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ABSTRACT

This study investigates how various numerical method-
ologies for preventing numerical bubble coalescence impact
the accuracy of turbulence statistics in high-fidelity simula-
tions of turbulent channel bubbly flows. The results demon-
strate that the turbulence statistics are highly sensitive to the
specific approaches integrated within each flow solver. In par-
ticular, the inclusion of a repulsive force between bubbles in
the momentum equation to prevent numerical coalescence in-
stead of a multiple-markers approach reveals modelling chal-
lenges. We show that the impact on turbulence statistics is
small, but not negligible, for total void fractions up to 2.4%.
Additionally, the repulsive force might induce flow asymme-
tries if not sufficiently localized.

INTRODUCTION

Bubbly flows are ubiquitous in the energy transition (e.g.,
coolant boiling in heat exchangers or hydrogen bubbles in
electrolysis). Numerical studies are essential to improve their
understanding and enable new technologies. However, prac-
tical systems are laden with multiple bubbles and involve a
very wide range of length scales. For example, bubble co-
alescence is a physical process that occurs on the nanoscale
(Tryggvason et al., 2013). This multi-scale nature limits the
usability of high-fidelity multiphase solvers since computa-
tions can become prohibitively expensive. Consequently, most
studies analyse canonical turbulent flows that preserve key
bubble-dispersion physics, such as turbulent channel bubbly
flows. Here, we consider this configuration and discuss how
modelling choices affect turbulence statistics, emphasizing the
need for thorough validation across published numerical data.

“Ground-truth” turbulence statistics may be obtained
from high-fidelity simulations with advanced multiphase
solvers (Cifani et al., 2020; Nemati et al., 2021). Experimen-
tal studies of such flows are scarce, and only limited data on
mean profiles and fluctuations exist (Pang & Wei, 2013). In
contrast, simulations offer greater insight since flow informa-
tion is directly accessible. Yet, multiple numerical approaches
are available (Elghobashi, 2019), and one must carefully assess
whether the physics are affected by the chosen methodologies.

Nemati et al. (2021) reproduced the statistics of turbulent
channel bubbly flows in downflow and upflow conditions, con-
sistent with Lu & Tryggvason (2006) and Dabiri et al. (2013).
They employed a one-fluid Navier-Stokes formulation with the
Coupled Level-Set Volume-of-Fluid (CLSVOF) method and
multiple markers to prevent numerical coalescence of the bub-
bles, whereas the reference studies used a similar approach
with the Front-Tracking method. Nonetheless, some differ-
ences, particularly for the velocity fluctuations, were attributed
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to the discretization methods and grid resolution.

Arguably, a multiphase solver such as that from Nemati
et al. (2021) combines the best techniques available. How-
ever, such approaches come at a great computational cost as
the domain size and number of bubbles increase. This raises
the question of whether simpler, cheaper solvers can reproduce
the same turbulence statistics. This is explored by using a one-
fluid formulation of the Navier-Stokes equations coupled to a
geometric Volume-of-Fluid (VOF) framework. Instead of indi-
vidual markers, a repulsive force is implemented in the liquid
phase to ensure that the bubbles do not coalesce.

METHODOLOGY

This section summarizes the incompressible high-fidelity
multiphase flow solver used in this work. For more details, the
reader is referred to Poblador-Ibanez et al. (2025).

A geometric VOF method is used based on the local re-
construction of the interface at each cell. The interface ori-
entation and cut volumes are obtained from a Piecewise Lin-
ear Interface Construction (PLIC) where the normal unit vec-
tor nr and curvature K are obtained, respectively, from the
Mixed-Youngs-Centre (Aulisa et al., 2007) and Height Func-
tion (Lopez & Herndndez, 2010; Baraldi et al., 2014) methods.
The interface is advected using the conservative three-step split
advection scheme from Sussman & Puckett (2000).

