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Experiments and simulations are presented for the interaction of single bubbles rising in a viscous liquid against a hori-

zontal cylinder (@ = 4 mm) of varying wettability. The slide-off of small and the cutting of larger bubbles into two daugh-

ter bubbles observed in the experiment are reproduced by phase-field simulations. It is shown that in the entire process

bubble and cylinder are separated by a liquid film, which eliminates any influence of cylinder wettability. Before the moth-

er bubble splits, a thinning gas thread develops below the cylinder. The rupture of this gas thread can lead to a different

number of satellite bubbles depending on the conditions.
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1 Introduction

One of the main challenges facing the chemical industry is
the transition to sustainable operations. Consequently, the
use of renewable raw materials as new feedstock has gained
considerable attention [1]. Strategies for the intensified use
of bio-based products are developed to substitute fossil and
conventional resources. The increasing interest in renew-
able fuels has drawn attention to the production of liquid
hydrocarbon fuels from biomass [2] via Fischer-Tropsch
synthesis [3] as final step. Fischer-Tropsch synthesis is often
performed in bubble column reactors. To foster the use of
renewable raw materials in chemical industry, innovative
solutions are required for raw material production, biomass
treatment, and process engineering. Furthermore, besides
improved catalysts, a deeper understanding of the underly-
ing physico-chemical processes is required.

Most industrial bubble column reactors require the uti-
lization of internal structures for heat transfer and/or for
controlling the flow structures and back mixing in the sys-
tem [4,5]. Furthermore, internals may serve to fragment
bubbles, thereby increasing interfacial area and mass trans-
fer. For catalyzed three-phase reactions, bubble columns
staged with woven fibrous materials have been suggested in
this context [6,7]. In comparison to conventional multi-
stage bubble columns, the trays are made from woven
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fibrous catalytic layers [8]. The fiber networks divide the
bubble column into two zones — a bubble zone and a reac-
tion zone (Fig. 1). In the bubble zone, there is a radial mix-
ing of the two phases and saturation of the liquid phase; in
the reaction zone, gas and liquid react by interaction with
the catalytically coated fibers.
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Figure 1. Bubble column staged with structured fibrous cata-
lysts. Reprinted with permission from [7]. Copyright (2001)
American Chemical Society.

For fiber networks as well as conventional internals of
bubble column reactors, the understanding of the interac-
tion of the bubbles with the structure is of interest. In the
ERC starting investor grant “Cutting Bubbles”, experiments
and numerical simulations for various scales and flow con-
ditions have been performed to study the interaction of
bubbles with wire meshes [9-12] and single wires/cylinders
[13, 14]. However, the influence of structure/wire wettability
was not investigated and the contact angle was not taken in-
to account in numerical simulations. Later, Cai et al. [15]
recalculated selected cases from [13,14] with a phase-field
method considering different contact angles (0) ranging
from hydrophilic conditions with 8 = 30° and 60° to neutral
(6 = 90°). For the two lower contact angles, the numerical
split outcome in [15] in form of two daughter bubbles
agreed reasonably well with experimental observations
[13, 14], while results for 90° deviated. For the splitting pro-
cess itself, the numerical results in [15] indicated a notable
influence of contact angle. However, the authors stressed
that there is no validation as detailed experiments for cylin-
ders of varying wettability are lacking in literature. Also, in
a recent experimental and theoretical study of bubble colli-
sions on parallel arranged fibers, potential effects of fiber
wettability are not addressed [16].

This paper studies in detail how far the inter-

2 Experiment

2.1 Experimental Set Up

The experimental set up shown in Fig.2 is adopted from
[13,14]. It consists of an optically accessible acrylic glass
container (cross section 200x200 mm?, height 500 mm)
which is partially filled with glycerol-water solution con-
taining 90 wt % glycerol. At height 180 mm, a cylinder is
placed horizontally in a hole of a vertical acrylic glass plate.
At the bottom of the tank, a fixed volume of air can be
injected through an inlet using a syringe. The air is collected
below a rotatable spoon attached above the inlet. The air is
allowed to coalesce forming a single bubble, which can be
released by turning the spoon. Here, bubbles with volumes
of 50, 250, and 500 uL are investigated. The high viscosity
of the glycerol-water solution ensures a rectilinear rise so
that the bubble likely hits the cylinder. The cylinder is either
a hollow glass tube (contact angle 6 ~ 40°) or made of mas-
sive stainless steel (6 = 60°). In both cases, the cylinder has
a diameter of d.,; = 4 mm and a length of 80 mm. Results of
further experiments with cylinders of different diameter
and wettability can be found in [17].

