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Abstract

Falling film flows over rectangular corrugations can exhibit intense time-oscillatory interfacial motion. This is of considerable
interest for heat and mass transfer applications, where structured surfaces play a crucial role in process intensification.
Our contribution relies on high-speed imaging and image processing based on an internally referenced light absorption
method to obtain a full spatio-temporal characterization of the structure-induced wave evolution. After validating the
customized experimental technique, particular emphasis is placed on identifying relationships between the steady and
transient characteristics of aqueous falling film flows under operating conditions relevant to, e.g., falling film absorbers
for CO, capture applications. The transient film instabilities are found to evolve from an initially steady film flow. In the
investigated Reynolds number range, inertia-controlled liquid overshoot in wall-normal direction at the structure element’s
upstream edges plays a crucial role in the overall flow destabilization. The developed film flow can be decomposed into a
steady and a time-oscillatory flow contribution. The former is characterized by a dominant two-dimensional wave shape
with a primary wavelength matching that of the bottom contour, while the latter is more isotropic in shape. Nevertheless,
both flow contributions are interconnected, with high oscillation intensities being usually accompanied by a strongly sloped
steady base flow. In the context of surface structure optimization, the streamwise length scale of the steady interfacial ridge
induced at an isolated structure element may serve as a predictor for identifying structure spacings that exhibit particularly
strong transient flow destabilization.

1 Introduction

Falling film flows occur in a variety of technical applications
involving heat and mass transfer. For instance, falling film
evaporators find frequent application in the food industry
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(Cyklis 2022; Gourdon et al. 2015), falling film absorbers
are often used in absorption refrigeration systems (Haves-
tini and Ormiston 2020; Mortazavi et al. 2015) or for the
investigation of CO, absorption (Zanfir et al. 2005; Zhang
et al. 2018), and falling film reactors are a popular choice for
highly exothermic gas-liquid reactions (RoBler et al. 2013).
To improve the heat and mass transfer properties, the surface
on which the liquid film flows is often structured (;\kesjé
et al. 2019; Bontozoglou and Serifi 2008; Davies and Warner
1969). These surface structures can significantly affect the
falling film hydrodynamics (Sayegh et al. 2022). Depending
on the structure shape and dimensions, strong interfacial
oscillations can be induced in the flow, as previously inves-
tigated using a spatially localized measurement technique
(Dill et al. 2024). In order to optimize the employed sur-
face structures, an in-depth understanding of the evolution
of such transient film instabilities is necessary. This requires
a coupled spatio-temporal characterization of the associated
three-dimensional wave dynamics, which is the focus of our
study.
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The measurement techniques commonly used to
characterize thin film flows, both on flat and structured
surfaces, can be grouped according to the dimensionality of
the region of interest to which they are applied. Localized
measurement systems, which monitor the liquid film
thickness at a single measurement point, include chromatic
confocal sensors (Collignon et al. 2021; Hu et al. 2021;
Schroder 2019; Zhou et al. 2009), capacitance meters
(Qi et al. 2019) or conductance probes (Mouza et al.
2000; Zhao et al. 2013). These point-wise measurement
techniques allow high temporal resolution, but the full
three-dimensional nature of the falling film flow remains
elusive (Guzanov et al. 2018). Light sheet techniques, such
as planar laser-induced fluorescence (PLIF), are frequently
employed to image the evolution of the gas-liquid interface
along an additional spatial coordinate (Charogiannis and
Markides 2016; Zadrazil and Markides 2014). Here, particle
imaging/tracking velocimetry (PIV/PTV) has additionally
been employed to resolve internal flow structures and
measure the local flow velocity within a two-dimensional
cross section illuminated by the light sheet (Charogiannis
and Markides 2019; Charogiannis et al. 2019; Guo et al.
2018; Schorner 2018; Wierschem et al. 2003; Zadrazil
et al. 2014). Furthermore, in the context of heat and mass
transfer applications, PLIF has been used to visualize local
temperature (Collignon et al. 2021) and concentration
(Kapoustina et al. 2019) fields within the liquid phase. To
map the local film thickness along two spatial coordinates,
i.e., along the liquid film’s streamwise and spanwise
direction, brightness-based LIF (BBLIF (Cherdantsev et al.
2023; Hann et al. 2016)) techniques (Argyriadi et al. 2006;
Guzanov et al. 2018; Lu et al. 2017; Medina et al. 2022;
Sayegh et al. 2022; Vlachogiannis and Bontozoglou 2002) or
light absorption methods (Dupont et al. 2015; Mendez and
Buchlin 2015; Njifenju et al. 2013; Ozgen et al. 2002) find
frequent application. Scanning light sheet techniques have
also been used for this purpose (Al-Shamaa et al. 2023), and
recently, magnetic resonance velocimetry was employed to
visualize steady three-dimensional flow fields in falling films
at the microscale (Saliba et al. 2024).