The one-fluid Navier-Stokes equations for incompressible
two-phase flows are the continuity and momentum equations,
expressed as
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where u is the one-fluid velocity, p the pressure, g the gravity
acceleration, T = p(Va + VuT) the viscous stress tensor, and
p and u the volume-averaged density and viscosity using the
liquid volume fraction C, e.g., p = prC+ pg(1 —C). The sub-
scripts L and G refer to the liquid and gas phases, respectively.
The equations are discretized using second-order central dif-
ferences, except for the convective term in Eq. (2) which is
discretized using the SMART scheme (Gaskell & Lau, 1988).
A second-order Adams-Bashforth scheme is used for the tem-
poral integration, and a predictor-projection approach coupled
to the split pressure gradient method by Cifani (2019) is imple-
mented. Thus, a direct pressure solver imposes the divergence-
free condition to machine-error precision.
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Surface tension f; = —oxnpdr is discretized using the
Continuum Surface Force model (Brackbill et al., 1992),
where o is the surface tension coefficient, and 8 a Dirac delta
function active only across the interface. fr is a repulsive force
to prevent numerical bubble coalescence. The use of fg has
been proposed as an alternative to tracking individual markers
since it is easier to implement and adds minimal computational
overhead. Here, fg is given by Eq. (3) following De Vita et al.
(2019). R is the initial bubble radius and U the mean bulk ve-
locity of the equivalent single-phase channel flow with same
Rer = uc0v, 1§ is the channel half-thickness, u; the wall
friction velocity, and v the liquid’s kinematic viscosity. ¥
is the distance function from the interface (see De Vita et al.
(2019) for VOF implementation), and a and b are constants to
be determined. fr is computed at cell centres in liquid cells
within bubble conflict regions, then averaged at staggered lo-
cations. A conflict region is defined when two bubbles are
detected within a 7x7x7 stencil around the cell. However, the
additional body force affects flow development, as depicted by
the velocity field between bubbles in Figure 1, which requires
a thorough evaluation of its impact on turbulence statistics.
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RESULTS

A vertical channel in downflow conditions defined by 6 =
5 mm and size L, = 28 (wall-normal), Ly = 136 (streamwise)
and L, = 50 (spanwise) is considered. Cases with a total void
fraction of o = 1.2% and o = 2.4% are chosen from Nemati
et al. (2021) with an initial bubble diameter of D, = 1.6909
mm (L48 and H96, respectively). A uniform mesh is used
with 128 or 256 cells in the wall-normal direction, resulting in
ax,; = 1.4 orx; =0.7 for Re; = 180, respectively, to ensure
the turbulence scales are resolved. This translates to a bub-
ble resolution of about 21 cells per diameter in the coarse case
and 42 cells per diameter in the fine case, which is enough
to capture the bubble dynamics in a VOF framework. Addi-
tional parameters of the problem are given by p; = 603.52
kg/m?, pg = 6.0352 kg/m?, yy, = 69.403 pPa-s, g = 1.2493
WPa-s, We =pru28c—' =8.8767x 1072, Fr=u2|g|'6 7! =
2.6422 x 10~2 and Eo = (p1. — pg)|g|D20~" = 0.3804. With
such flow parameters, the bubbles are slightly deformable and
may not remain spherical, as shown by the E6tvos number Eo.
The down flow is driven by gravity and a mean pressure gradi-
ent in the streamwise direction (Nemati et al., 2021), as shown
in Eq. (4), where the shear stress at the wall is 7,, = pLu%,
Pavg is the volume-averaged density in the computational do-
main and gy is the signed gravity component in the streamwise
direction.

dp() Ty
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The solver is validated against the single-phase turbulent
channel from Moser et al. (1999) for Re; = 180. Figure 2
shows the mean streamwise velocity and the root mean square
(rms) of the velocity fluctuations. First- and second-order
statistics of the turbulent flow are well captured, even with the
coarse mesh. The implementation of the SMART scheme has
a negligible impact in the single-phase case despite the addi-
tional numerical dissipation compared to pure central differ-
ences. In multiphase solvers using geometric VOF, dissipative

schemes can be necessary due to the existing spurious currents
around the interface, which can quickly destabilize the solu-
tion if central differences are used.

The values of a and b to prevent the numerical coales-
cence of the bubbles are found via a trial and error approach
since a and b depend, among other factors, on the grid reso-
lution. Here, a = 1 x 106 m™ for x}, = 1.4, and @ = 2 x 10°
m? for x;; = 0.7. The constant b is given by a/b = 15.714
m’! (De Vita ez al., 2019). Lastly, the spherical bubbles with
Dy, are initialized by inserting them into a snapshot of the
fully-developed single-phase turbulent channel flow in an ar-
ray Ny X Ny X N, uniformly distributed in each direction. For
o = 1.2%, the array is 2x13x3, and for & = 2.4% it is 3x13x4.
The movement of the bubbles rapidly randomizes and, after
five flow-through times, the collection of the statistics of the
turbulent channel bubbly flow starts. These are collected for
about ten flow-through-times after showing sufficient tempo-
ral convergence. The velocity components are Favre aver-
aged (decomposed as u; = ii; + u , where i = pu;/p) and all
other variables are Reynolds averaged (decomposed as, e.g.,
p=p+p)

