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h i g h l i g h t s

� A novel combined Volume of Fluid Immersed Boundary method is presented.
� The combined method is used to numerically study bubble cutting by a wire mesh.
� Bubbles with Eotvos > 4 can squeeze through the wire mesh.
� Bubbles with Eotvos > 15 are cut by the wire mesh.
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a b s t r a c t

Gas-liquid-solid flows are frequently encountered in chemical, petrochemical and biochemical industries.
To overcome the heat and mass transfer limitations in trickle bed reactors and bubble slurry columns,
respectively, a micro-structured bubble column (MSBC) can serve as an attractive alternative. In a
MSBC, wire meshes are introduced to cut the bubbles in smaller bubbles and enhance the surface renewal
(and hence gas-liquid mass transfer) rates, by deformation of the bubbles. Earlier (Jain et al., 2013) mod-
eling efforts using the Euler-Lagrange approach to simulate a micro-structured bubble column employed
a bubble cutting closure based on purely geometrical considerations. To improve on this ad hoc proce-
dure in this paper we explore the possibilities of Direct Numerical Simulations to gain more insight in
this complex phenomenon with the ultimate aim to develop improved closures.
A combined Volume of Fluid-Immersed Boundary method was applied to simulate the interactions

between bubbles and wire meshes. When the bubbles are aligned with the opening of the wire mesh, cut-
ting of the bubbles is not observed in our simulations, while cutting was expected based solely on geo-
metrical considerations. When the Eötvös number, Eo, is larger than 4, the bubbles are highly deformable
and squeeze themselves through the opening of the wire mesh. In addition, the bubble gets stuck under-
neath the mesh when the bubbles are small (Eo 6 4) and/or the opening is in the wire mesh is small.
Almost all bubbles that hit the intersection of two crossing wires get stuck underneath the mesh, except
for large bubbles (Eo ¼ 15), which get cut by the mesh. Based on these results, it is concluded that the
cutting of bubbles depends on the Eötvös number, the opening of the wire mesh and geometrical consid-
erations. However, the results also seem to indicate that the diameter of the wire mesh will also influence
the cutting behavior.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction reactors and bubble slurry columns, which experience heat trans-
Gas-liquid-solid flows are frequently encountered in chemical,
petrochemical and biochemical processes. Generally, the solid
phase acts as a catalyst to convert the gaseous reactants into liquid
products. These processes are mainly performed in trickle bed
fer limitations and mass transfer limitations respectively.
Along the height of bubble (slurry) columns, the specific gas-

liquid interfacial area is typically reduced due to coalescence,
which limits the mass transfer rate. This will consequently reduce
the overall mass transfer rate between gas and the liquid phase. To
overcome these limitations, a wire mesh can be inserted into the
column to cut the large bubbles. Besides cutting the bubbles, the
interaction between the wire mesh and the bubbles will also
enhance the interface dynamics resulting in a higher surface
renewal rate and consequently higher mass transfer coefficients.
The enhancement of surface renewal rate occurs at the desired
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http://dx.doi.org/10.1016/j.ces.2017.01.037
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Nomenclature

Roman symbols
d diameter (m)
F phase fraction
F force density (N/m3)
g gravity constant (m/s2)
n normal
p pressure (Pa)
t time (s)
t tangent
u liquid, fluid velocity (m/s)
V volume (m3)

Greek symbols
l viscosity (Pa�s)
q density (kg/m3)
r surface tension coefficient (N/m)
s stress tensor
w velocity component (m/s)

Abbreviations and subscripts
b bubble
c central
DNS Direct Numerical Simulations
g gas phase
IB Immersed Boundary
l liquid phase
nb neighboring
m marker
Mo Morton number
Eo Eötvös number
Re Reynolds number
s solid phase
VoF Volume of Fluid
w wire
r surface tension
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position in case the wire mesh is coated with a catalyst (Höller
et al., 2001; Prasser et al., 2001; Ito et al., 2011). Höller et al.
(2001) showed that by implementing a similar approach a 10 times
higher gas-liquid mass transfer coefficient was obtained in com-
parison to a bubble column without internals. However, the exact
mechanism of break-up and the hydrodynamic interaction with
the wire mesh is largely unknown.
1.1. Multi-scale modeling

To improve our understanding of Micro Structured Bubble Col-
umns detailed models based on the general micro-balances can be
used. In this context, it should be bared in mind that the multi-
phase flow in bubble columns in general and the Micro Structured
Bubble Columns in particular is actually a complex multi-scale
phenomenon. Consequently we adapt a multi-scale modeling
approach to simulate the transport phenomena at different scales
of interest.

