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Abstract In falling film reactors, the time scale of reaction is typically faster than
the time scale of the mass transfer; hence the overall efficiency of the reactor is
limited by the rate of mass transport to the reactive interface, which in turn depends
on the effective surface area between the liquid phase and the gas phase. Therefore,
the performance of these reactors strongly depends on how well the wavy interface
dynamics and their influence on the reactive transport are understood at the most
fundamental level. In this work, we focused on the numerical analysis of the wavy
interface for alternative liquid distribution strategies with Smoothed Particle Hydro-
dynamics (SPH). In particular, we investigated the flow development in the entrance
region and how it evolves into a fully developed region. We also analyzed the film
statistics by extracting the probability density functions of the local film thicknesses
in both time and frequency domains. Comparisons between SPH simulations and
the available literature confirmed that the deployed numerical solution methodology
can capture the global interface dynamics. However, higher residence times must be
computed to fully capture the complex local mixing patterns in the fully developed
region, which cannot be captured with periodic boundary conditions.

1 Introduction

The utilization of gas-liquid contact reactors is a popular strategy in the chemical
industry for dealing with interfacial transport problems, such as passive cooling
systems, gas cleaning units, and chemical absorbers. Depending on the physical
and chemical properties of the gas and liquid phase, the operating conditions, and
the reactor configuration, concentration profiles exhibit unique characteristics. For
example, when the time scale for diffusion is much longer than the time scale for
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reaction (i.e., Hatta number (Ha) > > 1), asin the case of C O, chemical absorption, all
the reactions occur within the film, and the yield is dictated by the effective interfacial
area achieved per unit volume. In practice, it is possible to enhance the absorption
process by a factor of 20 (on average) for the common C O, absorbents if the interface
dynamics are properly tuned [16, 35]. Therefore, there lies a great opportunity to
improve the reactor performance via engineering the gas-liquid interface, which
in turn will smoothen the transition of novel technologies such as C O, capture in
practice. Realization of this potential, however, requires a thorough understanding
of the complex interface dynamics, including the transient film thicknesses, velocity
distributions, and the simultaneous mass transfer process taking place in a very thin
concentration boundary layer (<100 wm [19]).

The utilization of mathematical modeling to identify the coupled mass transfer and
flow dynamics at gas-liquid interfaces has received significant attention, and it has
a long history. The vanilla strategy in gas-liquid contact reactor modeling utilizes
the enhancement factor (E) models dating back to the early 20th century. Since
then, a variety of models have been developed for different gas-liquid mass transfer
problems. The dependency of E on Ha is expressed differently depending on how
the mass transfer dynamics are approximated, i.e., by using the film, penetration, and
surface renewal theories [13]. Unfortunately, such simple models have been shown
to fail to reproduce experimental measurements even for integrated (temporally and
spatially averaged) C O, mass transfer rates for a variety of operating conditions
[29]. Another simplifying approach exploited in the last couple of decades is the
approximation of film dynamics analytically by combining the diffusion and reaction
source terms via linearization or using empirical correlations [38], which also fails
to mimic the dynamic nature of the interface [27].

A more comprehensive approach is the use of computational fluid dynamics (CFD)
to analyze the mass transfer across the interface, as it has the potential to provide
information on the coupled fluid dynamics and reactive transport across the film,
which is not easily accessible from the experiments. In fact, the simultaneous solution
of the two-phase Navier-Stokes and mass transfer equations is an active research field,
yet the progress achieved so far has been limited compared to stand-alone free surface
flow problems [5]. The challenges of reactive transport modeling stem from the large
jumps in density, species concentration, and viscosity across the wavy liquid-gas
interface. The corresponding prerequisites of the CFD approach then become (i) an
accurate and sharp representation of the gas-liquid interface, (ii) the ability to capture
discontinuities, local penetrations, and mixing of the phases, (iii) high temporal and
spatial resolutions, (iv) easiness of incorporating chemical kinetics, (v) possibility to
trace reaction fronts on top of the interface tracking and (vi) computational efficiency
on parallel architectures.

