Interface enhancement with textured surfaces in
thin-film flows

Karthik Vigneshwaran MUTHUKUMAR?*, Cihan ATES*,

Rainer KOCH, Hans-Jorg BAUER
Institute of Thermal Turbomachinery
Karlsruhe Institute of Technology
Karlsruhe, Germany
*karthik.muthukumar @kit.edu, *cihan.ates @kit.edu

Abstract—The interfacial area between the fluid and gas phases
plays a significant role in the diffusion and mass transfer-
controlled processes. For reactive transport, as in the CO,
absorption in thin-film flows, the time scale of the reaction can
be much faster than the time scale of the mass transfer. We,
therefore, moot that the absorption rates per volume reactor
can be increased if the surface renewal at the interface is
enhanced via textured surfaces over which the liquid film flows.
Realization of this uncharted potential, however, requires a
precise understanding of the complex dynamics between the
transient film thicknesses, velocity distributions, and modified
surfaces. Hence, we need an accurate and sharp representation
of the very thin gas-liquid interface and the ability to capture
discontinuities, local penetrations, and the mixing of phases at
high temporal and spatial resolutions. In this work, to the best
of our knowledge, we investigated for the first time how different
surface textures influence the film hydrodynamics and how it is
reflected onto the interfacial area statistics at steady conditions
using Smoothed Particle Hydrodynamics (SPH). In particular,
the effect of structured surfaces on the film hydrodynamics is
analyzed statistically for two different texture geometries at two
different number densities. In addition, the surface wettability
effects are investigated parametrically at three different contact
angles. We also analyzed whether texturing help to redistribute
the liquid phase to eliminate partial wetting observed in cases of
smooth surfaces. Results show that (i) variations in film thickness
are strongly influenced by both the presence and number density
of textures and (ii) textures can increase the interfacial area
by at least six times for the tested cases while alleviating the
partial wetting problem. The numerical observations are further
confirmed by experimental tests, which also show that with the
right blend of geometry, orientation, and density of textures, we
can potentially enhance the interfacial area for practical problems
such as C'O2 absorption.

[. 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 clean-
ing units, and chemical absorbers. The contact reactors include
fixed-bed and bubble columns, membrane reactors, and falling-
film reactors. The latter refers to a gas-liquid contactor, where
the liquid film flows down a wall or pipe under the influence
of gravity, and the gas is conducted counter-currently. Falling-
film reactors are mainly characterized by very good heat
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and mass transfer characteristics and are used in chemical
processes (e.g., hydrogenation, sulfonation, chlorination, COs
absorption).

In falling-film absorbers, gas molecules are continuously
transported from the gas to the liquid phase. The gas molecules
exhibit characteristic concentration profiles depending on the
physical and chemical properties of the gas and liquid phase,
the operating conditions and the reactor configuration. In the
case of C'Oy absorption, the competition between the mass
transfer rate at the surface and the reaction rate in the liquid
film creates large C'O2 concentration gradients within the
liquid film since the characteristic reaction time is typically
smaller than the characteristic diffusion time within the film
surrounding the liquid phase. This influence of chemical
reaction on absorption dynamics is traditionally characterized
by an enhancement factor (E) that depends on a parameter
called Hatta number (Ha), which describes the ratio between
the diffusion and the reaction time scale. When Ha >> 1,
as in C'Oy chemical absorption, all 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 COy absorbents if the interface dynamics are prop-
erly tuned [1], [2]. 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'O5 capture in practice. The 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 um [3]).

The use of mathematical modeling to understand the cou-
pled mass transfer and flow dynamics at gas-liquid interfaces
has been extensively researched for many years. One popular
method for modeling gas-liquid contact reactors involves using
enhancement factor £ models, which date back to the early
1900s. Over time, several models have been developed for dif-
ferent gas-liquid mass transfer problems. The expression of E’s
dependence on the dimensionless group Ha varies depending
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on the approach used to approximate mass transfer dynamics,
such as the film, penetration, and surface renewal theories [4].
However, these simplified models fail to reproduce experimen-
tal measurements, even for temporally and spatially averaged
C O mass transfer rates, for various operational conditions [5].
Recently, there has been a trend towards approximating film
dynamics analytically by combining diffusion and reaction
source terms through linearization or empirical correlations
[6], which also cannot fully capture the dynamic behavior of
the interface [7].