2.2 Image Recording

The rising bubble and its interaction with the horizontal
cylinder are recorded by a high-speed camera (PCO 1200hs,
60mm F-mount objective) using backlight illumination
(Veritaslight Constellation 120E LED Spotlight). The
recording was set at a frame rate of 1000 Hz, focused at a
domain of 40x32 mm?* with a resolution of 32 pixel mm™.
Dimensions are evaluated with the software Image]. The
recorded image sequences show the 2D projection of a ris-
ing bubble, which is cut by a horizontal cylinder. Rising
bubbles are assumed to have an axisymmetrical shape.
However, it has to be considered that this symmetry is

action between a rising bubble and a horizontal
cylinder depends on surface wettability. To this
end, experiments and numerical simulations
with single bubbles interacting with cylinders
exhibiting different contact angles are per-
formed. Here, cylinders of fixed diameter
(4mm) made from two materials (glass, steel)
are considered in combination with bubbles of
different volumes rising in a viscous liquid. The
experiments provide images recorded by a high-
speed camera from front views along the cylin-
der axis. They are complemented by refined
numerical simulations with a phase-field meth-
od for widely varying contact angles, allowing
for visualization from below which gives new
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Figure 2. Experimental set up (not to scale, all dimensions in mm).
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broken by the interaction with the cylinder. All cases were
repeated several times.

2.3 Physical Properties

Experiments have been performed at room temperature.
Physical properties of the glycerin-water mixture are
estimated from literature [18-21] assuming a temperature
of 20°C. Density and viscosity are determined as
pr = 1233kgm™ and py = 0.157 Pas, respectively. Surface
tension is set to 0 = 66 mN m™". Density and viscosity of air
are taken as pg = 1.2kgm™ and pi = 1.8x107 Pas, respec-
tively. These physical properties result in a Morton number
of Mo = 0.0166 while the Eotvos number (Eo) is in the
range of 3.83-17.75.

3 Numerical Methodology

3.1 Governing Equations

In this paper, the diffuse interface phase-field method is
used to simulate the flow of two immiscible, incompressible
Newtonian fluid phases under isothermal conditions. The
gas-liquid interface is considered as a thin transition layer
of finite width across which density/viscosity varies rapidly
yet smoothly. Phases are distinguished by an order param-
eter (¢) which has the value ¢ = 1 in the liquid phase and
¢ = -1 in the gas phase. The two-phase flow is described by
the coupled Cahn-Hilliard Navier-Stokes equations

0ic +V - (cu) = MV2D
@ = e 2¢(1 — %) — AVic
V-u=0

O(pu) +V - (pu®u) = pr+V~,u(Vu+(Vu)T> +pg+1£,

(1)

Here, M is mobility, ® is chemical potential, A is mixing
energy density, and ¢ is capillary width. Furthermore, u is
velocity field, p is pressure, and g is gravity vector. The den-
sity and viscosity are computed based on the order param-
eter using an arithmetic mean

1+¢ 1—c¢

p=—FPLT 5 Pc )
1+¢ 1—c¢
H=——Ht S Hg (3)

Surface tension is modeled as f, = -cV® where mixing
energy density is determined as A = 3e0/1/8. Cylinder wet-
tability is accounted for by a boundary condition for the
gradient of the order parameter normal to the wall

n,

(4)
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where ng, is the unit normal vector pointing from the cyl-
inder surface into the fluid. Simulations are performed with
the physical properties given in Sect. 2.3.