Lagrangian methods offer an alternative to alleviate these issues, for which the
SPH is a strong candidate. Noticeable recent examples with experimental validation
related to the modeling of interfaces and wetting phenomena are the uphill movement
of aliquid droplet over inclined surfaces [10], droplet wetting behavior on smooth and
rough surfaces [21], flow through porous structures [2], rivulet dynamics on surfaces
with different wettabilities [25], flow over micro-structured surfaces [22], droplet



flow on inclined structured surfaces [31], the impact of an oblate drop [34], low-
speed impact force [39] and fluid-front instabilities in smooth and rough fractures
[31]. The capabilities regarding the modeling of wetting phenomena have also been
further extended very recently, particularly for the liquid film rupture [33] and super-
hydrophilic surfaces [28]. With respect to the implementation of the mass transfer and
the reaction kinetics, the SPH has been utilized for (i) modeling reactive transport and
precipitation in a porous medium (via discretizing the diffusion-reaction equation)
[24, 32], (ii) evaluating the concentration field of pollutants in a water tank (only
diffusion) [3], (iii) C O, sequestration in porous media [4], (iv) multi-component
mass transport in the Stefan tube [17], (v) phase separation in ternary mixtures [18],
(vi) espresso extraction [14] and (vii) large particle dissolution under flow [30].

In the current work, our focus was mainly set on creating a virtual test rig to
analyze the hydrodynamics of the gas-liquid interface, which is the very first step for
the dimensioning of the large experimental test rig before its construction. For that
purpose, SPH simulations were conducted using alternative liquid distributor designs
in large-scale reactors to capture the transition from the entrance region to the fully
developed region for the liquid phase. The results were compared with the available
measurements to validate the methodology. Furthermore, practical concerns such as
the effect of gas flow rate on the interface dynamics and possible simplifications in
the solution domain for higher computational efficiency were discussed.

2 Numerical Method

In order to simulate the multiphase flow of air and the liquid film, the SPH method is
used to solve the Navier-Stokes equations. The Lagrangian form of the continuity and
momentum equation is required to derive the SPH schemes for calculating density
p, velocity v, volume forces f, shear stresses T and static pressure p as a function
of space and time ¢:
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In the present study, the mass of each particle is set constant, resulting in inher-
ent mass conservation. A scheme as introduced by Espanol et al. [15] is used to
compute the density field. The symmetric scheme is used to discretize the pressure
gradient as it conserves linear momentum. Viscous forces are taken into account by
following the formulation of Hu and Adam [20]. Following the weakly compress-
ible approach, pressure is determined by means of the Tait equation with additional
background pressure to avoid tensile instability [23]. Surface tension is represented



by the Continuum Surface Force model [1]. In all cases, particles are flagged by
individual ID numbers, which offer the opportunity to track each particle inside the
computational domain at each time step.

3 HPC Characteristics of the Code

The SPH code used for the present study is the recent version of the turboSPH,
written in C++ and parallelized by means of MPI. Performance tests based on Allinea
Performance Reports demonstrate that the implementation is dominantly compute-
bound. The writing frequency is quite low, and file I/O is efficiently handled by using
MPI I/O. As file I/O is not critical, the utilization of many computing nodes at a time
is justified aiming for higher computational performance. The required memory per
node is dominantly determined by the number of particles per MPI subdomain. The
available memory per node is sufficient for the type of SPH predictions performed
in this study.

