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� A novel combined Volume of Fluid
Immersed Boundary method is pre-
sented.

� The combined method is validated.
� The cutting of bubbles is studied
both experimentally and with the
combined method.

� The cutting is influenced by the
Eötvös number, wire diameter and
obliqueness.
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a b s t r a c t

Many gas–liquid–solid contactors, such as trickle bed and bubble slurry columns, suffer from heat and
mass transfer limitations. To overcome these limitations, new micro-structured bubble column reactor is
proposed. In this reactor, a catalyst coated wire mesh is introduced in a bubble column to cut the bubbles
and enhance the interface dynamics. In this work, the effect of the simplest form of a wire mesh, i.e. a
single wire, on a single bubble is studied experimentally and using Direct Numerical Simulations. The
combined Volume of Fluid and Immersed Boundary method shows a good agreement with the experi-
mentally obtained bubble sizes after cutting, bubble shapes, trajectory and bubble rise velocities. Only
small differences are found in the bubble rise velocity in close proximity of the wire. Various effects were
determined both experimentally and numerically: the effects of Eötvös number, Morton number, bubble
rise velocity, wire diameter and the obliqueness of the bubble wire interactions. From the results, it can
be concluded that the main influences on the bubble cutting are the Eötvös number, the wire diameter
and the obliqueness of the interaction. However, a quantitative closure for the bubble cutting using single
wires could not be obtained.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Gas–liquid–solid three-phase flows are frequently encountered
in chemical, petrochemical and bio-chemical processes. In many of
these processes, gaseous reactants are converted into liquid pro-
ducts in the presence of a solid catalyst. The main reactor config-
urations for these three-phase flows are trickle bed reactors and
bubble slurry columns. Although a trickle bed column enables
intimate three-phase contacting and avoids the separation of the
stationary catalyst, the temperature control in these reactors is
difficult. Consequently, the throughput of the gas and liquid is
limited. These disadvantages can be alleviated by using a bubble
slurry column. However, in such systems the catalyst is dispersed
as fine particles in the product stream. Consequently, a filtration
unit is needed to recover the catalyst. Besides, the pronounced
coalescence impedes the overall gas–liquid mass transfer.

To overcome these restrictions due to heat transfer and mass
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List of symbols

Roman symbols

b impact parameter
d diameter or distance, m
F phase fraction
F force density, N/m3

g gravity constant, m/s2

h height, m
n normal
p pressure, Pa
[ ]p pressure jump, Pa
t time, s
t tangent
u liquid, fluid velocity, m/s
V volume, m3

Greek symbols

κ curvature, 1/m
μ viscosity, Pa s
ρ density, kg/m3

s surface tension coefficient, N/m
τ stress tensor
ψ velocity component, m/s

Abbreviations and subscripts

b bubble
CSF Continuum Surface Forces
c central
DNS Direct Numerical Simulations
g gas phase
h, x horizontal
IB Immersed Boundary
l liquid phase
nb neighboring
m marker
MCFD Multiphase Computational Fluid Dynamics
Mo Morton number
Eo Eötvös number
P pressure
Re Reynolds number
s solid phase
VoF Volume of Fluid
w wire
z vertical
σ surface tension
∞ single bubble infinite liquid
0 mother bubble
1 daughter bubble

Fig. 1. The multi-scale modeling approach for gas–liquid flow (Roghair et al., 2011).
(A) shows a simulation using Direct Numerical Simulations, (B) a simulation with a
Euler–Lagrangian model and (C) a simulation with the Euler–Euler model.
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transfer limitations, in this work we study a new reactor type: the
micro-structured bubble column. In this column, wire meshes are
introduced to cut the coalesced bubbles into smaller ones, leading
to an increased specific gas–liquid interfacial area. Moreover, the
wire mesh will also increase the interface dynamics thereby en-
hancing the local mass transfer rate exactly at the desired position,
i.e. near the catalytic surface of the wire mesh (Höller et al., 2001;
Prasser et al., 2001; Ito et al., 2011). Finally, the coating of the wire
mesh with the catalyst will eliminate external filtration equipment
to separate the catalyst from the product phase (Höller et al.,
2001).