The set of equations is numerically solved using Open-
FOAM extend 1.6 (code phaseFieldFoam). A description of
the segregated solution algorithm and applied discretization
schemes is provided in [22,23]. Method and code have been
validated thoroughly. Validation examples include analytical
solutions for various wetting phenomena [22], the standard
test case of a bubble in static equilibrium [24], and experi-
ments on drop impingement on hydrophobic surfaces [25].

3.2 Computational Set Up

The simulations are performed in rectangular, wedge-type,
or cuboid computational domains. Boundary conditions at
the sides of the computational domain (width W) are free-
slip or symmetry planes in combination with zero gradient
conditions for the order parameter and chemical potential.
At the cylinder wall, no-slip conditions apply in combina-
tion with a prescribed equilibrium contact angle according
to Eq. (4).

All simulations are started from an initially circular/
spherical bubble placed in the lower part of the computa-
tional domain with both phases being at rest. In the experi-
ment, the bubbles rise after being released by turning the
spoon about 145 mm before interacting with the cylinder.
In the simulations, the height of the domain (H) needs to
be restricted to reduce the computational costs. On the oth-
er hand, the computational domain must be high enough to
ensure that the bubble has obtained its terminal rise velocity
(Ug) before interacting with the cylinder. The correspond-
ing rising distance is determined from simulations without
cylinder (see Sect. 3.3). The domain height in cases with cyl-
inder is adapted accordingly.

3.3 Determination of Phase-Field Parameters

Remaining parameters of the phase-field method that need
to be fixed are € and M. The capillary width ¢ is determined
indirectly by specifying a certain value of the Cahn number
Cn = &/deq. The latter determines the thickness of the dif-
fuse interface relative to the bubble diameter; thus, Cn
should be sufficiently small to obtain accurate results com-
parable with more common sharp interface methods. Mo-
bility is scaled as M = ye?, where y is a pre-factor. To study
the effects of Cn and y on free bubble rise, the first one of
the two planar benchmark cases proposed in [26] has been
computed. Results obtained by the present phase-field
method are in good agreement with the benchmark solution
for Cn < 0.01 and are mesh-independent for i < ¢/2, where
h is the mesh size [27]. Thus, all simulations are performed
with Cn = 0.01 so that ¢ = 0.01d.q. For computations utiliz-
ing a uniform grid, mesh size is set here to h = ¢ so that the
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bubble diameter is resolved by 100 cells, while the diffuse
interface region (where -0.9 < ¢ < 0.9) is resolved by four
mesh cells to reduce computational costs. The time step
width At is adaptive and adjusted based on the maximum
Courant number Co,,,,, which is set to 0.03 here. In addi-
tion, a criterion for the maximum time step width has been
specified as At = 1 ps.

Present numerical results for benchmark [26] show a
slight influence of mobility on bubble rise velocity [27].
Such a dependency has already been noted in [15]. To
determine mobility and rising height required for the bub-
ble to reach terminal velocity, simulations for freely rising
bubbles are performed in a wedge-type domain (W = 3d.q,
H = 9d.y) assuming rotational symmetry applying a uni-
form grid (300x900 cells, h = ¢ = 0.01d.). The value of x is
determined so that the numerical rise velocity agrees with
Ug estimated by Eq. (13) in [28] as given in Tab. 1. Values of
x are determined for the two larger bubble volumes, while
for the smallest bubble, the standard value is used (Tab. 1).
The values of bubble Reynolds numbers (Re) are in the
range of 3.51-14.95.

Table 1. Investigated bubble volumes and terminal velocity for
free bubble rise.

Vs deq degldeyy  Eo x Up Re
(L] (mm] [mm] [-] [mskg'] [mms'] [-]
50 4.57 1.14 3.83 1 97.4 3.51
250 7.82 1.95 11.18 2 159.6 9.82
500 9.85 2.46 17.75 8 192.8 14.95

4 Results for Bubble Cutting

This section presents numerical results of bubble cutting
simulations in 2D and 3D. Planar simulations serve for pre-
liminary qualitative investigations, while 3D results provide
a comprehensive understanding of the cutting process and
allow for a detailed comparison with experiments.