The parallelization concept of the turboSPH code is based on a pure MPI imple-
mentation. In order to provide an equal load to each MPI process, the computational
domain is statically decomposed during pre-processing. In the current two-phase
simulations, all particles are evenly distributed in space, which greatly facilitates the
partitioning of the domain. At the interfaces of all MPI subdomains, a classical ghost
particle approach is used in order to communicate information between the different
MPI processes. The domain decomposition begins with the creation of a bounding
box around the complete computational domain. In the next step, the bounding box is
split into smaller rectangular cuboids. Herein, each cuboid represents one MPI sub-
domain. Ideally, the process stops once all cuboids contain the same average number
of particles per MPI process. It should also be noted that the underlying numerical
approach is a particle-based method, and the neighbors of each particle are required
at each time step to update scalar/vector quantities of interest. This is done by a list-
search algorithm on a Cartesian background grid which shows a complexity of O(n).

Because the application is compute-bound, strong scaling is of primary impor-
tance for overall efficiency. In an earlier version of the code, the strong scalability
was approximately 0.77 on 4000 cores, with an ideal behavior of 1. However, it
was observed that the node-level performance was not optimal. Within the last few
versions, several improvements were made, particularly in data management. It was
changed from an array-of-structure to a structure-of-array architecture, which showed
a more cache-friendly behavior. In accordance, the recent implementation allows the
simulation of a larger physical time at the same computational resources than in the
old versions, which is of critical importance for large-scale reactor simulations. In
particular, the current code structure demonstrated superior performance compared
to a commercial code and to an open-source code at the same computational con-
figuration (Fig. 1), which enabled 30 fold increase in simulated physical time per
invested CPU-hour [7]. It has been further demonstrated that the code can handle
up to 10 billion particles and shows acceptable strong-scaling characteristics up to
10,000 cores [6, 8, 9, 11, 12].
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Fig. 1 Computational performance of the in-house developed SPH code. Test conditions: 1.5
million cells/particles, 1 h wall clock time, 2D geometry, two-phase flow

4 Computational Setup

The applicability of the outcomes of this work into practice strongly depends on how
well the virtual test rig represents the real operating conditions. In accordance, we
first looked into the expected film thicknesses as a function of liquid mass flow rate
to determine the required spatial (hence temporal) resolution in the SPH domain.
The Re number range for water is selected as 10—1000 to ensure a wavy flow regime
for water (Kapitza (Ka) number >3800) [40]. The superficial gas velocity range is
set as 1-10 cm/s, following the heuristics for gas-liquid contact reactors. From the
available empirical correlations [26], the mean film thickness in the wavy region is
found to be around 100 um to 400 um (it should be reminded that this value is likely
to underestimate the true mean values in flat surfaces). Variations in the measured
film thicknesses in time for similar flow conditions [36] further indicated that the
instantaneous film thickness could be a couple of times larger than the mean value;
hence instantaneous film thicknesses are expected to be between 100 and 1000 pm.
Based on these heuristics, a mean liquid inlet velocity of 10 cm/s with an initial film
thickness of 1 mm is set at the inlet boundary. Gas velocity was changed between 1
and 50 cm/s for alternative scenarios. In order to balance the requirements for high
spatial resolution and the long simulation times, a spatial resolution of 50pm was
selected.

The exact wave characteristics cannot be known a priori; therefore, it is difficult to
define the height of the virtual reactor to capture these wave dynamics. Nonetheless,
as the wavelengths are expected to be less than 10 cm in Re = 100 — 1000, we started
with an effective reactor height of 20 cm, which was later extended up to 1 m height.
Since the three-dimensional waves are chaotic in nature, we started with 2D systems
to capture an ordered behavior, which is the very first step towards understanding
the hydrodynamics of the wavy film flows.

With respect to the liquid distributors, we have tested three configurations shown
in Fig.2 as a starting point. In Case A, we assume to deploy a narrow-slit type
distributor through which the solvent is fed. In Case B and C, we tested the effect of
“film conditioning” on the evolution of the thin film flow.