To optimize the performance of such a micro-structured bubble
column, a proper understanding of the occurring multiphase flow
phenomena is required. In view of the inherent experimental
limitations in terms of optical access required for application of
optical techniques and the intrusiveness of (optical) probes, a
Multiphase Computational Fluid Dynamics (MCFD) approach is
followed in this study (Prasser et al., 2001; Ito et al., 2011; Roghair,
2012). Because industrial size bubble columns are typically tens of
meters tall while the smallest bubble size is in the range of several
millimeters, MCFD is not able to fully resolve all relevant details
for industrial size columns with a single model, despite the recent
advances in computational power. To overcome this problem, a
multi-scale modeling approach is adapted. In this approach, the
smaller scale models provide closures for the larger scale models,
ensuring accurate representation of the small scale phenomena
while using relatively modest computational power (van Sint
Annaland et al., 2003; Deen et al., 2004; Yang et al., 2007; Raessi
et al., 2010; Roghair et al., 2011).

1.1. Multi-scale modeling

The multi-scale modeling approach, as shown in Fig. 1, consists
of three basic types of models: Euler–Euler models, Euler–La-
grangian models and Direct Numerical Simulations (DNS). The
largest scales are described by the Euler–Euler models, see Fig. 1c.
In these methods, all phases are treated as inter-penetrating
continua. Because these models do not resolve the bubble–bubble,
the bubble–wire mesh, the bubble–liquid and the wire mesh-li-
quid interactions, closures are required to account for these in-
teractions (Yang et al., 2007; Roghair et al., 2011).

The closures for the interaction between dispersed elements
can partially be provided by the Euler–Lagrangian models, see
Fig. 1b. In this type of models, the continuum phase is still mod-
eled in an Eulerian fashion, but the dispersed phases are in-
dividually tracked in a Lagrangian framework. These models are
able to simulate lab-scale equipment, but the models are not able
to resolve the interactions between the dispersed phases and the
continuum, e.g. the drag and lift forces on the bubbles and
the drag exerted by the wire mesh (Yang et al., 2007; Roghair
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et al., 2011).
To describe the details at the smallest scale DNS is used, see

Fig. 1a. Because in DNS the Navier–Stokes equations describe the
multiphase flow system without any rigorous a priori assumptions
or simplifications, these models are able to acquire the closure
correlations needed in both the Euler–Euler and the Euler–La-
grangian models. However, the number of dispersed elements that
can be simulated is limited due to computational limitations (Yang
et al., 2007; Roghair et al., 2011).

1.2. Objectives

In this work, the understanding of bubble cutting due to the
interaction with stationary wires meshes will be expanded. The
obtained results could be used to formulate the closure relations in
the Euler–Euler and Euler–Lagrange models. Previous studies on
bubble splitting mainly focused on the break-up of bubbles due to
the interplay with turbulence (Liao and Lucas, 2009). In this work,
the interaction between a single bubble and the simplest form of a
wire mesh, a single wire, is studied experimentally and using DNS.

Several authors developed three-phase DNS methods starting
from the widely available two-phase DNS methods. Li et al. (2001)
used a combined Euler–Lagrangian and a DNS approach to capture
the three-phase flows. However, this model still required closures
for the solid–liquid interactions, because the particles are taken
into account as Lagrangian point particles. Deen et al. (2009)
combined a Front Tracking model with a Immersed Boundary
method to obtain a DNS method for three-phase flows. However,
their particular implementation is not inherently mass-con-
servative. Besides, the expected break-up of the bubbles has to be
incorporated in the model via a sub-grid model. To avoid the use of
sub-grid models, Ge and Fan (2006) and Jain et al. (2012) com-
bined a front capturing technique, which reconstructs the inter-
face instead of the tracking it, with an Immersed Boundary
method. These methods provide an inherent ability of bubble
break-up and coalescence, but unphysical merging of bubbles
might occur (the bubbles will automatically merge when they are
within the same computational grid cell).