4.1 Two-Dimensional Planar Simulations

The experimental bubble volumes considered for 2D com-
putations are 50 and 250 pL in combination with the stain-
less steel cylinder. While the simulations are 2D, they use
the equivalent diameter from the experiments (Tab. 1). The
initial area of the circular bubble in simulations thus corre-
sponds to the projected area of a spherical experimental
bubble. It should be kept in mind that this initial equiva-
lence of (projected) area is not valid as the bubble deforms
from the circular/spherical shape. This is because 3D effects
along the cylinder axis in the experiment are suppressed in
the 2D simulations.

www.cit-journal.com
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4.1.1 Bubble Volume 50 L

In the experiments with 50-pL bubbles, it is observed that
bubbles of this size are never split by the cylinder. Instead,
they always slide-off at one side of the cylinder (Fig. 3, top).
This behavior is related to the bubble release mechanism,
by which it is very unlikely that the bubble centroid is
located exactly below the cylinder axis. Even a very small
horizontal offset between bubble centroid and cylinder axis
breaks symmetry, which triggers slide-off of very small bub-
bles in the experiment. In the 2D simulations, the 50-uL
bubble is therefore placed below the cylinder with a slight
horizontal offset of 0.1 mm to replicate the behavior
observed in the experiment. The rectangular computational
domain (W = 4d.q, H = 6d,,) is discretized by a uniform
grid (400 x600 cells, h = 45.7 um).

Oms 43 ms 106 ms 153 ms

c I |

1.0 0.5 0.0 -0.5 -1.0

Figure 3. Evolution of bubble (50 uL) approaching a steel cylin-
der (0 = 60°) in experiment (above) and 2D simulation (below).
Simulation results show contour plots of order parameter cin a
section of the computational domain. Time instants of the 2D
simulation do not match with the experiment but are chosen to
illustrate qualitative similarity.

The simulation results are displayed in the bottom row of
Fig. 3. Though the simulations are 2D, the computed bubble
shape is consistent with the experiment and results are in
qualitative agreement. During the entire process, the bubble
is separated from the cylinder by a thin liquid film. The
thickness of the liquid film in the simulation corresponds to
about 6e.

4.1.2 Bubble Volume 250 pL

In the 2D simulations for the 250-puL bubble, the bubble
center is placed exactly below the cylinder axis without
offset. Only one-half of bubble/cylinder are represented in
the computational domain (W = 2.5de;, H = 8d.q, grid
250x800, h = 78 pm). By a symmetry boundary condition,
a splitting of the bubble is enforced in contrast to the pre-
vious case. To study the influence of cylinder wettability,
simulations for contact angles of 60° 90°, and 120° have
been performed. Fig.4 compares the results for 6 = 60° and
120° and with experiment (0 = 40°). As the bubble ap-
proaches the cylinder, it deforms taking a concave shape.
Simulation results agree qualitatively with the experiment
concerning the general bubble deformation, the formation

Chem. Ing. Tech. 2022, 94, No. 3, 385-392
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Figure 4. Evolution of a rising bubble (250 uL) approaching a
cylinder (4 mm). Experiment (6 = 40°, top) and 2D simulations
with 0 = 60° (middle) and 120° (below). Numerical results show
contour plots of cin a section of the domain (for color legend,
see Fig. 3). The dashed vertical lines indicate the symmetry
plane. While the time instants in simulations with both contact
angles are identical, they do not match with the experiment
but are chosen to illustrate similar stages of the splitting pro-
cess.

of a liquid film that separates the bubble from the cylinder,
and for the breakup of the mother bubble into two daughter
bubbles. Both in experiment and simulations, there is no
contact between gas bubble and cylinder. The presence
of the liquid film eliminates any influence of cylinder
wettability, so that in experiments [17] and simulations [27]
there is no difference for contact angles in the range of
40°-120°.

Quantitatively, there are notable differences between 2D
simulation and experiment concerning the lateral dimen-
sions of the bubble, the thickness of the neck connecting
the forming daughter bubbles before breakup, and the
shape of the lower meniscus, which is almost flat in the 2D
simulations while it is convex in the experiment.