A more comprehensive method for analyzing mass trans-
fer across the interface involves using computational fluid
dynamics (CFD), which can offer insights into the coupled
fluid dynamics and reactive transport across the film that are
not easily obtainable from experiments. However, progress in
simultaneously solving the two-phase Navier-Stokes and mass
transfer equations has been limited compared to stand-alone
free surface flow problems [8], despite being an active research
field. The main difficulties in reactive transport modeling arise
from the significant jumps in density, species concentration,
and viscosity across the undulating liquid-gas interface, which
necessitates (i) an accurate and sharp depiction of the gas-
liquid interface, (ii) the ability to capture discontinuities, local
penetrations, and phase mixing, (iii) high temporal and spatial
resolutions, (iv) ease of incorporating chemical kinetics, (v) the
ability to track reaction fronts on top of the interface tracking,
and (vi) computational efficiency on parallel architectures.

Most of the available studies investigating the interface
motion in multiphase flows are limited either to momentum
transfer [9], [10] and/or mass transfer across the interface
without chemical reaction [11], [12]. From a chronological
point of view, the first continuous concentration profiles were
implemented on both sides of the interface [13]. In the
following years, mass transfer calculations were extended
to include thermodynamic equilibrium for species transport,
which introduced the jump concentration profiles into the
computational domain within the VoF method [14]. In the case
of the level set method, concentration discontinuity was solved
with a special transformation function coupled to the one-
fluid formulation for a single droplet [15]. This transformation
made the modified variables continuous at the interface by
introducing more unknowns in an attempt to satisfy mass
flux continuity, which complicated the implementation of the
method. More advanced representations of the concentration
jumps have been implemented in the following years deploy-
ing sophisticated algorithms as in [16].

Despite these improvements, the biggest challenge in the
field of interfacial mass transfer still remains. In a typical
gas-liquid system, the thickness of the concentration boundary
layer is much smaller than the hydrodynamic boundary layer,
for which the ratio reciprocally scales with the square root
of the Schmidt (Sc) number [17]. Considering the range of
the Sc number in these applications (100-1000), additional
computational techniques are needed to resolve the concen-
tration boundary layer. For instance, Darmana et al. [18] used

the immersed boundary method to track the interfacial mass
transfer and had to implement a mesh three times finer than
the hydrodynamic mesh for the convergence of species even
for Sc = 1. While a non-reactive boundary layer with a high
Sc is already challenging, the complexity of the problem
drastically increases for reactive transport as the concentration
profile is further steepened by the reactions. This challenge
has been addressed in a couple of studies to some extent.
In one case [19], the problem was a 2D stationary bubble
solved on fixed mesh, while in the other [20] level set
method was used for modeling the reactive transport for a
2D droplet. In a more recent work [21], reactive transport
around a deformable gas bubble rising in a liquid phase
was investigated. An important highlight of the study is the
fact that they carried out the hydrodynamic computations on
a 200 x 600 grid, whereas the mass transport calculation
was performed with a grid resolution of 2000 x 6000. It
should also be reminded that momentum and mass transfer
equations are solved sequentially, and the solutions obtained
at different grid resolutions must be remapped between the
solvers, which creates another difficulty. The other alternative
is the utilization of sub-grid scale models, which have been
used for deformable gas bubbles in liquid [16]. However,
their utilization in reactive transport is not straightforward
[22] and, at best, is limited to the application range of the
deployed model. As also can be seen from the examples,
the main application of grid-based solutions is related to
hydrodynamically less complicated problems, such as single
droplets [23] or rising bubbles [16], [24], compared to the
dynamic nature of the wavy interface observed in gas-liquid
thin film reactors. Another issue is related to the interface
representation within the computational cells. For instance,
in the VoF approach, the interface is calculated from the
volume fraction function, which tracks the volume of fluids
in computational cells rather than the interface itself. Then,
in mass transfer calculations, the gradient of volume fraction
is utilized to calculate the effective mass transfer area for
the source term, which is further coupled with a sub-grid
mass transfer model such as Higbie to evaluate mass transfer
rates [3], [25]-[27]. Moreover, the utilization of the volume
fractions for calculating the effective physical properties leads
to incorrect representations of the true heterogeneous nature
observed at the interface [28].