Based on the aforementioned experimental techniques,
the evolution of two-dimensional traveling waves and their
transition into three-dimensional wave structures beyond
a certain inlet distance and Reynolds number limit was
characterized in detail for falling film flows on smooth surfaces
(Al-Sibai 2004; Guzanov et al. 2018). For mildly corrugated
surfaces, the flow behavior is similar to that observed on
smooth inclines, but deviations become significant at low
inclination angles, with higher corrugation steepness, or
increased inertia (Al-Shamaa et al. 2023). For falling film
flows over rectangular corrugations, Vlachogiannis and
Bontozoglou (2002) and Argyriadi et al. (2006) report the
establishment of a steady three-dimensional flow pattern
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once the Reynolds number is increased beyond a peak value,
at which the structure-induced two-dimensional interface
deformation reaches maximum steepness. This pattern is first
triggered far downstream, but extends over the entire flow
domain above a certain Reynolds number threshold (Argyriadi
et al. 2006). A similar phenomenon was found for sinusoidal
corrugations (Al-Shamaa et al. 2023). While the reported
three-dimensional flow patterns are mainly static in nature,
they can significantly affect the overall flow dynamics due to
the interaction of traveling disturbances with the underlying
steady base flow (Argyriadi et al. 2006; Al-Shamaa et al. 2023;
Vlachogiannis and Bontozoglou 2002). Also, for rectangularly
corrugated surfaces, a reduction in the ridge width has recently
been found to result in a considerable amplification of the
transient film instabilities (Diill et al. 2024). Such unsteady
flows are of high relevance for process intensification in
heat and mass transfer applications (Al-Shamaa et al. 2023).
However, few studies have been directed at characterizing
the inherently three-dimensional nature of the structure-
induced interfacial oscillations. Sayegh et al. (2022) applied a
BBLIF technique with high spatial and temporal resolution to
simultaneously record the local film thickness and interfacial
velocity distributions for falling film flows over a smooth and
a triangularly corrugated plate, with a focus on the effect of
physio-chemical properties on wave evolution.

Our contribution relies on a similar experimental method
and pursues two primary objectives. Firstly, we propose
and validate an internally referenced light absorption
technique to reduce commonly encountered measurement
inaccuracies under wavy flow conditions. Secondly, we
apply this customized experimental method to develop a
deeper understanding of the evolution of structure-induced
instabilities in aqueous falling film flows under conditions
relevant to heat and mass transfer applications. In particular,
falling film absorbers for CO, capture (Davies and Warner
1969) are selected as the exemplary application case. Arrays
of rectangular ridges oriented perpendicular to the main flow
direction are considered as a model structure geometry, and the
effect of varying structure dimensions and Reynolds number
is investigated in detail. By reconstructing the evolution of
the gas—liquid interface in both space and time, we aim to
complement the aforementioned works on steady three-
dimensional flow patterns and extend our previous findings
on the intensification of time-oscillatory interface motion
by surface structure optimization (Diill et al. 2024), which
were derived from a point-wise measurement technique. In
this context, particular focus will be placed on elucidating
relationships between the steady and transient falling film flow
characteristics, within the applicable limits of the considered
flow configuration.
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2 Materials and methods
2.1 Experimental setup

Figure 1 shows the falling film test rig employed in this
study. As it is based on the facility described in detail in
Diill et al. (2024), only a brief overview is provided here,
with a focus on the aspects most relevant to the custom-
ized optical measurement technique employed. The working
fluid, consisting of deionized water with methylene blue dye
(CAS: 61-73-4) dissolved at a concentration of 100mg/kg,
is circulated by means of a micro-gear pump (LAB-ZP-9,
Gather Industries). It passes through a settling chamber and
a thin liquid distribution slit before entering the test section.
The latter is inclined at « = 60.7° to the horizontal and has
a length L (streamwise direction x) and width W (spanwise
direction y) of 110mm and 50mm, respectively. Due to the
finite plate width, the experimental measurements can be
influenced by sidewall effects. As discussed in our previous
study (Diill et al. 2024), these effects are primarily observed
for the smooth reference plate. In contrast, they are signifi-
cantly reduced in the case of structured backplates, where
the wavelength of the observed interfacial oscillations is
much smaller than the plate width. This is exemplarily visu-
alized in Fig. 15 (Appendix A).