Because of the anticipated complex topological changes in the
interface, i.e. bubble cutting, the Volume of Fluid (VoF) method is
used. VoF can handle break-up of bubbles, and moreover, the
method inherently conserves the bubble volume. The VoF method
is coupled with a second order Immersed Boundary (IB) method of
Deen et al. (2012) to describe the fluid–wire interaction. We
choose this method, because it does not require calibration
through the specification of an effective wire diameter and accu-
rate results can be obtained at relatively low resolution. In Sections
2 and 3, the details of the experimental and numerical methods
will be given. Subsequently, a number of well-defined experiments
will be used to validate the three-phase DNS method, followed by
a parameter study of the Eötvös number, Morton number, wire
diameter and the relative position of the bubble with respect to
the wire. Finally, conclusions will be drawn from the obtained
results.
2. Experimental method

To experimentally study the interaction of a single bubble with
a single wire, a square column of 0.2 m diameter and 1.2 m height
was filled with a mixture of glycerol and water, which was mixed
by a continuous air flow. The used mixtures are relatively viscous
with respect to the industrial applications, because the bubbles are
more stable in shape and velocity in this regime and they are
easily simulated with the VoF model (Grace, 1973; Baltussen et al.,
2014). The large diameter of the column ensures that there are no
confinement effects for the bubbles (Clift et al., 1978). At a height
of either 14 or 19 cm, the single wire is positioned horizontally in
the column.

To control the bubble size, the required amount of gas (0.2–
1.0 mL of air) is first injected with a syringe into a spoon-shaped
cap at the bottom of the column. The gas is then allowed to coa-
lesce and form one large bubble for a period of at least 5 min.
Subsequently the cap is gently rotated to release a single bubble.

The average properties of the liquid at room temperature were
determined using a Brookfield DV-E viscometer for measuring the
viscosity and K20 EasyDyne digital of Krüsse with the Wilhelmy
plate method for measuring the surface tension. Each of the
measurements was repeated multiple times to ensure an accurate
measurement. The average properties of the liquid mixtures are
given in Table 1 (indicated with “e”).

During the experiments, the bubble velocity, the bubble tra-
jectory and the bubble volume are tracked using a high speed
camera (Imager Pro HS CMOS camera with a resolution of
1280�1024 pixels). The recordings are performed with a fre-
quency of 100–200 Hz and back lighting, which is only switched
on during the imaging to reduce any heating of the liquid while
illuminating the column. To diffuse the light, the back of the col-
umn is covered with a white plastic sheet.

Because the precise alignment of the camera and the wire is
difficult, there always is a small angle between the camera and the
wire. The experimental results are corrected for this angle.
3. Numerical model

The simulations are performed using a combination of the VoF
method of Baltussen et al. (2014) and the second order implicit IB
method of Deen et al. (2012). Therefore, here we only present a
brief discussion of both models focusing on the combination of the
two methods. In the combined VoF-IB method, the continuity
equation and the Navier–Stokes equations are solved assuming
incompressible flow:

∇· = ( )u 0 1

τρ ρ ρ∂
∂

= − ∇ − ∇·( ) − ∇· + + ( )σ
t

p
u

uu g F 2

Because the velocity across the gas–liquid interface is con-
tinuous, the Navier–Stokes equations are solved using a one-field
approximation. The surface tension due to the gas–liquid interface
is introduced through an extra force density, σF , that only acts in
the vicinity of the interface. This force density is calculated with
either the height function method or the tensile force method.
Baltussen et al. (2014) determined that for simulations with

<Eo 10, the force density is accurately calculated with the height
function method. This method is based on the Continuum Surface
Force (CSF) method of Brackbill et al. (1992), Eq. (3).

σκ= ( )σF n 3

The difference with the CSF method is in the calculation of the
curvature, κ. The curvature is calculated from the spatial change of
the surface height, h. The surface height is obtained from the
summation of the phase fraction in the direction of the largest
component of the surface normal vector, which is evaluated using
a 7�3�3 stencil around each interface cell. From the local change
of the height, the curvature of the interface cell can be calcu-
lated with Eq. (4) (Gerrits, 2001; Cummins et al., 2005; Francois
et al., 2006):



Table 1
The average liquid properties of the mixtures and diameter of both bubbles and wires used in the experiments and the simulations. The last line of the table shows whether
the liquid was used for experiment (e) or simulation (s) purposes.

( )log Mo �3.0 �2.4 �1.2 0.3 1.0 1.7 2.0 2.4

ρl (kg/m3) ·1.00 103 ·1.22 103 ·1.24 103 ·1.25 103 ·1.00 103 ·1.25 103 ·1.25 103 ·1.26 103

μl (Pa s) 0.08 0.11 0.21 0.41 1.13 0.52 1.32 1.40
s (N/m) 7.6�10�2 6.7�10�2 6.6�10�2 6.5�10�2 3.0�10�2 6.5�10�2 6.3�10�2 5.0�10�2

db (mm) …2.0 7.8 …7.3 12.4 …7.3 12.4 …7.3 12.4 …3.5 7.8 7.3 …7.3 12.4 …7.3 12.4
dw (mm) …0.8 5.5 …1.6 6.0 …1.6 6.0 …1.6 6.0 …1.5 5.5 3.0 …1.6 6.0 …1.6 6.0
Usage s e e s & e s & e s & e e e

Table 2
Simulation settings and physical properties.