4.2 Three-Dimensional Simulations

While the previous planar simulations for bubble cutting
are in qualitative agreement with the experiment, they fail
to give a quantitative agreement. This indicates that defor-
mation in the direction of the cylinder axis is of importance,
which requires 3D simulations.

Fig.5 shows the computational domain for 3D simula-
tions together with a detail of the initial mesh for a bubble
volume of 500pL. Quarter symmetry is adopted. The
width/depth of the computational domain are 2.5d., height
is H = 12d.y;, and cylinder contact angle is 60°. The grid
consists of three levels. Far from bubble and cylinder, a
coarse mesh is used (h = d.q/25, refinement level 0). In the
rise path of the bubble and around the cylinder, mesh width
is h = deg/50 (refinement level 1). In the region of the dif-
fuse interface, mesh width is h = & = d4/100 (refinement
level 2) corresponding to Cn = 0.01. Only refinement level 2
is adaptive according to the bubble motion. With this strat-
egy, the total number of mesh cells is about 1.5x 10°.
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Figure 5. Computational domain for 3D simulations showing
initial bubble position (right) and corresponding initial grid at
symmetry plane along cylinder axis (left) for a bubble volume of
500 pL.

4.2.1 Bubble Volume 250 L

Fig. 6 shows the interface evolution for the 250-pL bubble
during the cutting process in 3D. In the front view, the
computed bubble shape (Fig.6, top) shows better match
with the experiment (Fig.4, top) as compared to the 2D
simulations. Two major improvements can be noted. First,
the bubble deformation before breakup is well in accor-
dance with the experiment instead of the lateral over-exten-
sion found in 2D. Second, the lower meniscus of the bubble
is convex, whereas it was flat in the planar case. Despite
these improvements, the split process in the simulation
takes notably longer as compared to the experiment.

In the simulation view from below, the generation and
evolution of the neck can be observed (Fig. 6, bottom). Over
time, the neck shrinks in vertical direction and in direction
of the cylinder axis, forming a thin gas thread. Finally, the
thread breaks and two daughter bubbles are formed which
quickly adopt almost spherical shapes under influence of
surface tension. From the gas thread, a satellite bubble is
formed in the simulation which is absent in the experiment.
Similar satellite bubbles have been observed in simulations
with the volume-of-fluid method [13, 14]. Possible reasons
for the discrepancy in satellite bubbles in experiment and
simulations are discussed in Sect. 4.2.3.

4.2.2 Bubble Volume 500 L

The cutting process for the 500-pL bubble is illustrated in
Fig.7. The computed shapes of the mother and daughter
bubbles in front view (Fig.7, middle) and the duration of
the split process are well in accordance with the experiment
(Fig. 7, top). Compared with the smaller bubble, the 500-uL

www.cit-journal.com
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Figure 7. Cutting of
500 pL bubble in experi-
ment (top) and 3D sim-
ulation (middle and
below). Views are from
front (top and middle)
and bottom (below).
Indicated simulation
times have an offset of
195 ms compared to the
first experimental im-
age. The actual simula-
tion times are given in
brackets.

bubble undergoes stronger deformation before the breakup
due to higher E6tvos number, while the cutting process is
actually very similar for both bubble volumes. The 500-pL
bubble also shrinks quickly in the middle, whereas no sig-
nificant deformation can be observed on the left and right
sides. Again, the cylinder stays completely wetted in experi-
ment and simulation so that neither the behavior of mother
nor daughter bubbles is affected by surface wettability.
However, though not shown here, cylinder contact angle
may affect the behavior of satellite bubbles as they adhere to
the surface [17].

