liquid region. Again, we observe minor differences
between meshes. Nevertheless, the discrepancies between results are small
and could be attributed to the uncertainty of the reference coordinate
point at the tip of the bubble, similarly as in velocity profiles.

Turbulent kinetic energy is calculated as the sum of each compo-
nent of velocity fluctuations. Consequently, the patterns observed in
Figs. 8 and 9 are similar to the TKE calculations in Fig. 10. While dis-
parities among the meshes are noticeable, they can again be attributed
to the error of bubble nose position. Interestingly, we observe large
sharp peaks of TKE in the gas-liquid interface region, in particular in
the gas phase side. TKE slowly decreases in the bubble wake region,
where TKE has lower values and dissipates faster downstream the bub-
ble. Again, the coarsest G20 mesh shows the lowest values of TKE.

1. Turbulent wake region

The turbulent wake region behind a Taylor bubble in a counter-
current flow exhibits characteristics, which are to some extent similar
to the flow behind a backward-facing step.”” Namely, in both cases,
there is a flow separation region, which shares a common trait: the
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FIG. 7. 2D velocity fluctuations fields of streamwise (a), radial (b), tangential velocity fluctuations, (c) and turbulent kinetic energy (d) along with the mean position of the bubble

denoted with green. The results are from coarse G20 mesh with PLIC method.

abrupt change in the flow direction, which leads to a strong decelera-
tion of the fluid and eventually to the formation of a recirculation zone
behind the bubble as shown in Fig. 11. However, there is also a distinct
difference between both cases. First, the recirculation zone down-
stream the Taylor bubble has a toroidal shape due to the axial symme-
try and, second, there is a secondary toroidal vortex observed besides
the primary toroidal vortex as shown in Fig. 11. The secondary vortex
has been successfully reproduced on the G15 and G10 meshes, while
the reproduction on the coarsest G20 mesh is only partial. Thus, the
prediction of the secondary toroidal vortex is quite sensitive to the spa-
tial resolution of the mesh despite the fact that the magnitude of that
vortex is not weak. This phenomenon is novel in the Taylor bubble in
counter-current flow regime and, as far as we are aware, has not been
highlighted in prior studies. The primary vortex, labeled in Fig. 11,
aligns with what has been traditionally observed in both stagnant and
co-current flow regimes of Taylor bubble flow. Quantitatively, the
magnitude of this secondary vortex is about four times smaller than its
primary counterpart.

Figure 12 presents three distinct fields. The top graph displays the
streamwise velocity along the pipe’s axis, while the middle graph illus-
trates the fluctuations of the streamwise velocity at the same location,
and the bottom graph depicts radial velocity fluctuations. These graphs
provide a clear understanding of how the velocity fields are affected by
the presence of the bubble. A consistent pattern emerges throughout
the graphs. Namely, upstream the Taylor bubble, the flow is laminar,

and the fluctuations steeply intensify as the bubble’s interface is
approached. Then, inside the bubble, the fluctuations are rather low,
but they again increase in the vicinity of the trailing edge interface of
the bubble. Here, the distinct peaks of velocity fluctuations with the
largest magnitudes are observed. Following the bubble’s passage, the
fluctuations slowly laminarize downstream the Taylor bubble. Clearly,
this transition process exhibits some dependence on mesh resolution,
particularly in terms of turbulence amplitude at different sections
within our domain; however, the predictions are qualitatively similar
on all the applied meshes.

From our analysis of temporally and spatially averaged fields,
we have deduced the length of the bubble wake region, as displayed
in Table V. Our examination of the fields depicted in Fig. 12
focused on the region near the bubble’s rear end. We defined the
bubble wake length when the magnitude of the observed field
diminished to less than 5% of its peak value. Examining the data in
Table V, it is apparent that the wake’s length primarily depends on
the mesh size when considering streamwise velocity fluctuations.
This trend is expected, as turbulence is predominantly strong in
this direction. Specifically, the coarser G20 mesh appears to sup-
press turbulence, a pattern also visible in the streamwise velocity
component. However, this trend does not hold for radial velocity
fluctuations, where the wake length remains consistent across all
three mesh sizes. This suggests that the size of the recirculation
zone remains unaffected by the mesh size.
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FIG. 8. Streamwise velocity fluctuations profile of a Taylor bubble in counter-current flow. The left side of the figure presents a 2D schematic of a Taylor bubble with denoted dif-
ferent cross sections. The right side displays five one-dimensional plots of streamwise velocity fluctuations, arranged in two rows, corresponding to the cross sections around

the Taylor bubble.