Property Value Unit

Domain size (nx,ny,nz) ( … … )180, 180 195, 235 240 grid cells
Grid size (Δ Δ Δ )x, y, z · … ·− −9.67 10 2.16 105 4 m

Time step · −1.0 10 5 s

gz − … −9.8 10 m/s2

db · … ·− −1.95 10 7.78 103 3 m

dw · … ·− −8.13 10 5.50 104 3 m

ρg …1.0 1.2 kg/m3

μg … · −1.0 2.0 10 5 Pa s

ρs ·2.0 103 kg/m3
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Because a force density is needed in the calculation of the Navier–
Stokes equation, the calculated force per unit surface area is
multiplied by the area of the interface and divided by the volume
of the cell.

Similarly, Baltussen et al. (2014) determined that the tensile
force method should be used to calculate the force density for
cases where ≥Eo 1. In this method, the force density is calculated
by summing the tensile forces that all neighboring interface seg-
ments exert on a certain central interface segment, using the re-
constructed Piecewise Linear Interface Calculation (PLIC) descrip-
tion of the interface segments:

∑σ= ( × )
( )

σ
=

F t n
1
2 5

m
i

n

i m i,
1

,

where m is the central interface segment, i is the index of the
neighboring interface elements and n is the number of edges that
depends on the particular PLIC reconstruction case of interface
element m. When a neighboring cell does not contain any gas
while one of the edges of element m might be located in the cell
face between these two cells, the tensile force exerted by such a
neighboring cell is set to zero.

In the VoF model, the evaluation of the pressure gradient and
the force density typically introduces an unbalance, which can be
alleviated by the introduction of the so-called “pressure jump
correction” (Renardy and Renardy, 2002; Francois et al., 2006;
Dijkhuizen et al., 2010), which is given by:

[ ] =
∑ ·

∑ ( )
σ

p
A

F n

6
i i i

i i

,

The implementation of the no-slip boundary condition on the
surface of the wire is performed at the level of the discretized
Navier–Stokes equations, where each velocity component, ψc, can
be related to its neighboring velocity components, ψnb, according
to Eq. (7).

∑ψ ψ+ =
( )

a a b
7

c c
nb

nb nb c

When a neighboring cell is located inside the wire, the coefficients
of the associated velocity component are adjusted using a second
order (1D) polynomial fit. By combining this fit with Eq. (7), the
velocity component inside the wire can be eliminated whereas the
coefficients of the two adjoining cells are adjusted using the wire
velocity and the dimensionless distance to the surface. Because
singularities are encountered when the surface of the wire is very
close to the central cell, the method switches to a first order fit
when the dimensionless distance, which is made dimesionless by
the grid cell size, from the central grid cell is less than 0.0001.
The Navier–Stokes equations (Eq. (2)) and the continuity
equation (Eq. (1)) are solved on a staggered grid using the (two-
step) projection–correction method. In this method, first a tenta-
tive velocity field is computed from the Navier–Stokes equations
excluding the pressure term. In the first step, all terms in the
Navier–Stokes equations are treated explicitly, except for the dif-
fusion term, which is treated implicitly with the exception of the
mixed derivatives which are treated explicitly. The diffusion term
is discretized using a second order central difference scheme,
while the convective term is discretized using a flux-delimited
Barton scheme. The resulting velocity field is corrected to satisfy
the continuity equation. Both the implicit part of the diffusion
equation and the pressure Poisson equation are solved using a
block ICCG solver, which is parallelized using OpenMP.

The obtained velocity field is used to advect the phase fractions.
Because in the VoF model only the phase fraction is known, the
gas–liquid interface is reconstructed using the PLIC algorithm to
enable an accurate surface representation of the bubble. The re-
constructed interfaces are advected using the 3D geometrical ad-
vection of Youngs (1982), solving Eq. (8).