To study the effect of surface structure modification on
the film flow characteristics, the falling film wall is easily
interchangeable. The structured surfaces considered here
are selected from those studied in our previous work (Diill
et al. 2024), chosen to ensure that different flow behaviors
can be observed. They consist of arrays of rectangular
structure elements oriented perpendicular to the main flow
direction, as visualized in detailed view (b) in Fig. 1. In
addition to a smooth reference plate, backplates with varying
structure distance D,/mm € {2,3,4,6,8} at structure
heights around H; ~ 0.4 mm as well as backplates with
varying structure height H,/mm € {0.22,0.45,0.81, 1.2}
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at constant structure distance D, = 4 mm are considered.
The streamwise length of an individual structure element is
kept constant at L, = 0.7 mm. These geometric dimensions
are average values calculated from post-manufacturing
line scan measurements with a chromatic confocal point
sensor. The corresponding manufacturing accuracy was
determined to be in the order of + 30 um. To ensure optical
accessibility, the backplates are machined from acrylic
glass sheets (Plexiglas XT, Rohm). The test section is
backlit by three white LED lamps (Constellation 120E,
Veritas) during image acquisition with a CMOS high-speed
color camera (XStream mini 3520, IDT) equipped with a
50 mm objective lens. As with most conventional CMOS
or CCD digital cameras, a Bayer filter is integrated into the
employed high-speed camera to produce colored images.
While this limits the image resolution to features larger than
a cell of 2 x 2 photosites forming the Bayer filter’s mosaic
pattern, it allows for the use of only one digital camera to
capture light intensities in different wavelength ranges,
eliminating the need for two synchronized cameras with
additional filter optics. Depending on the application, further
simplification of the experimental setup could be achieved
by using widely available low-speed imaging equipment.
Two additional 1-mm-thick diffuser plates (colourLED No.
11, BWF) are placed in front of the light sources to enhance
the illumination homogeneity. To evaluate the accuracy of
the optical measurement technique, this work relies on point-
wise film thickness measurements performed in our previous
work (Diill et al. 2024) using a chromatic confocal point
sensor (CHRocodile 2 S, Precitec).

2.2 Experimental procedure and operating
conditions

For each of the structured surfaces indicated in Fig. 1, falling
film flow is studied at six distinct liquid loads by varying the
volume flow rate V supplied by the pump. The corresponding
volumetric flow rates per unit width g and Reynolds numbers
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Fig. 1 Experimental setup (a) and detailed view (b) of the investigated surface structure geometry. The structure distance (D,) and height (H,)
combinations studied here are indicated in the matrix representation (c) by gray shading
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Re (Schagen 2014) are given in Eqs. 1 and 2, where W and v
are the test section’s width and the working fluid’s kinematic
viscosity, respectively.

g= % € {2.27,2.76,3.25,3.74,4.23,4.72} x 10™*m? /s
)
Re =4 € (232,282,332,382, 432, 482) )
1%

Prior to the start of an experimental run, a series of ten
reference images is taken of the dry backplate. These are
used to determine the region of interest during image
processing. Afterward, the liquid flow rate is increased
up to its maximum value to ensure full plate wetting and
an initially homogeneous liquid distribution. In a first
experimental phase, the liquid flow rate is then progressively
reduced, and at each of the previously indicated Reynolds
number setpoints, images of the falling film flow are
captured with a frequency of 1200 Hz and an exposure time
of 70 us over a time period of 10s. This is followed by a
second (third) experimental phase, in which data acquisition
is carried out at the same Re values, but with the liquid flow
rate gradually increased (reduced). This procedure yields
three temporally separated measurement repetitions for each
experimental setpoint.

All flow experiments are conducted in a climate-
controlled laboratory at an average ambient temperature
of T =21°C. To calculate characteristic film properties,
the liquid density, kinematic viscosity and surface tension
are assumed to be p=997.99 kg/m3, v=10"m?/s
and ¢ =72.59 x 1073N/m, respectively (Wagner and
Kretzschmar 2013).