For the large scale motion Euler-Euler model are preferred to
simulate bench scale bubble columns by representing the gas-
liquid system as interpenetrating fluids. Due to this treatment,
the Euler-Euler model requires closures for the interactions
between the phases. Euler-Lagrange models are able to describe
a lab-scale column by treating all the dispersed phases as Lagran-
gian particles. However, closures are required for all phase interac-
tions, i.e. bubble-bubble, bubble-liquid, wire mesh-bubble and
wire mesh-liquid interactions. The smallest scale models are the
Direct Numerical Simulations (DNS), which describe the multi-
phase flows without any rigorous a priori assumptions. Because
the grid spacing in DNS simulations needs to be much smaller than
the immersed objects and the bubbles, the number of objects that
can be accounted for is limited.

In the multi-scale modeling approach, the Euler-Euler and the
Euler-Lagrangian models need closures for the interactions
between the bubbles and the wire mesh. Jain et al. (2013) proposed
a closure purely based on geometrical considerations. In this work,
Direct Numerical Simulation (DNS) will be used to study these
bubble-wire mesh interaction to gain insight in the very complex
process of the bubble-wire interaction, which can be used in the
coarser-grained models.
1.2. Objectives

Several researchers already developed three-phase DNS meth-
ods by combining and extending available two-phase methods. Li
et al. (2001) combined the Euler-Lagrangian and the DNS approach
to model three-phase flows. Because this approach models the par-
ticles as point particles, closures for the solid-fluid interactions are
still required to accurately model the three phase flows. Deen et al.
(2009) and Baltussen et al. (2013) combined a Front Tracking
method and an Immersed Boundary (IB) method to obtain a DNS
method for gas-liquid-solid flows. The advantage of the method
is that there is no artificial coalescence in the Front Tracking
method, instead coalescence and break-up of bubbles can only be
included via a sub-grid model. Moreover the method is not inher-
ently mass conservative. Ge and Fan (2006), Jain et al. (2012) and
Baltussen et al. (2017) combined an IB method with a front captur-
ing method. The advantage of this combination is the inherent abil-
ity of simulating coalescence and break-up in the model. However,
we note that in cases of a too coarse grid the model can predict
non-physical (numerical) coalescence and break-up. When the
Volume of Fluid (VoF) method is used, another advantage arises
because the method is strictly volume conservative (Jain et al.,
2012; Baltussen et al., 2017).

Because of the volume conservative nature of the VoF method
and the expected complex topological changes, this work combines
the Volume of Fluid method with the second order implicit IB
method of Deen et al. (2012). The advantage of this Immersed
Boundary method is that the method does not require a calibration
through an effective diameter of the wire mesh. Moreover, due to
the second order nature of the method accurate results can be
obtained at relatively low resolution.

In this work, the interactions with a square wire mesh will be
studied. We will first discuss the applied numerical method. Subse-
quently, the interactions between a single bubble and a wire mesh
will be studied for two limiting cases: (i) a bubble hitting the
center of an opening in the wire mesh, and (ii) a bubble hitting
the intersection of two wires in the mesh.
2. Numerical model

The interactions of a single bubble with a wire mesh were
studied earlier using a DNS model that has been developed
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combining the VoF model of Baltussen et al. (2014) and the IB
method of Deen et al. (2012). Baltussen et al. (2017) already used
the combined method to simulate the interaction between a single
bubble and the simplest form of a wire mesh, a single wire. The
combined method was also validated with experiments for this
particular type of interaction. For the sake of brevity, here we will
only summarize the main characteristics of the model.