= ∂
∂

+ ·∇ = ( )
DF
Dt

F
t

Fu 0 8

When the new phase fractions in all cells are known, the new
macroscopic density and viscosity are calculated, using normal and
harmonic averaging, respectively, where the phase fraction in the
grid cell is used as a weighing factor.

The simulations are performed using the liquid properties lis-
ted in Table 1 indicated with “s”. The number of grid cells across
the diameter of a bubble is at least 30, which ensures grid in-
dependent results for the bubbles (Baltussen et al., 2014). Simi-
larly, it was determined that 10 grid cells across a wire diameter
are sufficient to accurately determine the wire drag force and thus
to enforce the no-slip condition. In this work we set the minimum
number of grid cells across the wire diameter to 12. The rest of the
simulation settings are shown in Table 2.

The boundary conditions for all the domain boundaries are set
to free slip. Furthermore, window shifting is applied on the total
phase fraction, to prevent bubbles to move out of the domain
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(Deen et al., 2004). To ensure that the bubble rise is not affected by
the size of the computational domain, the bubbles are positioned
at least 2.5 bubble diameters from the domain boundaries. The
vertical distance between the bubble and the wire is set to at least
3.5 bubble diameters to ensure that the bubbles will reach their
terminal rise velocity before interacting with the wire.
4. Validation

4.1. Bubble volume and bubble shape

The objective of this section is to validate whether the details of
the cutting of bubbles is faithfully captured by the computational
model. In both the experiments and the simulations, the effect of
the obliqueness of the bubble wire interaction on the bubble
cutting was studied using a glycerol–water mixture
( ( ) = )log Mo 1.7 . Bubble cutting was only found for bubbles that
experience a straight impact. When the bubble is positioned
slightly off center from the bubble, the high liquid viscosity will
ensure that the bubble passes the wire without being cut.

Fig. 2 shows that the deformation of the bubble is very similar
in the experiments and the simulations for a straight bubble–wire
interaction. For a straight impact, it was expected that both
daughter bubbles would obtain approximately the same volume.
However, both the experiments and the numerical simulations
reveal an asymmetrical cutting, which is probably caused by very
small asymmetries in the flow field when the bubble is close to the
wire mesh. This results in a slightly smaller part of the bubble on
one side of the wire, as shown in Fig. 2c for the experiments and in
Fig. 2i for the simulations. Due to the slightly higher pressure in
the smaller part of the bubble with respect to the larger part of the
bubble, a partial depletion of the smaller part of the bubble will
occur, which increases as this part of the bubble shrinks (experi-
mental results in Fig. 2c–e and simulation results in Fig. 2i–k). Due
to the rise of both bubbles, the minimal curvature, and thus the
highest pressure, will at some point be located underneath the
wire. This will stop the volume changes observed in the beginning
of the simulation and will lead to the splitting of the bubbles. The
relatively high liquid viscosity leads to a relatively long contact
time and time for depletion, and as a consequence there is a
substantial difference between the bubble volumes on either side
of the wire. Comparing the relative size of the bigger daughter
bubble with respect to the mother bubble, the simulations give

=d d/ 0.9031 0 , which matches well with the experimentally ob-
tained results, where =d d/ 0.9441 0 , considering the experimental
Fig. 2. Snapshots of the straight impact of a bubble with a single wire. The upper row sh
physical properties are equal to the liquid with ( ) =log Mo 1.7 in Table 1. The time int
simulation results.
error of 2%.
To characterize the obliqueness of the bubble wire interaction,

an impact parameter is used, similar to what is customary for
droplet–droplet interactions. It is defined as the ratio of the hor-
izontal difference between the bubble and the wire, and the sum
of the bubble and wire radii:

=
+ ( )

b
d

R R 9
x

b w

Fig. 3 shows that there is no cutting for a slightly oblique bubble
and wire interaction, b¼0.0146, for both experiments and nu-
merical simulations. When the bubble interacts with the wire, it is
curling around the wire similar to the result for a straight bubble–
wire interaction. Because in this case the smaller part of the
bubble, on the left side of the wire, is much smaller than the bigger
part, the pressure in the smaller part will be higher. This results in
a quick depletion of the smaller bubble, which leads to the passage
of the entire bubble on the right side of the wire.

For both the straight and oblique impacts, satellite bubbles are
formed. In the experiments, these bubbles can only be observed on
the right side of the wire, which is due to the small angle of the
camera. However, it is expected that these bubbles are actually
formed on either side of the wire. Both the experimental results
and the simulation results do not resolve those bubbles and the
details of the associated deformation. The details of these satellite
bubbles could possibly be resolved in the simulations when
adaptive mesh refinement would have been used.