We have shown that the Taylor bubble forms a discontinuity in
the flow with large gradients in the velocity field, which generate a con-
ducive environment for turbulence generation. The occurrence of tur-
bulence, particularly behind the bubble, can significantly influence the
overall flow behavior, affecting everything from bubble breakup and
coalescence to heat and mass transfer characteristics.

IV. DISCUSSION: TAYLOR BUBBLE IN TURBULENT
COUNTER-CURRENT FLOW

It has been shown in Sec. III that the PLIC VOF method with
Runge-Kutta time-integration successfully predicted Taylor bubble
behavior, velocity fields, and large-scale structures for the transitional
flow regime, where the laminar flow upstream the bubble turns to tur-
bulent in the bubble wake region. In the present section, we use the
VOF methods to tackle the dynamics of the Taylor bubble in a fully

turbulent regime, which is characterized by chaotic and stochastic flow
patterns where inertial forces dominate over viscous forces. In this
case, we simulate the Taylor bubble in a larger pipe with a diameter of
26 mm, which, due to its higher Reynolds number of 5600, falls within
the turbulent flow regime. Experiments'” have shown that the Taylor
bubble in this flow regime gradually disintegrates, due to the breakup
of small bubbles at the tail of the Taylor bubble. The Taylor bubble
decay rate depends on the bubble length, pressure, and temperature of
the system. For the case, considered in this section, the measured bub-
ble decay rate in the range from 0.015 to 0.07 mm/s is expected.

This study employed the same numerical methods as discussed
in Sec. I1. The mesh, referred to as G30, has a spanwise bulk cell size of
30 wall units and a near-wall normal cell size of approximately 1 wall
unit, altogether consisting of roughly 700 000 cells. Depicted in Fig. 13
are isosurfaces at o = 0.5 that represent the instantaneous gas void
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FIG. 9. Radial velocity fluctuations profiles of a Taylor bubble. The left side of the figure presents a 2D schematic of a Taylor bubble with denoted different cross sections. The
right side displays five one-dimensional plots of radial velocity fluctuations, arranged in two rows, corresponding to the cross sections around the Taylor bubble.

fraction under turbulent conditions, using two distinct interface cap-
turing methods. The displayed state is t = 2.2's after the simulation’s
initiation. The simulation was initialized with a fully developed single
phase turbulent flow in which a bubble was placed with an initial (the-
oretical) shape. A key observation is that the highest velocities manifest
at the bubble’s skirt, progressively leading to bubble breakup. This
fragmentation is notably more intense and rapid when using the alge-
braic capturing method, as evidenced by the abundance of smaller
bubbles trailing the main Taylor bubble. In the experimental image on
the left, the flow configuration matches that of the numerical simula-
tions, exhibiting less bubble shedding and an asymmetric bubble, a
phenomenon also observed in the simulations.

Our analysis has extended for bubble size distributions. Figure 14
presents a histogram of bubble size distribution for G30 mesh and
each interface capturing method. The Taylor bubble volume is repre-
sented with the column at the most right side of the graph to which

the distribution is normalized. In the turbulent flow regime, bubble
shedding characteristics exhibited notable differences between the alge-
braic VOF and PLIC methods. The algebraic VOF method, once again,
displayed more pronounced bubble shedding, contributing to a wider
bubble size distribution. Conversely, the PLIC method, with its
enhanced representation of the interface curvature, limited bubble
shedding to a certain extent, resulting in a narrower bubble size distri-
bution. The behavior observed for the PLIC method can be ascribed to
a more faithful representation of surface tension forces, reducing artifi-
cial fragmentation of the bubbles; however, the predicted bubble decay
rate is still one to two orders of magnitude too large with respect to the
experimentally measured value.

These results highlight the importance of accurately determining
the bubble shape, as it greatly influences the breakup and coalescence
rates. As we aim for more precise interface capturing schemes, it
becomes evident that additional models for bubble breakup and
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FIG. 10. Turbulent kinetic energy profiles of a Taylor bubble. The left side of the figure presents a 2D schematic of a Taylor bubble with denoted different cross sections. The
right side displays five one-dimensional plots of turbulent kinetic energy, arranged in two rows, corresponding to the cross sections around the Taylor bubble.

coalescence should be concurrently developed to enhance the simula-
tion accuracy. However, comparison with experimental results shows
that in the turbulent regime the proposed solutions are not sufficient.
Taylor bubble in the turbulent regime with the initial size 8 — 9D,
breaks up completely in 20s in numerical simulations with the PLIC
VOF method, but lasts several hours in the experiments. The bubble
breakup at the tail of the Taylor bubble is therefore still two orders of
magnitude too high.