Lagrangian methods offer an alternative to alleviate these
issues, for which Smoothed Particle Hydrodynamics (SPH) is
a strong candidate. The advantage of the SPH is its ability
to handle the interface even at high density-viscosity ratios
in a natural and straightforward way. In particular, as the
continuum is represented by the Lagrangian fluid elements,
the position of the interface is immediately defined by the
particles’ positions. Hence, no reconstruction or tracking algo-
rithm is required. The same is true for the physical properties,
as they are stored for each fluid type within the Lagrangian
particles. The objective of the current work is to assess the
potential of surface texturing in increasing the effective surface
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area between the liquid (solvent) phase and the gas phase.
To achieve this goal, we performed simulations of falling
films on surfaces with two different textures and two different
number densities under three different wettability conditions.
The objective is to investigate whether texturing can help
redistribute the liquid phase and eliminate the partial wetting
observed on smooth surfaces at low Reynolds (Re) numbers.

II. FUNDAMENTALS
A. SPH - Schemes

The Lagrangian Smoothed Particle Hydrodynamics
(SPH) is used to solve the continuity and Navier-Stokes
equations assuming weakly-compressible flow to simulate
the multiphase flow. Therefore, the Lagrangian form of the
continuity and momentum equation is required to derive the
SPH schemes for calculating density p, velocity ¥, volume
forces f, shear stresses 7 and static pressure p as a function
of space and time ¢:

Dp =

= = =r(V-9). (1)
DT $p+ ¥ eor4of )
P = 2 of.

The physical domain is spatially discretized into particles. The
mass of the domain is distributed evenly between the particles
and is set constant. Hence, mass is conserved inherently. The
density field is computed as per Espanol et al. [29]. The pres-
sure gradient is discretized symmetrically to conserve linear
momentum. Viscous forces are calculated by the formulation
of Hu and Adam [30], and surface tension by the Continuum
Surface Force model [31]. Pressure is determined using the
Tait equation following the weakly compressible approach,
with additional background pressure to avoid tensile instability
[32]. In every simulation, particles are flagged by individual
ID numbers, which allow tracking each particle inside the
computational domain at each time step.

III. COMPUTATIONAL SETUP

One of the motives for introducing textures to the reactor
wall is to decrease the contact angle, thereby increasing
wettability and alleviating partial wetting completely. Because
texturing affects the surface roughness and with the right
combination of texture properties, one can decrease the contact
angle between liquid and solid. Hence the work interests in
studying the effect of contact angles on film hydrodynamics.
Therefore, three test cases with increasing contact angles,
namely 20°, 30°, and 40°, are studied. These initial studies
are done in 2D to understand the basic effects of texturing
extensively by running multiple test trials with different spatial
and temporal resolutions at cheaper computational costs.

As for geometry, a computational domain of 0.1 x 0.005
m is constructed and discretized spatially with particles of
size 50um. The liquid and superficial gas velocities are 0.1
(Re = 55.55) and 0.75 m/s flowing in a co-current direction
in the direction of gravity. The simulation is initialized with

pre-wetted walls with a film thickness of 500 pm based on Nu
film thickness, which enables us to have a good initial estimate
to reach steady-state flow conditions faster. For textures, two
different geometries with two frequencies are chosen. Hence,
for each contact angle, we have four test cases with texture
and one test case with a flat reactor wall (Figure 1) :

1) T1 — Base case with no textured walls

2) T2 — Box-shaped textures of length 300 um and breadth
100 um separated by a distance x = 300 um

3) T3 — Box-shaped textures of length 300 um and breadth
100 pm separated by a distance z = 600 pm

4) T4 - Semi-circle-shaped textures of length 300 ym and
breadth 100 ym separated by a distance z = 300 um

5) TS - Semi-circle-shaped textures of length 300 pum
and breadth 100 pm separated by a distance z = 600 ym

Liquid inlet .
Gas inlet
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Liquid outlet
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Fig. 1. Reactor geometry with different textures

All test cases were run till a physical time of at least 7
seconds with a temporal resolution of 1.1MHz (At ~ 0.9 ns).
The film statistics were calculated between 4 — 7s, and
parametric quantities, such as positions, velocity components,
pressure, density, fluid type, and unique particle IDs, were
exported at 250 Hz. This voluminous data is then post-
processed to extract the local film thicknesses and fluid
interfacial length at regular frequencies. Data is read by
placing “virtual probes” along the reactor wall at 0.02m,
0.04m, and 0.07 m downstream from the inlet.