In the combined VoF-IB method the continuity equation, (1),
and the Navier-Stokes equations, (2) are solved using a finite dif-
ference method assuming a one-field approach:

r � u ¼ 0 ð1Þ
q
@u
@t

¼ �rp� qr � uuð Þ � r � sþ qgþ Fr ð2Þ

Surface tension is accounted for through the force density, Fr,
which is included in the Navier-Stokes equations.

In the VoF model, different surface tension models can be used.
According to Baltussen et al. (2014), the tensile force method is
preferred for simulating bubbles with a relative high Eötvös (Eo)
and Morton numbers (Mo), which will be studied in this work. In
the tensile force method, the surface tension is calculated similarly
as in the Front Tracking method. The force density needed in the
Navier-Stokes equation is calculated for each cell containing an
interface segment by summing the tensile forces, that are exerted
Fig. 1. Initial positions of the bubble and the wires in the computational domain: a side vi
mass and the domain boundaries, normalized by the equivalent bubble diameter. Figure
shows the alignment with the crossing of the wire mesh.
by the neighboring interface segments on the reference element.
The tensile forces are calculated using the edges of the interface
segment resulting from the PLIC (Piecewise Linear Interface Calcu-
lation) interface representation:

Fr;m ¼ 1
2
r
Xn

i¼1

ðti;m � niÞ ð3Þ

In this equation, m is the reference interface segment, i is the index
of the neighboring interface elements and n is the number of neigh-
boring edges that depends on the PLIC reconstruction case of inter-
face elementm. Because there is no inherent connectivity in the VoF
model, a neighboring interface element might not contain an inter-
face segment. For those cells, the exerted tensile stress is assumed
to be zero.

Due to the mismatch in the discrete representation of the pres-
sure gradient and the force density Fr, spurious currents will arise.
To decrease this mismatch, the calculation of the surface tension
and the pressure are coupled via the introduction of an extra force
density, also called the ‘‘pressure jump correction” (Renardy and
Renardy, 2002; Francois et al., 2006; Dijkhuizen et al., 2010).

The no-slip boundary condition at the wire mesh is imple-
mented at the level of the discretised Navier-Stokes equations. At
this level, a velocity component, wc , can be expressed as a function
of the velocity components in the neighboring cells, wnb, according
to Eq. (4).
ew and a top view. The numbers indicate the distances between the bubble center of
a shows the alignment of a bubble with the opening of the wire mesh, while figure b



Table 1
Simulation settings and physical properties.

Property Value Unit

Domain size ðnx;ny;nzÞ ð168 . . .182;168 . . .182;200Þ grid cells
Grid size ðDx;Dy & DzÞ 1:75 � 10�4 m

Time step 1:0 � 10�5 s

db 5:50 � 10�3 m

dw 1:75 � 10�3 m

db=s 0.9–2.2
ql 1:00 � 103 kg/m3

ll 4:07 � 10�1 Pa�s
qg 1:00 kg/m3

lg 2:00 � 10�5 Pa�s
r 3:02 � 10�2 N/m

qs 2:00 � 103 kg/m3
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Fig. 2. The effect of Eo and the opening in the wire mesh on the bubble wire
interaction, when the bubble is aligned with the mesh opening in the horizontal
direction.
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acwc þ
X

nb

anbwnb ¼ bc ð4Þ
When one of the neighboring cells is located inside the wire mesh, a
second order accurate (1D) polynomial is fitted to represent the
local velocity profile in terms of the velocity of the particle surface
and the two velocities just outside the wire mesh. Using this poly-
nomial fit, the velocity of the cell inside the wire mesh is eliminated
Fig. 3. Snapshots of a bubble squeezing through a wire mesh after an inli
from Eq. (4). Moreover, the coefficients of the other cells involved in
the polynomial fit are changed according to the fit.