2.3 Image processing and camera calibration

The image processing routine applied in this study is derived
from the light absorption method (Clark 2002). The latter
relies on Beer—Lambert’s law, which relates the local film
thickness to the amount of light being absorbed from a light
ray as it passes through the liquid layer (Mendez and Buchlin
2015). To derive light absorbance values from the locally
transmitted light intensity, the corresponding incident light
intensity must be known as a reference value (Mouza et al.
2000). The latter is commonly extracted from reference images
of the dry solid surface (Mendez and Buchlin 2015). However,
for wavy film flows such as the ones encountered in this study,
increased curvature of the gas—liquid interface can lead to a
misalignment of local background inhomogeneities between
the reference image and the images captured of the liquid
film. This is particularly relevant for the structured backplates
used here, as the manufacturing process leaves behind slightly
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visible milling traces, and pronounced light intensity variations
can occur in the vicinity of the structure element’s sharp edges.
Moreover, irrespective of the properties of the solid surface,
local light reflection and refraction at the gas—liquid interface
can introduce additional inaccuracies in case of high interfacial
slopes (Clark 2002; Mendez and Buchlin 2015). These optical
distortions limit the accuracy of many commonly used image-
based film thickness measurement techniques, as discussed in
detail by Cherdantsev et al. (2023).

To minimize the potential for experimental errors due to
the aforementioned factors, this study uses a broadband light
source instead of a monochromatic one (see Fig. 2a),

allowing for the use of a pixel-wise internal reference
instead of an external reference for the incident light intensity.
As shown in Fig. 2b, methylene blue absorbs light primarily
in the wavelength range A = 550 — 700 nm. The increase in
liquid film thickness, i.e., the increase in the amount of red-
absorbing dye species, is thus well captured by the camera’s
red color channel (see Fig. 2c). It results in a decrease in
the detected light intensity /..4. In contrast, the dye’s light
absorption in the wavelength range of A = 400 — 550 nm is
negligible, and the light intensity detected by the camera’s blue
color channel I, is therefore significantly less affected by
changes in liquid film thickness. The ratio of these two values
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Fig.2 Spectral curves of the light emitted by the light source (a),
absorbed by the dye (b) and captured by the camera’s three color
channels (¢). The underlying raw data correspond to data from Imag-
ing Solutions (2024), Prahl (2017) and Integrated Design Tools, Inc.
(IDT), respectively
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can thus serve as an internally referenced indicator for the local
film thickness A, as formulated in Eq. 3.
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The advantage of such an internal reference is exemplified in
Fig. 16 (Appendix B), which compares the distribution of the
gray scale intensity to that of the red-to-blue color ratio for a
sample image with constant liquid film thickness. The latter
is much more homogeneously distributed, demonstrating
that the need for an additional external reference to correct
for potential error sources, such as non-uniform illumination
of the measurement plane or vignetting effects, is eliminated.
It should be noted that the occurrence of total internal
reflection would nevertheless prevent reliable measurement
results. However, the slope of the gas-liquid interface with
respect to the measurement plane is generally well below
45°, as determined by preliminary tests, making total
internal reflection a highly localized phenomenon in both
space and time. Similarly, errors due to the dependence of
the refractivity and the reflectivity at the phase boundary on
the wavelength are largely negligible under the conditions
used here and are in the low single-digit percentage range
of the measured film thickness.

An initial calibration step is required to determine the
exact relationship between the relative color intensity
L.q/Io1e and the liquid film thickness A. For this purpose,
thin stainless steel shims (vario-plate, peel-plate GmbH)
are used to create precise gaps in the range of 0.1 — 4 mm
between two acrylic glass plates. These gaps are filled with
aqueous dye solution, and a series of ten calibration images
is captured for every liquid layer thickness using the same
camera settings and backlighting configuration as for the
flow measurements. In a subsequent image processing step,
the local color intensity ratios are extracted pixel-wise and
averaged over a region of interest of 604 x 340 pixels, as
well as over the ten separate calibration images. The spatial
variation in the color intensity ratio across the calibration
plane is small compared to the calculated mean values, with
relative standard deviations in the range of 1-3% for film
thicknesses below # = 2 mm and in the range of 3—7% for
higher film thicknesses up to 4 = 4 mm. The determined
calibration points are visualized in Fig. 3. They can be fit-
ted by Eq. 4.