Reasonable agreement of first- and second-order velocity
statistics against Nemati et al. (2021) is observed in Figure 3,
suggesting that a repulsive force can produce turbulence statis-
tics similar to a multiple markers formulation. Note that Figure
3b shows a Reynolds-averaged streamwise velocity weighted
by the volume fraction C as a measure of the mean liquid
streamwise velocity following Lu & Tryggvason (2006); Ne-
mati et al. (2021).

Yet, compared to the single-phase channel, the results
highly depend on the bubble resolution and flow symmetry is
lost. This could be attributed to a combination of various fac-
tors in our solver. Namely coarser bubble resolutions enhance
the spurious currents from the geometric VOF and the repul-
sive force may induce sharp velocity gradients in between bub-
bles to prevent coalescence. The interaction between these ef-
fects, the inconsistent mass-momentum advection in our mul-
tiphase formulation, and the asymmetries introduced by the
SMART scheme balancing numerical diffusion can easily af-
fect the flow development. This is supported by the fact that
mesh refinement improves flow symmetry. Figure 4 shows the
mean void fraction across the channel for both « cases and
the rms of the density fluctuations for o = 1.2%. With mesh
refinement, the clustering of bubbles around the channel cen-
tre is more symmetric, as expected for downflow conditions.
Next, Figure 5 depicts the mean repulsive force along the wall-
normal, streamwise and spanwise directions. For finer grids,
lower force magnitudes are generally observed. That is, the
force is less active in the flow since finer grids result in fewer
conflict regions between bubbles.

Beyond flow symmetry issues, Figure 5 highlights the
stochastic nature of fg, randomly fluctuating around zero. This
reinforces the idea that fg can indeed be used to prevent nu-
merical coalescence without modifying expected flow patterns
when properly discretized and resolved at a cheaper computa-
tional cost than a multiple markers formulation. However, the
repulsive force has additional caveats that need to be properly
analysed.

The modified flow field between conflicting bubbles may
affect the velocity statistics, particularly second-order statis-
tics such as the velocity fluctuations. Indeed, Figures 3c and
3d show nearly excellent agreement with Nemati ez al. (2021)
near the walls, but differences are greater near the centre of
the channel where bubbles accumulate. One would expect the
effects of fg to average out over time, but this has not been
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observed in, e.g., the mean repulsive force components in Fig-
ure 5 during the statistics collection time. Thus, the repulsive
force may induce a net forcing effect in the flow. Despite each
component fluctuating around a zero value across the channel,
the net effect on each direction, calculated by integrating the
curves in Figure 5 along x*, is not zero (see Table 1). How-
ever, mesh refinement helps decrease the net effect of fz sub-
stantially, with some force components decreasing up to an or-
der of magnitude between a resolution given by x;} = 1.4 and
aresolution given by x;; = 0.7.

Table 1: Net repulsive force in [N/m?] obtained by inte-
grating the curves in Figure 5.

Case ?Rx ?Ry 7RZ
a=12%,x;=14 08399 -0.9438 0.9184
a=12%,x},=0.7 -0.2430 -0.0275 0.3828
a=24%,x} =14 15519 -3.7560 0.8828

o0=24%,x)=0.7 -0.1880 -0.2920 0.4248

The magnitudes of fz shown in Figure 5 or Table 1 are in-
deed much smaller than the driving forces in the channel, but
they can still be responsible for introducing asymmetries in the
flow, especially along the wall-normal or spanwise directions.
To contextualize this, Figure 6a shows the distribution of the
mean body forces including the driving pressure gradient %
and gravity, which only act in the streamwise direction. In
general, the combined effect can be locally one to two orders
of magnitude greater than fz. Note that in this one-fluid for-
mulation, an additional body force exists, i.e., surface tension.
However, a similar analysis of f5 is out of scope of this paper.

Lastly, the impact of fg in the context of turbulent kinetic
energy (TKE) production is analysed. By 19ﬂ<ing at the equa-
tion for the Favre averaged TKE, k = %u;’ug’ , specific TKE
production terms characteristic of bubbly flows (or buoyant
flows) are identified (Nemati et al., 2021), i.e., —ﬁu?’gy. This
term is shown in Figure 6b showcasing how the relative move-
ment of bubbles across the carrier phase is responsible for TKE
production around the centre of the channel. Thus, the larger
velocity fluctuations reported in Figures 3¢ and 3d compared
to the single-phase channel flow. Note that the effects of flow
asymmetries are even more pronounced here.