4.2. Bubble trajectory

Apart from the bubble shape and size, the trajectory of the
bubbles can also be evaluated as shown in Fig. 4. The figure shows
that the numerical results (lines) match well the experimental
results (symbols) for both straight and oblique interactions.

Fig. 4a shows that for a straight impact the bubble does not
change its trajectory until the center of mass is very close to the
wire, at about 4 mm distance. Furthermore, in the simulations the
bubble is cut when the center of mass of the mother bubble passed
the top of the wire, whereas in the experiments the cutting takes
place slightly earlier. This difference might be caused by the dif-
ficulties in experimentally recognizing the details around the wire,
because a part of the wire is out of focus and therefore obscuring a
part of the image. Furthermore, the small angle in the taken pic-
tures might also lead to difficulties in the determination of the
exact moment of cutting.

When the approach of the bubble towards the wire is oblique,
ows the experimental results while the lower row shows the simulation results. The
ervals between the snapshots are the same for the experimental results and the



Fig. 3. Snapshots of the oblique impact of a bubble with a single wire, b¼0.0146. The upper row shows the experimental results while the lower row shows the simulation
results. The physical properties are equal to the liquid with ( ) =log Mo 1.7 in Table 1. The time intervals between the snapshots are the same for the experimental results and
the simulation results.

M.W. Baltussen et al. / Chemical Engineering Science 157 (2017) 138–146 143
the bubble is deflected earlier, as shown in Fig. 4b and c. Because
these bubbles are deflected earlier, the bubbles will also move in a
wider circle around the wire. This will result in an increase of the
horizontal distance between the wire and the bubble after the
wire interaction, which is also observed in both experiments and
simulations.

4.3. Bubble rise velocity

Besides the bubble size, shape and trajectory, the effect of the
bubble wire interaction on the bubble rise velocity can be de-
termined. Fig. 5 shows the bubble rise velocity of the bubble,
normalized by the steady rise velocity. The results were normal-
ized, because there is an expected small difference between the
single bubble rise velocities (Baltussen et al., 2014). The average
steady rise velocity is calculated for the period before the bubble
starts interacting with the wire.

Fig. 5 a shows that the combined VoF-IB method is able to
accurately capture the velocity of the mother bubble and the large
daughter double. The velocity of the smaller bubble is slightly
overestimated by the model. It is noted that the spatial resolution
is relatively low for the small bubble, i.e. only 23 numerical grid
cells. Furthermore, in the experiments bubble recognition is dif-
ficult near the wire, and the image resolution for the small bubble
is relatively low.

Fig. 5 b and c show the effect of b on the relative velocity for
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Fig. 4. Comparison of the bubble trajectories for a straight impact and two different o
simulations are represented by the colored lines. The blue, red and green lines and sym
small daughter bubble. The black line represents the center of mass of the wire and the d
the references to color in this figure caption, the reader is referred to the web version o
two different oblique interactions. The figures show a fairly good
comparison between experimental and numerical results. Al-
though the combined VoF-IB method overestimates the bubble
rise velocity when the bubble is passing the wire, the bubble de-
celeration prior to the impact is captured very accurately. Fur-
thermore, the bubble rise velocity obtained numerically is fol-
lowing the same trend as the trends obtained in the experiments.
The differences might be caused by ignoring wettability in the
simulations.

In both experiments and simulations, the deceleration before
the wire is decreasing with an increasing impact parameter. As a
result of that, the acceleration of the bubble when the bubble is
passing the wire is also decreased. Moreover, it can be seen that all
passing bubbles recover their steady rise velocity.
5. Results

To determine, the effect of Eo, Mo, the wire diameter and ob-
liqueness of the interactions in total 843 experiments and 133
simulations were performed. First the effect of Eo, Mo and the wire
diameter on straight bubble–wire interactions will be discussed.
Subsequently, the effect of the obliqueness of the interactions is
discussed.
1 0 0.01 0.02
 to the wire (m)

−0.04 −0.03 −0.02 −0.01 0 0.01 0.02
−5

0

5 x 10−3

Vertical distance to the wire (m)