Ired _
= 0.07816 + 0.9465 - exp

—1.802h )
blue
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“

As shown in Fig. 3, the optical measurement method is
highly sensitive to changes in film thickness up to 2 = 2 mm,
while its sensitivity is significantly reduced for thicker films.
Theoretically, the measurement uncertainty for increased
film thicknesses could be improved by reducing the dye
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Fig.3 Ratio between the light intensities captured by the camera’s
red and blue color channel 7, .4/1,;,. as a function of the liquid layer
thickness /. Experimental measurement points (circles) and the fitted
curve from Eq. 4 (solid line) are shown alongside representative raw
images

concentration. However, this would inevitably lead to an
increase in measurement uncertainties for thinner films
(Mendez et al. 2016).

To evaluate the main flow experiments, local red-to-blue
color intensity ratios /.4 /1, are extracted from the captured
images at each pixel of a predefined region of interest.
Subsequently, the corresponding film thickness values &
are determined based on an interpolated calibration curve.
To convert from pixel coordinates to physical coordinates
for further data analysis, an additional spatial calibration
is performed using the image of a printed checkerboard
pattern, from which an average image resolution of 63.7
um\px is determined in both streamwise (x) and spanwise
(y) directions.

2.4 Data evaluation

The previously described image processing routine yields a
spatio-temporal film thickness distribution A(x, y, 7). Using
the coordinate system visualized in Fig. 4, the elevation of
the gas—liquid interface z,(x,y, ) is determined from this
film thickness distribution by subtracting the surface struc-
ture height H_ at x-positions located within the trenches
between individual structure elements and subtracting zero
elsewhere.

In the discussion section, the film thickness & will be
employed for comparing our customized measurement
method with a commercial technique (Sect. 3.1), as it is the
property directly obtained from image processing. It is a
locally referenced value without a global reference frame.
The interface elevation z, will serve as the target variable
in all subsequent sections (Sect. 3.2-3.4), where spatial
flow distributions are analyzed. It is referenced to the
global coordinate system shown in Fig. 4, whose origin in
z direction is located on the top of the structure elements.

@ Springer
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Fig.4 Top view of the regions of interest considered for quantitative
data analysis. The origin of the employed coordinate system as well
as the definition of the film thickness / and interface elevation z;, is
shown in the schematic side view A

Negative values thus indicate that the gas—liquid interface
has penetrated into the trenches between consecutive
structure elements. Experimental results extracted from
regions of interest of varying spatial dimensionality are
discussed. As can be taken from Fig. 4, these include a 0D
point (a), a 1D line (b) as well as three 2D rectangles (c)-
(e). Key statistical parameters considered for quantitative
data evaluation include the temporal mean of the film
thickness / or interface elevation z, (notation X for a
generic variable X) as well as the standard deviation sy
or interquartile range IQRy of their spatial or temporal
distributions. The latter two can be interpreted as measures
for the waviness of the falling film flow, with higher values
indicating stronger interface deformation.

3 Results and discussion

In the following sections, the spatio-temporal wave evolution
in aqueous falling film flows over rectangular corrugations
is discussed for regions of interest of increasing spatial
dimensionality. In all cases, particular emphasis is placed
on elucidating relationships between steady and transient
flow characteristics. In Sect. 3.1, the experimental results
obtained at a OD measurement point on the basis of our
customized light absorption technique are compared to
measurements with a commercial chromatic confocal sensor.
After this initial validation step, the evolution of transient
film instabilities along a 1D line in the streamwise direction
is discussed in Sect. 3.2, while the three-dimensional
characteristics of the evolving waves are examined through
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analysis of a 2D rectangular region of interest in Sect. 3.3.
Finally, in Sect. 3.4, characteristic length scales of steady
interfacial deformations induced by quasi-isolated structure
elements are extracted and related to optimal surface
structure dimensions for intensifying the observed interfacial
oscillations.