IV. EXPERIMENTAL SETUP

Parallel to the numerical investigations, we performed an
experimental campaign to create a benchmark dataset for
liquid film thickness and liquid distribution measurements. The
measurements are done in two steps: (i) chromatic confocal
distance measurement (Precitec, CHRocodile 2S 3 mm-sensor)
for point-wise film thickness measurements that are used to as-
sess the impact of film waviness and (ii) an in-house developed
light absorption method to quantify the liquid distribution over
the plate and film thickness distribution over the surface. All
plates were designed in Autodesk Inventor Professional 2023
and fabricated in-house from Plexiglas. All structures were
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created both in-flow and orthogonal to the flow directions with
changing sizes and number densities.

Figure 2(a) shows the experimental setup for chromatic
confocal distance measurement. The dye solution reservoir (1)
is connected to pump (2) via a fabric hose. The liquid reservoir
(3) is also connected to the pump via a fabric hose. The vent
valve (4) is connected to the liquid reservoir (3) via a hose.
The outlet hose (5) hangs in a collecting container with a
capacity of 20 liters. The measuring head (6) has a measuring
range of 3 mm. In this case, the light spot of the measuring
head is focused on the lower part of the falling film. In the
experiments, the sensor was focused on different positions on
the falling film. The measuring head is connected to the sensor
(7) via a fiber optic cable. Figure 2(b) depicts the experimental
setup for the light absorption method. Numbers 1 to 5 are
identical to Figure 2(a). Number 6 in this setup corresponds
to a Nikon DSLR camera, and number 7 corresponds to an
LED panel used as a light source. The experiments using the
light absorption method are carried out with the room lighting
turned off to prevent the recordings from being distorted
by light not coming from the LED panel. In addition, the
laboratory windows are covered with aluminum foil to prevent
measurements from being distorted by daylight. The collected
images are then post-processed via a calibration curve to
convert pixels to film thicknesses in the Matlab environment.

Fig. 2.  Experimental setup for chromatic confocal distance measurement
and surface film thickness measurement with light absorption.

V. RESULTS AND DISCUSSIONS
A. Parametric study on wettability effects

In the initial parametric study, we examined how wettability
affects the statistics of film thickness. However, it is important
to note the film’s Reynolds number (Re) before discussing
the results. Since Re significantly affects the film’s flow, it is
essential to determine the film’s Re to anticipate its behavior.
For this numerical setup, the value of Re = 55.55 is calculated
from the Nusselt film thickness value. With such a low Re,
partial wetting ( [33], [34]) can be expected, as evidenced by
the film thickness vs. time plot (Figure 3). In Fig. 3, there are
two plots shown. The left column shows the film thickness vs.
time plot for each contact angle with different textures between
4 — 7s. The right column shows a Fast-Fourier transform on
the film thickness values for all cases and displays a frequency
vs. amplitude graph. The results were taken at a distance of
7cm from the inlet downstream of the reactor.

The plot of film thickness reveals two important findings. First,
partial wetting becomes more severe in the absence of textures
with increasing contact angles. Second, the introduction of
textures completely eliminates the issue of partial wetting,
regardless of the textures and contact angles used. The graph
also demonstrates that, for high-density textures (72, T'4), the
film thickness values vary over a wider range than for low-
density textures (7'3,7'5). This indicates that the frequency of
textures significantly impacts the film dynamics, with uniform
and less spread film thickness for low-density textures.

The Power Spectrum Density (PSD) plot in the right column
confirms the previous findings. The X and Y-axes show the
frequency and amplitude of the waves, respectively. The PSD
analysis indicates that texture frequency can significantly alter
the amplitude of the wave components. In particular, low
contact angles with high texture density (12,74) can yield
a higher interfacial area due to the presence of high amplitude
waves in all frequency ranges. However, for textures 72 and
T4, the waves are more uniformly distributed throughout the
frequency spectrum. Moreover, regarding the geometry, the
waves tend to be smoother for rounded textures. The observed
inconsistencies may be due to the sharp edges acting as
obstacles, leading to mild liquid accumulation at the corners.
Currently, we are modeling flow over textured surfaces for
longer reactor configurations to gain better insights into the
relative effects in the developed regime.