To solve Eqs. (1) and (2), a projection-correction scheme is used.
In this scheme, first a tentative velocity field is calculated from the
momentum equations. All the terms are solved explicitly except for
the diffusion term, which is evaluated semi-implicitly. The implicit
part of the diffusion term is chosen such that the velocity compo-
nents can be solved separately whereas the mixed derivatives are
evaluated explicitly. The diffusion term is discretised using a sec-
ond order central difference scheme, while a flux-delimited Barton
scheme is used for the convective term. Subsequently, the resulting
velocity field is corrected to meet the continuity equation. Both the
tentative velocity field and the pressure correction equation are
solved using a block ICCG solver, which has been parallelised using
OpenMP.

After the calculation of the velocity field, the new phase fraction
in each cell can be determined. The gas-liquid interface is recon-
structed using the PLIC algorithm and subsequently used to advect
the liquid fraction according to the 3D geometrical advection
scheme of Youngs (1982) using Eq. (5):

DF
Dt

¼ @F
@t

þ u � rF ¼ 0 ð5Þ

When the new phase fraction is known, the new macroscopic den-
sity and viscosity can be calculated respectively using normal and
harmonic averaging according to the phase fraction.

It should be noted that the current model does not model the
three-phase contact angle. Furthermore, the coalescence of bub-
bles is dominated by the depletion of the small liquid layer
between the bubbles and the rupture of their interfaces. In this
model, both these effects are not taken into account. For the VoF
model, it would be hard to include these effects due to the auto-
matic coalescence of bubbles when their interfaces are within
the same grid cell.
2.1. Simulation set-up

The wire meshes in this work were created by a combination of
single wires with an axial orientation both in the x and y-direction,
which overlap at the crossings. To prevent effects of the domain
boundaries, a minimum domain size is required. This size is deter-
mined by the minimal domain size for a single bubble rising in an
infinite liquid, which is at least five times the bubble diameter.
Moreover, the domain boundary should either be at the middle
ne approach to the center of the mesh opening (Eo ¼ 10; db=s ¼ 2:0).



Fig. 4. Snapshots of a bubble getting stuck underneath a wire mesh after an inline approach to the center of the mesh opening (Eo ¼ 4; db=s ¼ 2:0).
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of the wire or at the middle of the opening due to geometrical
reasons.

Initially, a spherical bubble is placed at least 3.5 bubble diame-
ters from the bottom of the domain, while the bubble was centered
in the x- and y-direction, as shown in Fig. 1. The wire mesh is
placed 0.6 bubble diameters from the top. In half of the simulation
cases, the opening of the wire mesh was placed exactly above the
bubble, while in the other half the center of the bubble was aligned
with the crossing of the wire mesh.

All simulations are performed using free-slip boundary condi-
tions enforced on all boundaries. Finally, the window shifting con-
cept is applied, which will ensure that the average center of mass
of the gas phase remains in its original position, while the wire
mesh appears to be moving down through the domain (Deen
et al., 2004).

To ensure a grid independent result, ten grid cells were used
across the diameter of the wires. This number is based on verifica-
tion simulations that showed that this resolution is required to
accurately model the drag force acting on a wire and thus to have
an accurate representation of the no-slip boundary condition. On
the other hand, a minimum resolution is required for resolving
the dynamics of the bubble, which is 20 grid cells. As we expect
bubbles to be cut into smaller pieces the resolution of the initial
bubble was increased to 31 grid cells across the bubble diameter.

In total 36 simulations were performed to determine the effect
of Eo and the opening of the wire mesh, s. The physical properties
and the other simulation settings are given in Table 1. All
simulations were conducted with a time step of 1:0 � 10�5 s for a
simulation time of 1 s.
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Fig. 5. Velocity profiles of a bubble interacting with a wire mesh at different
normalized distances between the bubble and the wire, dz=db . (a) Effect of Eo for a
constant value of the mesh opening, db=s ¼ 2. (b) Effect of the mesh opening for a
constant value of Eo ¼ 10.
3. Interaction of a bubble with the center of a wire mesh
opening

First of all, the interaction of a single bubble with the opening of
a wire mesh was determined. According to the first approximation
of Jain et al. (2013), the simulations with the three smallest open-
ings (db=s P 1:6) should result in the cutting of the bubble into
smaller bubbles. The bubbles in the other simulations, db=s < 1:6,
should not be cut on basis of the geometrical model.