Similarly, one can derive the repulsive force production
term, given by u/ fl/?,»' Here, and for k, Einstein summation
convention is used. The repulsive force TKE production is
shown in Figure 6¢ and, as expected, its influence region is
around the channel centre where bubbles cluster and the repul-
sive force is active. The contribution to TKE is not negligible
and of similar magnitude as the buoyancy production term, es-
pecially for oo = 2.4% where a higher concentration of bubbles
exists. With mesh refinement, the TKE production associated
with fg decreases. This observation partially explains the dif-
ferences in the velocity fluctuations reported in Figures 3¢ and
3d with respect to the reference data from Nemati et al. (2021)
and shows that, despite the computationally friendlier setup of
handling bubble coalescence with a repulsive force, a cost is
paid in terms of capturing the correct turbulence statistics if fg
is predominantly active in the flow.

CONCLUSIONS

This work has implemented a repulsive force formulation
to prevent bubble coalescence in a bubbly turbulent channel
flow in downflow conditions. The turbulence statistics have
been validated against a previous numerical work based on a
multiple markers approach where coalescence is prevented by
tracking each bubble individually. While optimized workflows
exist to handle multiple markers, the framework still suffers
from additional computational overhead compared to adding a
new body force in the Navier-Stokes equation.

While the validation is quantitatively successful, the re-
pulsive force may enhance flow asymmetries when coupled
with the particular numerical modelling approach. We show
that the repulsive force net effect is not negligible in terms of
driving the flow in the streamwise, wall-normal and spanwise
directions. Moreover, the repulsive force contributes to pro-
ducing turbulent kinetic energy around the cluster of bubbles.
Thus, partially explaining the differences in velocity fluctua-
tions near the centre of the channel between our work and the
reference data. As expected, these perturbations on the flow
development vanish as the mesh is refined.

The analysis of the impact of the repulsive force on the
turbulent flow motivates the need to improve such modelling
frameworks in future work. For example, removing the con-
straint related to tuning the model’s coefficients or identifying
pathways whereby directionality is embedded in the formu-
lation, i.e., whether two conflicting bubbles are actually on a
collision path. These could be explored to minimize the acti-
vation of fz in the flow and the impact on turbulence statistics.
Moreover, the integration of the repulsive force with scalings
derived from film drainage theory could allow certain physics-
based control on the bubble coalescence phenomena, i.e., tun-
ing the force magnitude to ensure bubbles bounce or merge
according to drainage time scales.
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Figure 1: Snapshot of wall-normal velocities on an xy-slice of the turbulent channel bubbly flow with Re; = 180 and @ = 2.4%. The
black iso-contours represent the bubble’s interface where C = 0.5.
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Figure 2: Validation of the single-phase turbulent channel flow with Re; = 180 against data from Moser et al. (1999). (a) mean
streamwise velocity; (b) root mean square (rms) of velocity fluctuations. The velocities are non-dimensionalized by u;.
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Figure 3: Turbulent channel bubbly flow with Re; = 180 compared against Nemati et al. (2021) for total void fractions of ot = 1.2%

and o = 2.4%. The velocities are non-dimensionalized by u;. (a) mean streamwise velocity; (b) mean streamwise velocity weighted
by the volume fraction C; (c) rms of velocity fluctuations for o0 = 1.2%; (d) rms of velocity fluctuations for @ = 2.4%.
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Figure 4: Turbulent channel bubbly flow with Re; = 180 compared against Nemati et al. (2021) for total void fractions of & = 1.2%
and o = 2.4%. (a) mean void fraction; (b) rms of density fluctuations normalized by the mean density for ot = 1.2%.
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Figure 5: Mean repulsive force in the turbulent channel bubbly flow with Re; = 180 for total void fractions of & = 1.2% and ot = 2.4%.
(a) mean wall-normal component; (b) mean streamwise component; (c) mean spanwise component.
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Figure 6: Characteristics of the turbulent channel bubbly flow with Re; = 180 for total void fractions of & = 1.2% and &t = 2.4%. (a)
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mean driving force in the streamwise direction; (b) buoyancy TKE production term; (c) repulsive force TKE production term.