B. Texture Effects on Interfacial Area

In this section, we examine the impact of textures and
their properties on the gas-liquid interfacial length and the
probability distribution of film thickness (Figure 4). We focus
solely on the interfacial length and measure it from 0.04m
downstream of the reactor, where the structures begin. Herein,
the interfacial length refers to the total length of the gas-liquid
interface in the 2D simulations at a given time t.
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In the post-processing step, the interfacial length is com-

puted for each exported time step after ¢ > 4 s.This 1D array
is then analyzed to compute the statistics of the interfacial
area for each case. The left column of Figure 4 shows the
Box-Whisker plots of these arrays. The right column displays
the probability density functions (PDF) of the film thickness
virtually measured at 7 cm downstream of the inlet at ¢ > 4
s. The box plots illustrate that in cases with no textures (71),
the interfacial length decreases with increasing contact angles.
This finding is consistent with the results from the previous
plots, which showed highly partially wetted surfaces at higher
contact angles. With the introduction of textures, however,
there is a notable increase in the mean length of the gas-
liquid interface. The mean interfacial length increases by a
factor of six in cases with contact angles of 30 and 40 when
surface textures are introduced. Interestingly, the trend in the
mean values is the same across all contact angles, with texture
T2 consistently having the highest mean interfacial length
value, followed by texture 7'4. This finding agrees with the
results obtained in the previous section, where we predicted
that textures 7°2 and 74 enable more high-frequency waves on
top of the low-frequency waves, compared to the textures 7'3
and T'5. In all cases, the obtained mean values are greater than
the length of the domain itself, suggesting that the textures
introduce wrinkles in the film interface, leading to a larger
contact area and hence higher absorption potential.
The PDF plots reveal that film thickness values remain nearly
constant in the absence of textures, indicating an absence of a
wavy interface. Moreover, the plots indicate that in the case of
highly dense textures (172 and T'4), film thickness values are
widely dispersed, with high and low-amplitude waves resulting
in more crests and troughs and hence a higher interfacial
area. Conversely, textures 7'3 and 75 exhibit more uniform
distribution, mainly with low amplitude waves, leading to a
slightly smoother surface. Additionally, the distribution plot
suggests that rectangular-shaped structures have a wider range
of film thickness values than semi-circular structures. Nonethe-
less, the textured wall has improved the interfacial film length
and eliminated partial wetting in all cases (72,7T3,T4,T5),
regardless of the shape and frequency of the structures.

C. Experimental observations and outlook

The numerical results suggest that the presence and density
of textures strongly influence variations in film thickness. Fur-
thermore, texturing can alleviate the partial wetting observed
at low Reynolds numbers. The accompanying experimental
campaign confirmed that partial wetting occurs below Re 300,
where the wetted area fraction can be less than 0.25 for
Re below 100 (see Figure 5). Upon introducing textures, the
wetted area fractions increased in all textured cases. During
the dewetting tests, textured surfaces were able to maintain
more than 80% wetting even at Re around 50, as predicted
by the simulations. Importantly, repeated experiments showed
that increasing texture density could significantly enhance film
waviness, reaching a maximum point beyond which it acts like

a flat surface. In future work, point-wise measurements will be
used to quantitatively assess the SPH predictions for waviness
and compile detailed measurements as a reference solution for
SPH modeling studies.

VI. CONCLUSION

1) The hydrodynamics and statistics of a quasi-steady state
liquid film have been analyzed in a falling film reactor
with and without a textured wall.

2) Studies reveal that introducing textures on the walls
alleviates partial wetting and spreads the liquid on the
wall surface. It also enhances the gas-liquid interfacial
area by forming wavy structures.

3) The introduction of textures also increases the gas-liquid
interface length by six-folds, which significantly affects
the interfacial area.

increasing Re

)]

v

Texture effects on film thickness

Fig. 5. Top: Effect of Re on partial wetting on smooth surfaces. Bottom:
Developing waves with textured surfaces. The colour map indicates film
thickness.
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