Fig. 2 shows the different outcomes of the bubble wire mesh
interactions obtained from these simulations. No cutting of the
bubbles was observed when the bubble is aligned with the open-
ing. Large bubbles are just wobbling through the wire mesh. Due
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Fig. 6. The effect of Eo and the mesh opening on the bubble mesh interaction, for
the case that the bubble is aligned with the crossing of two wires.
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to their relatively high Eo, these bubbles are able to adequately
deform and squeeze themselves through the wire mesh. This
implies that a phenomenological model for bubble cutting on basis
of solely geometrical considerations is not correct.

Fig. 3 shows the snapshots of a large bubble wobbling through
the opening. When the ellipsoidal bubble is close to the wire mesh,
the central portion of the bubble will move into the opening of the
wire mesh as shown in Fig. 3a and b. Because of the relatively high
pressure at the part of the bubble underneath the wire mesh, these
parts will be depleted. To pass the wire mesh, the bubble is
strongly deformed as shown in Fig. 3c. When the bubble leaves
the wire mesh, Fig. 3d and e, the bubble is highly deformed, i.e.
the bubble is elongated in the vertical direction while the horizon-
tal size is similar to the pitch of the wire mesh. The effect of the
bubble mesh on the bubble shape, is still visible when the bubble
is well above the wire mesh, as shown in Fig. 3f. The interaction
with the wire mesh produces some satellite bubbles, as shown in
Fig. 3d-f. Because of the limited resolution the dynamics and size
of these satellite bubbles cannot be properly resolved.

Unlike the large bubbles, the small bubbles (Eo 6 4) get stuck
underneath the wire mesh. The formation of these gas pockets is
shown in Fig. 4. Initially, the interaction is identical to the one
for the bubble with higher Eo (Fig. 4a-d compared with Fig. 3a-
d). However when the bubble starts moving through the mesh,
the bubble cannot sufficiently deform. As a consequence, the bub-
Fig. 7. Snapshots of a bubble getting cut after an inline appr
ble starts to slow down and finally stops underneath the mesh, as
shown in Fig. 4e and f.

Besides the changes in shape and the interaction with the wire
mesh, there are also effects of Eo and the mesh opening on the rise
velocity of the bubbles, which are shown in Fig. 5. In all cases the
velocity first drops as the bubble approaches the wire mesh, subse-
quently the bubble is accelerated as it squeezes through the mesh
and finally retains its original steady rise velocity. Fig. 5a shows
that, as expected, the bubble rise velocity is larger for larger values
of Eo. Furthermore, all the bubbles have a minimal velocity at
about 0.4 bubble diameters before the wire, which is similar to
the results for a single wire (Baltussen et al., 2017). When the bub-
ble rise velocity is decreased to zero it simply gets stuck under-
neath the mesh. It can also be observed that the relative decrease
in the bubble rise velocity depends on the bubble size.

Fig. 5b shows the effect of the wire mesh opening on the
bubble rise velocity. As expected, with a larger opening the
decrease in bubble rise velocity is less, i.e. the bubbles squeeze
through more easily. The figure suggests that for mesh openings
smaller than 0:45db the bubble will get stuck, even at high val-
ues of Eo ¼ 10.
4. Straight interaction with a crossing of the wire mesh

Because the bubbles are not cut when they are aligned with the
opening of the wire mesh, 18 simulations were done where the
bubble is aligned with the crossing of two wires in the mesh.
Fig. 6 shows that only large bubbles (Eo ¼ 15) are cut by the wire
mesh, while all smaller bubbles are trapped underneath the wire
mesh. Baltussen et al. (2017) observed a similar behavior for cut-
ting with single wires. However, the bubble size at which the bub-
bles get stuck is much smaller as was the case for single wires
(Eo 6 4 instead of Eo 6 10), which is probably caused by the larger
drag exerted on the bubble by the wire mesh compared to the drag
exerted by a single wire. Furthermore, the open area for the bubble
to move through is finite for a wire mesh, whereas it is semi-
infinite for a wire.