H
or

iz
on

ta
l d

is
ta

nc
e 

to
 th

e 
w

ire
 (m

)

blique impacts. The symbols in the figures are the experimental results, while the
bols respectively represent the mother bubble, the large daughter bubble and the
otted black lines represent the bottom and the top of the wire. (For interpretation of
f this paper.)
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Fig. 5. Bubble rise velocity for a straight impact and two different oblique impacts. The symbols in the figures are the experimental results, while the simulations are
represented by the colored lines. The blue, red and green coloring of the lines and symbols represent the mother bubble, the large daughter bubble and the small daughter
bubble. The black line represents the center of mass of the wire and the dotted black lines represent the wire radius. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)

Fig. 6. The effect of the Eo, Mo and Re numbers on the bubble cutting due to the
interaction with a single wire. The red triangles represent bubbles that get stuck
underneath the wire, while the green squares and the blue squares represent the
bubbles that are cut in respectively the simulations and the experiments. (For in-
terpretation of the references to color in this figure caption, the reader is referred to
the web version of this paper.)
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5.1. Straight impact

When the bubble approaches the wire in a straight manner,
there are two possible outcomes of the bubble–wire interaction:
the bubble is cut by the wire or the bubble gets stuck underneath
the wire. Effectively, the difference between bubbles getting cut or
getting stuck is the decrease in the rise velocity of the bubble
underneath the wire. When the bubble rise velocity of a bubble
reaches zero before it hits the wire, it will get stuck underneath.

Upon straight interaction, a bubble is expected to be cut in two
equal sized bubbles. However, the validation results showed that
this is not always the case, especially at high viscosity. In the si-
mulations presented in this part the viscosities of the fluid are
much lower, leading to break-up into two equally sized bubbles.
Because aligning the bubble and the wire for an exactly straight
interaction in the experiments is involved, none of the impacts is
perfectly straight. However, it is expected that bubbles that are cut
upon oblique interaction will also cut upon straight interaction.
Besides the two large daughter bubbles also small satellite bubbles
are created at the bottom of the wire.

Bubbles that get stuck underneath the wire are only obtained in
the simulations. In this case, the bubble moves towards the wire in
the same way as when it would get cut. However, it does not
deform sufficiently to actually get cut. The bubble then stabilizes
into an ellipsoidal shape underneath the wire. After some time,
the bubble obtains a small horizontal velocity, probably because of
a small numerical asymmetry. This will eventually push the bubble
to one side such that it passes the wire. During its passage, the
bubble is really close to the wire, which leads to the formation of
some small satellite bubbles.

Firstly, the effect of the Eo was determined. Fig. 6 shows that
bubbles are only cut when >Eo 4. Furthermore, the figure shows
that Re and Mo do not influence the bubble cutting. These results
are obtained for all used wire diameters. Although we expected
that the wire diameter will change the cutting behavior of the
bubble, no effects are found for the bubble cutting in either ex-
periments or simulations.

In the simulations the wire diameter was varied between
d1.0 and 2.6 b. Although the bubble cutting behavior is not chan-

ged, the bubble rise velocity of the bubbles is influenced by the
wire diameter. Fig. 7a shows that the bubble rise velocity is de-
creased with an increase in the wire diameter. It is expected that
wires with an even larger diameter will prevent the bubbles from
getting cut. When a bubble is stuck underneath the wire, a de-
crease in wire diameter will increase the bubble speed, as shown
in Fig. 7b. If the wire diameter is decreased further, it is expected
that the bubble will be cut. Therefore, the wire diameter will in-
fluence the cutting of the bubbles. However, the range over which
the wire diameter is varied in this work is not sufficient to draw
definite conclusions.

Finally, the bubble rise velocity upon impact was varied by
decreasing the initial distance to the wire, dz, between

∞0.70 and 1.0 Re . This did not change the cutting behavior of the
bubbles, which can be caused by the small range in which the
velocity was changed. There was also no real difference with re-
spect to the bubble rise velocity near the wire.

5.2. Oblique impact

Besides the straight interaction with the wire, the oblique im-
pact of the bubble was also studied. The effect of the obliqueness
of the impact was solely studied with simulations, because the
determination of the exact impact parameter in the experiments is
very tedious. The simulations are performed in a box 3.5 times the
equivalent bubble diameter in the horizontal direction, while the



Fig. 7. Velocity profiles of a bubble interacting with a single wire at different
normalized distances between the bubble and the wire, d d/z b. (a) and (b) show the
effect of the relative thickness of the wire, for a bubble of =Eo 10 at ( ) =log Mo 1
and =Eo 4 at ( ) = −log Mo 3, respectively.