The primary issue stems from the interactions between the lig-
uid-gas interface, leading to nonphysical outcomes in our numerical
simulations. It is important to note that symmetry breaking is an
important part of this difficulties. In the turbulent regime as observed
in the previous experimental studies by Fabre and Figueroa-
Espinoza,33 and Kren ef al,”” the bubble becomes asymmetric. The
numerical simulations further exaggerate this asymmetry, leading to
challenges such as the bubble “sticking” to the wall due to factors such

as mesh refinement, significant interface deformations, and numerical
instabilities. These problems are more pronounced with the algebraic
VOF. The VOF with PLIC improves the behavior but does not prevent
bubble sticking and the consecutive enhanced breakup. While this
topic extends beyond the current paper’s scope, it is a key focus for our
future research.

V. CONCLUSION

In this study, we have highlighted the significant impact of the
choice of interface capturing method on the simulation of multiphase
flows, particularly those involving bubble dynamics in a transitional
and turbulent slug flow regime. The two methods under consideration
were the algebraic VOF method and the geometric, specifically,
Piecewise Linear Interface Calculation (PLIC) method. The methods
have been applied together with Runge-Kutta time-integration in the
newly developed state-of-the-art OpenFOAM solver interRKFoam.
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Our analysis showcased a substantial difference in the predic-
tion of bubble breakup between these two methods. The algebraic
VOF method demonstrated a more pronounced tendency for bub-
ble breakup, resulting in a broader bubble size distribution. In con-
trast, the PLIC method showed less bubble breakup, which is in a
better agreement with the experimental observations. This differ-
ence in behavior is primarily attributed to the more accurate repre-
sentation of the interface curvature by the PLIC method, which is
emphasized especially at locations with large interface curvatures.
We have also shown that the algebraic VOF method tended to gen-
erate enhanced chaotic behavior due to excessive bubble fragmen-
tation in the turbulent wake region, which was not the case for the
geometric VOF.

The LES simulation of the Taylor bubble in a counter-current
flow regime with laminar to turbulent transitional Reynolds num-
ber of about 1400 has been performed for the first time. The results
showed an interesting velocity field downstream the Taylor bubble,
which exhibits similarities with the flow characteristics observed
downstream a backward-facing step, e.g., the strong separation
and wake region. However, besides the formation of the primary
toroidal vortex, i.e., the wake region, our findings highlight the for-
mation of a secondary counter-rotating toroidal vortex in the
turbulent wake region. The latter vortex turns out to be particularly

TABLE V. Bubble wake length measured with mean velocity and velocity fluctuations
for PLIC method.

Bubble wake length (in D;,)

Mesh
Streamwise Streamwise Radial velocity
velocity velocity fluctuations fluctuations
G20 2.90 2.01 1.88
G15 3.20 3.31 1.88
G10 3.28 3.31 1.88
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FIG. 13. Isosurfaces of the instantaneous gas void fraction 2.2s after the initial
state obtained with standard algebraic interface capturing (middle) and PLIC recon-
struction (right) for turbulent case (Re=5600). The color scheme in the liquid
phase represents the velocity magnitude. On the left side, the experimental image
displays the flow in the same configuration.

sensitive to the mesh resolution. In addition to the mean velocity,
the velocity fluctuations and turbulent kinetic energy have been
analyzed for the geometric interface capturing methods.
Additionally, the turbulent wake has been analyzed, and it turns
out that the length varies between 1.9 and 3.3D;, depending on dif-
ferent applied criteria.

In conclusion, while both algebraic and geometric VOF methods
serve their purpose depending on the specific requirements of the sim-
ulation, it is evident from this study that the geometric VOF, particu-
larly the PLIC method, offers more accurate predictions in cases where
the bubble interactions, such as breakup and coalescence, are of inter-
est. However, the PLIC method has its limitations, and it has been
shown that for large Reynolds numbers even the PLIC method is not

pubs.aip.org/aip/pof

- M [ PLICG30
25 [ Algebraic G30

N
o
L

1
1

Normalized probability
=
w

un
o
L

TAYLOR

[| HH BUBBLE

| [ DI] 0_ o n. [

10710 10-° 10-8 1077 10°° 10-° 1074
Bubble volume [m3]

FIG. 14. Bubble distribution sizes for turbulent case.

sufficient for correct determination of bubble breakup and coalescence.
Thus, as a future work, the development of additional models is
needed, which will better reproduce the bubble dynamics.
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APPENDIX: VERIFICATIONS TESTS

To ensure the accuracy and reliability of our simulation results,
we conducted a rigorous process of verification. This was needed as
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FIG. 15. interRKFoam solver. Left column: algebraic, middle: PLIC, right: MPLIC
interface capturing method. Top row: after one rotation, bottom: after five rotations.
Mesh size: 100 x 100.

the used solver was modified significantly with respect to the basic
interFoam solver.