All simulations were conducted with a temporal resolution of 14 MHz (At ~
70ns), while the quantities of interest (positions, velocity components, pressure,
density, fluid type, and unique particle IDs) were exported with a frequency of
250 Hz. Two-phase flow within the 20 and 100 cm height reactors were modeled
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Fig.2 2D reactors implemented in the SPH domain. Case A—C: short 20 cm reactors with different
liquid distributor geometries, Case D: 100 cm reactor case, Case E: 20 cm reactor with periodic
boundaries

for a simulated time of 6 and 14 s, respectively. The required computing times for
the long reactor simulations were over one million CPU hours using around 1000
cores. The simulation has over 3 million particles per run, running for 1.8 million
time steps at the same temporal resolution mentioned above (14 MHz). For periodic
boundary conditions, the number of particles was cut-off to 4 hundred thousand.
Therefore consuming only over half a million CPU hours and runs for 1.2 million
time steps. The voluminous raw data is then post-processed to extract the local film
thicknesses and velocity components at every stored time step. Data extraction is
done by mounting “virtual probes” along the reactor, which record both the film
thicknesses and velocity components.

5 Results and Discussions

5.1 Falling Film Dynamics in the Entrance Region

Our objectives in these virtual tests were (i) to investigate the transient nature of
the wavy interface, (ii) to determine the time required for steady conditions, (iii) to
find the height required to reach developed flow, and finally (iv) assess the effect
of liquid distribution on the developing wavy interface. For that purpose, we first
investigate the film dynamics at small reactor configurations with three different
liquid distributor designs (Fig.2).

The development of the local film thicknesses for all three cases is shown in Fig. 3.
In all cases, it takes about 1 s to wet the reactor surface, where the initial wetting
can be detected as a sudden increase in the film thicknesses. After the wetting,
an oscillatory behavior was observed, which grows downstream of the liquid inlet.
For the base case design (Case A), it is seen that there are some brief periods of
time where the film thickness drops to zero (e.g., t = 2.7 s at 18 cm), indicating
a partial wetting which is not desired. After reaching relatively steady conditions
(t>3 s), partial wetting is still observed at around 5 s. Furthermore, the wavy film
thickness profile still exhibits large local oscillations growing downstream. This is
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Fig. 3 Left: Temporal variations in falling film thicknesses for three different liquid distributors.
Each curve represents the instantaneous film thickness at the given location, y. Right: PDFs of film
thicknesses at different locations (statistics are derived for 3—6 s). Y-axis is in the direction of gravity

accompanied by a decrease in the mean film thickness as the film flows downstream.
At the exit, the average film thickness was found to be around 0.52 mm. It should be
noted that the model predictions on the average film thickness match perfectly with
the experimental data [37] for the same Re number range.

In an attempt to overcome the growing instabilities and the partial surface wetting,
we introduced better flow conditioning with a liquid distributor, for which the liquid
thickness at the exit is set to be 1 mm and 0.5 mm respectively, to condition the film
thickness to the expected range seen in Case A. As can be seen from Fig. 3, the reactor
walls were completely wetted within the first second for both Case B and C. With
the flow conditioning, however, flow stability has been increased noticeably, and the
partial wetting problem in later times was alleviated completely. At a closer look,



fluctuations of film thickness at yb = 16 cm and y = 18 cm were even getting closer
(i.e., converged) when we forced the film to flow through a gap of 0.5 mm (Case C).
For both Case B and C, the deviations in the film thicknesses were also much smaller
compared to Case A. In other words, with proper guidance of the downstream flow, it
may be possible to reach the developed conditions at smaller residence times (hence
reactor volumes).