Fig. 8. The effect of the impact parameter, b, on the size of the smallest daughter
bubble with respect to volume of the mother bubble due to the interaction with a
single wire in a liquid with ( ) = −log Mo 1.2. The lines are fits of the simulation data
based on Eq. (10) in which the initial spacing between the bubble multiplied with a
fitted parameter.
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vertical direction of the domain is chosen such that at least 95% of
the terminal rise velocity is reached before the bubble interacts
with the wire. The simulations are performed with a liquid with
( ) =log Mo 0.3 and a wire diameter of 3.1 mm using 5 different
bubble sizes.

Similar to the validation results, these simulations show that
the trajectory of the bubbles are already influenced by the bubbles
before they reach the wires. The deflection of the bubble is more
pronounced for smaller bubbles, as shown in Fig. 8. Therefore, for
small bubbles cutting is only observed at low impact parameters,
while for larger bubbles cutting is observed for much larger impact
parameters. This difference in the cutting behavior can be caused
by three different aspects. First of all, the smaller bubbles have a
lower bubble rise velocity, which lead to a longer contacting time.
An increase in contact time also leads to a longer time for the
deflection process. Furthermore, the smaller bubbles have a higher
surface energy, which decreases the chance of cutting. Finally, the
liquid that needs to be moved in order to deflect from the initial
trajectory is less for smaller bubbles, which increases the possi-
bilities to alter the trajectory of the small bubbles.

Fig. 8 shows that the size of the smallest daughter bubble de-
pends on the impact parameter and the initial bubble size. The
daughter bubble size can be estimated on geometrical considera-
tions by assuming that the bubble is cut through by a plane in-
tersecting the bubble at =x dx. In that case the volume of the
daughter bubble would be equal to:
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In this equation, Rb h, is the real horizontal bubble diameter. When
the deflection of the bubble is taken into account by multiplying dx
with a correction factor, the obtained bubble volumes can be
characterized fairly well with Eq. (10), as shown by the lines in
Fig. 8. Although the bubble trajectory was probably influenced by
the small simulation domain, it is expected that the size of the
daughter bubbles can probably be predicted using a modified form
of the geometrical considerations depicted above.
6. Conclusions

In this work, a combined VoF-IB method was created to in-
vestigate the bubble cutting due to the interaction with the sim-
plest form of a wire mesh, a single wire. Although the VoF-IB
method slightly overestimated the bubble rise velocity near the
wire, the bubble size, shape and rise velocity agree very well with
the experimental observations.

The effect of Eo, Mo, bubble rise velocity, wire diameter and the
obliqueness of the bubble wire interactions on the bubble cutting
were determined both experimentally and numerically. From the
results, it can be concluded that the main influences on the cutting
of the bubbles are due to Eo, the wire diameter and the oblique-
ness of the interaction.

Although there is a good comparison between the experi-
mental and the numerical results, there are still some differences,
which might be further decreased. First of all, the experimental
results are performed over a period of several days. Because gly-
cerol has a high solubility for contaminants, this might lead to the
introduction of surface active contaminants, which will influence
the rigidity of the bubbles leading to an influence in the bubble
dynamics and bubble cutting.

Furthermore, the combined VoF-IB method does not include
the wettability of the wire. However, the simulations show that
there are three phase contacts when the bubbles are passing the
wire. Therefore, inclusion of a model for the contact angle and
contact line propagation at the wire surface could further improve
the results of the simulations.

Moreover, in the simulations small satellite bubbles are created.
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These bubbles are not properly resolved because the relatively low
resolution of the bubbles. To overcome these resolution problems
without sharply increasing the computational time, adaptive mesh
refinement should be implemented in the VoF-IB method.

While already some conclusions can be drawn from the cur-
rently performed parameter study, the ranges in Eo, Mo and re-
lative wire diameters are too small to derive quantitative closures
for the Euler–Lagrangian models. Furthermore, the current ranges
are outside the industrially most relevant portion of the Grace
diagram. The simulations performed to determine the effect of
obliqueness of the interaction are performed with a relatively
small domain. This will influence the pathway of the bubbles and
thereby also the cutting behavior of the bubbles. All these aspects
should be taken into account in future work.
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