Comparing the results in Figs. 2 and 6, it is concluded that the
behavior of the bubbles changes drastically when changing the
alignment of the interaction. Hence, the interactions are not only
influenced by the properties of the bubbles and the wire mesh,
as stated before, but also on the positioning of the bubble with
respect to the wire mesh.

Fig. 7 shows the cutting of bubble by the wire mesh. The bubble
is cut because the rise velocity of the bubble is larger than zero
when the bubble is very close to the wire mesh. Furthermore,
the high value of Eo leads to a highly deformable gas-liquid
oach to the crossing of two wires (Eo ¼ 10; db=s ¼ 1:3).



Fig. 8. Preliminary results on a bubble squeezing through a wire mesh after an inline approach to the center of the mesh opening
(Eo ¼ 10; logðMoÞ ¼ 0:44; db=s ¼ 1:8; db=dw ¼ 2:5). Note that the wire mesh is blurred in the images, because large parts of it are out of focus.
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interface enabling the bubble to curl around the wire mesh. The
combination of these properties leads to the formation of four bub-
bles on all the sides of the wire crossing as shown in Fig. 7d-f. Due
to small differences in the bubble volume and the relatively long
contact time with the wire mesh, the smallest bubble will be
depleted before the bubble is cut.
5. Conclusions

A combined VoF-IB method was successfully applied to simu-
late the interactions between bubbles and wire meshes. When
the bubbles are aligned with the opening of the wire mesh, cutting
of the bubbles is not observed in our simulations, while cutting
was expected for the interactions with the meshes with the small-
est openings. When Eo > 4, the bubbles are highly deformable and
squeeze themselves through the opening of the wire mesh. When
the bubble is smaller and/or the opening in the wire mesh is small
the bubble gets stuck underneath the mesh. When the bubble is
aligned with the crossing in a wire mesh, almost all bubbles get
stuck underneath the mesh except for the bubble with Eo ¼ 15
which gets cut by the mesh.

Although the simulations confirm all the experimentally
observed mechanisms for the interaction between a bubble and a
wire mesh, the set of simulations does not yet allow for the deriva-
tion of an improved closure for the bubble cutting. To improve the
preliminary geometrical bubble cutting closure of Jain et al. (2013),
the effect of the relative position of the bubble with respect to the
wire mesh and different Morton numbers should be determined.
Furthermore, the diameter of the wires will also influence the effi-
ciency of the bubble cutting. Therefore, the currently obtained data
set should be extended to quantify the combined effects of these
parameters. Finally, the set of mesh openings could be extended
to even smaller openings to prove that larger bubbles will no
longer squeeze themselves through at very small mesh openings.

Besides, the simulations are performed with only 31 grid cells
across the bubble diameter. When a bubble is split into four bub-
bles, the resolution of the resulting bubbles is less then 20 grid
cells, which will lead to inaccuracies due to the low resolution. In
addition, satellite bubbles are obtained in several simulations. To
overcome these problems, adaptive mesh refinement should
be implemented, which ensures that all details of all bubbles are
calculated accurately preventing a sharp increase in the computa-
tional time.

Furthermore, all simulations show partially dewetting of the
surface of the wire mesh. The simulations do not include this
three-phase contact around the wire mesh. This three phase con-
tact can be represented using a model for the contact angle prop-
agation of the three-phase contact line.

Finally, to ensure that the obtained results are able to accurately
describe the interactions with the wire mesh, the interactions
should be validated. Fig. 8 shows some preliminary experimental
results that can be used to carry out such validation. The experi-
mental results are similar to the case shown in Fig. 3, except that
the Morton number, is slightly lower in the experiment. Similar
to the simulation, the bubble squeezes through the opening of
the wire mesh. Furthermore, it can be observed that the deforma-
tion of the bubble is similar. This is a clear indication that the VoF-
IB method is, at least in a qualitative sense, able to accurately
describe the interaction. Nonetheless, to enable a quantitative val-
idation of the model, the simulations need to be performed with
the same experimental settings. Moreover, different horizontal ori-
entations with respect to the wire mesh should be used for the
validation.
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