We further looked into the film statistics by extracting the probability density
functions (PDF) of the local film thicknesses at relatively stable conditions (Fig. 3,
statistics are derived for ¢+ > 3 s). Close to the liquid distributor (y = 2 cm), the
PDF has symmetric variation around a mean value (horizontal line in the box plot),
yet we still observe the nucleation of additional waves, resulting in small hills at
the higher end of the PDF. Herein, the largest peak can be considered as the film
substrate thickness, while the width of the PDF is a measure of the film’s waviness.
As we go downstream of the reactor (Fig.3, y = 18 cm), the width of the PDF
broadens, i.e., multiple wave structures evolve. Towards the exit of the reactor, the
mean film thickness is lowest, fluctuating at a much greater extent (i.e., box size)
due to nonlinear combinations of multiple wave structures. When the film flow is
modified with the distributor (Case B), it is seen that additional waves reflected as
small hills at the upper end of the PDF at 2 cm are suppressed. More importantly,
the flat PDF profile (Case A at 18 cm) is replaced by a curve, indicating a more
dominant, single wave. When the liquid inlet is further conditioned with a narrower
exit gap (Case C: gap width is set to expected averaged film thickness), the impact of
the liquid distributor can be seen even very close to the inlet (at y = 2 cm), where the
film thickness was forced to be narrower (0.5 mm, compared to the previous gap of
1 mm). Herein, the PDF function takes a much narrower distribution even at 18 cm
downstream of the distributor exit. Moreover, the fluctuations in the film thickness
were more symmetric and had a much smaller variance.

The hypothesis of multi-wave flow can be tested by transforming the wave signals
into the frequency domain via Fast Fourier Transform (FFT), as shown in Fig.4.
Herein, the x-axis shows the spatial frequency of the individual waves, which explains
the longitudinal spread. On the other hand, The y-axis gives the amplitude of the wave
at a given frequency (i.e., power spectral density (PSD)). In the spectral coordinates,
itis clearly seen that multiple large amplitude waves evolve at low frequencies along
the reactor, which in turn leads to the flatter PDFs in the film thicknesses in Case A
(Fig. 3). The PSD signals (Fig.4) further reveal that the amplitude of the large peaks
corresponding to the rolling waves gets smaller and more stable for Case B and C,
whereas the spread of the lower frequency wave events gets even narrower for Case
C. It is worth noting that a cascade of smaller amplitude capillary waves is visible in
all cases.



Case A ' Case B Case C

Amplitude

| L Sl I » . . )
5 2 4 60 80 00 120 6 20 40 60 80 00 120 (] 2 40 60 80 00 120

Frequency Frequency Frequency

Case A ) Case B Case C

Amplitude

0 20 40 60 80 100 120

Frequency Frequency Frequency

Fig.4 Power spectrum density (PSD) for the film thicknesses in Case A, B and C. FFT is performed
on film thickness profiles calculated between 3 and 6 s

5.2 Analysis of the Fully Developed Film Flow

The waviness of the thin film flow has been stabilized in 20 cm reactor configurations
by conditioning the liquid film inlet. Nonetheless, the film flow dynamics have not
been converged statistically yet along the reactor, which can be seen directly through
the differences in the PSD curves at 12, 16, and 18 cm in all cases (Fig.4). The film
flow started to converge, yet 20 cm height was not sufficient to capture the developed
region. In other words, there is a need to extend the simulated reactor height at least
a couple of times to be sure of capturing the transition to the wavy developed flow. In
accordance, Case C has been extended with a total reactor length of 100 cm as Case
D (Fig.2) to study the fully-developed film wave dynamics. Herein, the simulated
time is extended to 14 s, with an increased liquid mass load (= 3 * m;iguiq)-

Figure 5 shows the variations in the film thickness in time at different reactor
heights. One immediate observation is the extended range of the observed film thick-
nesses, which is 23 fold larger than the maximum value in a 20 cm reactor case. The
wave dynamics are also much more complex than in the previous case, which can be
attributed to the increased Re for the film flow. Another interesting observation at the
meter scale reactor is the “droplet collisions”. It is seen that liquid typically accumu-
lates at the tip of the distributor plate, grows in size, and drips over the formed base
liquid film (Fig.6). Downstream of the distributor exit, these sliding droplets may
further collide with previously dripped ones, creating a much larger droplet together.
Such events are seen as large peaks in the virtual film thickness measurements. The
occurrence of large peaks gets less prominent beyond 60 cm in the flow direction
and is dispersed in the multiple wave structures discussed above. Nonetheless, such
disturbance creates instabilities in the film, particularly in the first half section of the
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Fig. 6 Illustration of merging droplets along the liquid film. From left to right: accumulation of
the liquid at the distributor, droplet detachment, droplet dripping over the base film, and merging
surface waves