4.2.3 Satellite Bubbles

Satellite bubbles show the largest difference between simula-
tion and experiment. In the experiment for a bubble volume
of 500 UL, three satellite bubbles are formed (Fig.7, top),
while no satellite bubble is formed for a volume of 250 uL
(Fig. 4, top). It should be noted that in the experiment, the

www.cit-journal.com
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number of satellite bubbles varies and is not always repro-
ducible, especially for larger bubbles. In the simulations,
one satellite bubble is formed for each considered bubble
volume. The 3D simulations clearly reveal that the mecha-
nism for formation of satellite bubbles is the breakup of the
thinning gas thread. However, the simulation fails to cor-
rectly predict the occurrence of satellite bubbles and their
number and sizes. The reason lies in the thickness of the
diffusive interface which is chosen here as ¢ = 0.01d.q. For
computation of satellite bubbles with the phase-field meth-
od, the relevant macroscopic length scale is, however, not
the equivalent bubble diameter but the diameter of the gas
thread. Thus, ¢ should be reduced by one order of magni-
tude or more, which is out of reach for our method cur-
rently even with adaptive mesh refinement. Another com-
putational challenge for numerical methods is the extreme
curvature of the cusp immediately after breakup of the gas
thread observed in the experiment [17].

Chem. Ing. Tech. 2022, 94, No. 3, 385-392



Chemie

Ingenieur  Research Article
Technik

391

4.2.4 Thickness of the Separating Liquid Film

As discussed before, the presence of the liquid film that sep-
arates the gas from the cylinder surface effectively elimi-
nates the influence of surface wettability on the bubble cut-
ting process. This finding is supported by experimental
visualizations for further contact angles (with a range of
about 40°-150°) which cannot be displayed here for the
sake of brevity [17]. The liquid film around the lower hemi-
sphere of the cylinder is rather uniform and its thickness is
constant over a duration of about 50-100 ms. Fig.8 shows
the thickness of the liquid film (measured vertically below
the cylinder) as a function of bubble volume. For volumes
of 250 and 500 pL, reasonable agreement is achieved be-
tween simulation and experiment. In addition to these two
bubble volumes, experimental results for further bubble
sizes from [17] are included in Fig. 8, which have not been
simulated here. The results indicate that the thickness of the
separating liquid film increases with increase of bubble vol-
ume. Splitting of bubbles in experiments is only observed if
the volume exceeds about 100 uL, while smaller bubbles
always slide off.

Vg [HL]
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i
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Figure 8. Thickness of liquid film (df) separating bubble and
cylinder (4 mm) versus bubble volume. The dashed vertical line
discriminates between slide-off (left) and bubble-cutting (right)
as observed in the experiment.

The thickness of the liquid film in the present simulations
with Cn = 0.01 is about 5 to 6times the capillary width,
while the thickness of the diffuse interface is about 4e. Cai
et al. [15] performed their calculations with Cn = 0.02 cor-
responding to double interface width. This was obviously
insufficient to resolve the liquid film so that a wettability-
dependent interaction of bubbles with the cylinder and
periodic open cell structures was observed, which might be
actually a numerical artifact.
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5 Conclusions

Experiments are performed to study the splitting of single
bubbles rising in a viscous liquid by horizontal cylinders.
They are supported by numerical simulations with a diffuse
interface phase-field method based on the coupled Cahn-
Hilliard Navier-Stokes equations covering a wide range of
cylinder wettability. Overall, numerical and experimental
results are in good agreement. They consistently show that
during the splitting process, bubbles do not come in direct
contact with the cylinder. Instead, a separating liquid film is
formed which eliminates any effect of surface wettability.
Notably, the film thickness increases with bubble volume.
Simulations show the formation of a thinning gas thread
below the cylinder, which may break up with or without
generation of satellite bubbles. Correct capturing of these
tiny satellite bubbles is currently out of reach with the
phase-field method, as it requires a reduction of the diffuse
interface thickness by an order of magnitude as compared
to the value used here.

For three-phase reactions, enhanced gas-liquid mass
transfer and short diffusion path of dissolved educts toward
the catalytic surface are of interest. The present results show
that the diffusion path between the bubble and the catalyst
support given by the liquid film notably increases with bub-
ble volume despite increase of bubble rise velocity. This
finding substantiates that reduction of bubble size is essen-
tial to intensify three-phase reactions at least in very viscous
liquids as considered here.
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