The first verification case was the Zalesak disk case, a standard
test problem for advection schemes that involves the transport of a
slotted disk shape by a rotating velocity field. This case tests the
ability of our advection scheme to preserve the sharpness of interfa-
ces and to avoid numerical diffusion and oscillations.

We compared our simulation results for the Zalesak disk case
between different interface capturing methods in terms of the shape
and location of the transported disk after one rotation and after five
rotations as shown in Figs. 15 and 16. We have used two different
meshes; i.e., 100 x 100 cells and 500 x 500 cells. Our results showed
that geometric reconstruction schemes (PLIC and MPLIC) improve
the results of the advection. MPLIC, short for Multicut Piecewise
Linear Interface Capturing, represents an extended version of PLIC
that is able to perform multiple cuts within a single line. After a sin-
gle rotation of the disk, it is challenging to determine which recon-
struction is the best (regardless of mesh density). However, after
five rotations, it becomes evident that both PLIC and MPLIC

FIG. 16. interRKFoam solver. Left column: algebraic, middle: PLIC, right: MPLIC
interface capturing method. Top row: after one rotation, bottom: after five rotations.
Mesh size: 500 x 500.

ARTICLE pubs.aip.org/aip/pof

perform better as they cause less deformation to the shape of the
slotted disk. Generally, superior results are achieved with denser dis-
cretization meshes, yet even with these, undesired artifacts such as
surface wrinkles can occur. The difference between PLIC and
MPLIC method is minimal, and therefore, we have decided that
MPLIC is not worth the additional computational cost.

The second verification case we considered was the Hysing
benchmark case,” °° a well-known test for multiphase flow simula-
tions that involves the rising and deformation of a single bubble in a
quiescent fluid (see Fig. 17). We have employed the second of the
two Hysing tests and the chosen mesh was intentionally coarse to
enhance the clarity of the distinctions. This case provides a stringent
test of our simulation’s ability to accurately capture the dynamics of
bubble motion, including effects such as buoyancy, surface tension,
and the interaction of the bubble with the surrounding fluid. The
ratio of densities in this case is 1000, the ratio of kinematic viscosity
is 0.1, and surface tension is 1.96 kg/sz.

Our simulation results for the Hysing case were compared
with the standard interFoam solver and with benchmark simula-
tions as provided in the paper by Klostermann et al.”” in terms of
the key parameters such as the bubble rise velocity, the shape of the
deforming bubble, and the bubble circularity. The circularity is
determined as the ratio of the bubble area multiplied by 47, to the
square of the bubble’s perimeter circularity = “PL;“. The
interRKFoam solver has been used with the second-order DIRK2
time integration scheme, whereas the interFoam solver has been
used with the first-order Backward Euler time integration scheme.
In both cases, we have used PLIC reconstruction scheme. The com-
parison is shown in Table VI. We demonstrate the discrepancies
among interRKFoam, interFoam, and the reference case by compar-
ing the maximum velocity of the bubble V,,,,, the time at which
this peak velocity is reached #(V,uqy), and the bubble’s circularity at
t=13s. The case provides the difference in the mentioned properties

FIG. 17. Hysing benchmark case—left interFoam, right interRKFoam at t = 3s.
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TABLE VI. Comparison of the Hysing benchmark case data.

Case Area Vmax H(Vinax) Circularity
interFoam 0.113 0.2492 0.758 0.70
interRKFoam 0.107 0.2429 0.756 0.74
Reference s 0.2474 0.7156 0.72

in the range of 10% for different used codes as shown by
Klostermann et al.”” This is most obvious in the case of circularity,
where we can observe two different evolutions. In one case, the bub-
ble remains skirted with elongated filaments, and in the other case
(interFoam and interRKFoam are of such instance), there is a sepa-
ration of satellite bubbles, i.e., bubble breakup. This difference is
documented by a very different evolution of circularity, where the
circularity drops to around 0.5 if the bubble stays skirted or
increases to the value around 0.7 if the filaments detach. This can
also be seen in Fig. 17. We have chosen to highlight the results on
the 100 x 100 mesh specifically because the differences are most
pronounced at this resolution. The comparison showed that our
simulation results closely matched the interFoam solver, indicating
that our computational methods and implementations were work-
ing correctly. When going back to Backward Euler scheme with
interRKFoam the results were the same as with interFoam.

Through these verification cases, we have gained confidence in
the correctness of our computational methods and their implemen-
tation in our simulations.
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