reactor, leading to partial wetting of the surface. It should be highlighted that such
complex flow events could not be captured if the flow domain is small, underlining
the need for conducting large-scale simulations to capture the effective surface area
in the developed flow region.

Similar to Case A—C, the statistics of the film dynamics have been investigated
with FFT in the long reactor for the latest three seconds time interval (Fig. 7, between
11and 14s5). Itis seen that both the low frequency-high amplitude and high frequency-
low amplitude wave structures yield quite similar PSD signals. Beyond 60 cm, the
wave structures do not change and yield almost identical scaling. The similarity gets
much more visible when the PSD signals of 20 cm cases are compared to the 100 cm
reactor configuration: the curves at y = 60 and 80 cm are much closer to one another
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Fig. 7 Power spectrum density (PSD) for the film thicknesses in Case D and Case E. FFT is
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than 16 and 18 cm of the shorter cases. This observation is of critical importance
as it highlights the potential of HPC modeling of reactor configurations for system

prototyping.

5.3 Predictive Accuracy of Periodic Boundary Conditions

One of the common practices in the modeling community is to deploy periodic
boundary conditions to mimic large systems to reduce computational costs. In the
case of falling film reactors, such simplifying assumptions is helpful as the com-
putational cost mainly arises from the simulation time (order of at least seconds),
which has to be reached with fine temporal and spatial resolutions (in the current
study, time marching is performed in ns range with a spatial resolution of microm-
eters costing approximately 1 million CPU hours per case). In order to assess the
predictive accuracy of periodic boundary assumption, Case D (100 cm) is used as a
benchmark, and Case E (Fig.2) is analyzed with respect to mean flow statistics for
the same flow conditions. In the periodic case, the domain is discretized with the



same particle resolution, for which the simulation reached 14 s of physical time with
220,000 CPU hours (20% of the reference case).

Figure 5 shows the variations in film thickness for both the periodic boundary
assumption (Case E) and the reference solution (Case D). The periodic approximation
was found to smooth the complex flow structures along the developed region (y > 60
cm) and can only capture high-frequency (small) wave structures. The base film
thickness remained the same throughout the simulation at around 0.5 mm, which
was the initial film thickness passed as an initial condition. None of the complex
events could be observed with the periodic boundaries.

The corresponding statistical variations in film dynamics are illustrated in Fig.7.
PSD analysis reveals that the periodic solution could not capture the high amplitude-
low frequency waves (i.e., large waves) at all. Low-frequency components in the
periodic case have the same amplitude as the capillary waves and the growth of
large rolling waves could not be simulated. These comparisons indicate that we
cannot afford to approximate the wavy gas-liquid interface with simplifying boundary
conditions and need to resolve the whole interface.

6 Conclusion

e A virtual test rig in the SPH domain has been tailored for the gravity-driven thin
film flow reactor under realistic flow conditions.

e Conditioning the flow with a distributor plate increased the flow stability and
alleviated the partial wetting problem at small length scales.

o FFT analysis of the wavy interface at relatively steady conditions revealed that sim-
ple heuristics can underestimate the minimum reactor height to achieve developed
flow conditions.

e The periodic boundary approximation could not capture the multiple wave struc-
ture that forms the gas-liquid interface. None of the low-frequency waves could be
replicated with this simplifying assumption, underlining the need to fully capture
the whole gas-liquid interface with open boundaries.

e Future work includes the analysis of developed multiple wave structures to con-
struct low-order models and the assessment of the free surface flow approximation.
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