3.1 Comparison of different measurement
techniques

To assess the suitability of the customized light absorption
method for capturing the dynamic film flow characteristics,
the experimental results obtained with this technique are
compared against measurements taken with a commercial
chromatic confocal point sensor. Details on the latter can
be found in our previous work (Diill et al. 2024). The analy-
sis is performed at the single spatial measurement point (a)
indicated in Fig. 4. It is centered along the width of the plate
(y = 25 mm) and located at a distance of x ~ 100 mm from
the liquid distributor. The latter is slightly adjusted depend-
ing on the structure distance D, of each backplate, to ensure
that the measurement point remains centered between two
consecutive structure elements. Figure 5a and bshows parity
plots of the mean film thickness h and film thickness stand-
ard deviation s, of the local film thickness time series /(f)
for all investigated structure geometries and Reynolds num-
bers. The values determined based on the chromatic confocal
sensor measurements and the customized light absorption
technique are indicated on the abscissa and ordinate, respec-
tively. For readability, the mean values calculated from the
nine experimental repetitions conducted for the former and
the three experimental repetitions conducted for the latter
are shown instead of single measurement points. As can be
seen from the figures, the experimental results from both
measurement methods are in good agreement, with no dis-
cernible systematic discrepancies. This applies to both static
and dynamic flow properties, as represented by the mean
film thickness & and the film thickness standard deviation
s;, respectively. Stronger deviations are primarily observed
for lower liquid loads (Re < 282), which can be caused by
flow inhomogeneities due to local dewetting effects occur-
ring below a certain Re threshold. In such cases, the local
liquid distribution and flow dynamics can vary distinctly
between two experimental runs.

Figure 6provides a more detailed comparison for a
constant Reynolds number of Re = 482. In the figure, the
film thickness standard deviation s, is plotted as a function
of the structure distance-to-height ratio D /H,. Sensor
measurements for a more extensive range of structure
dimensions (open symbols) are shown in addition to the
experimental results derived from our light absorption
method (filled symbols). Additionally, a comparison
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Fig.5 Parity plots of the mean film thickness 7 (a) and film thickness
standard deviation s, (b) determined from the local time series h(f) at
x =~ 100 mm and y = 25 mm (measurement point (a) in Fig. 4). The
identity line (solid) and +£20% error limits (dashed) are indicated

between two exemplary film thickness distributions is
provided. Film flow over the smooth reference plate
remained quasi-smooth in all experimental cases due to the
relatively low plate length (s, < 8umV Re) and is therefore
not considered further. On the one hand, with respect to the
suitability of the customized experimental technique, its
repeatability and accuracy are well sufficient to detect
deviations between different structure geometries.
Exemplarily, for D;=4 mm and H, = 0.45 mm, the
absolute deviation between three consecutive experimental
runs is in the order of As;, &% 10 pm. On the other hand, with
respect to the transient film flow characteristics, an optimal
structure distance or structure distance-to-height ratio can
be determined for each structure height, at which particularly
strong interfacial oscillations are induced in the flow and the
film thickness standard deviation s, reaches its maximal
value. In the following, this structure distance will be

our previous study (Diill et al. 2024). Using the light
absorption technique validated for our specific application,
the following sections focus on developing a detailed
understanding of the observed transient flow destabilization
and the associated wave characteristics. Instead of the
previously considered film thickness 4, the derived interface
elevation z;, (see Fig. 4) will be used as the target variable to
describe the spatial flow distributions in an undistorted
manner. The standard deviation and interquartile range
calculated from the temporal distributions of either property
are identical (s, = S and IOR,,, = IOR, ).

Zh(ey

3.2 Evolution of transient film instabilities

To understand how the observed transient film instabilities
emerge over the length of the falling film wall, the spatio-
temporal distribution of the gas—liquid interface z,(x, f) is
analyzed along a line in streamwise (x) direction. This one-
dimensional region of interest is centered across the plate
width (y = 25 mm) and is marked by label (b) in Fig. 4.
The evaluation presented below focuses on three different
structured surfaces with structure heights of H, ~ 400 pm,
for which distinctly different flow behaviors are expected
based on the point-wise measurement results (see Fig. 6).
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Specifically, structure arrays with structure distances or
distance-to-height ratios below (D, = 2 mm, D /H, = 6.3),
at (D,=4mm, D,/H,=8.9) and above (D, =8 mm
, D,/H, = 17.8) the respective optimal value for maximized
interfacial oscillatory motion are considered. Representative
raw image snapshots from the considered experimental cases
are shown in Fig. 7.

The corresponding spatio-temporal flow distributions are
summarized in Fig. 8 (left column), where the elevation of
the gas—liquid interface z,(x, 7) is plotted as a function of the
flow distance x.

Instead of visualizing the position of the gas—liquid
interface individually for each of the 12,000 time steps
within an experimental run time of 10 s, local point
densities are calculated on a binned grid with a resolution
of 63.7 x 20 pm? (abscissaxordinate). The resulting field is
visualized using a colormap, where darker coloring indicates
a higher probability of the gas—liquid interface being at a
given position. For quantitative comparison, the mean
values 7, and standard deviations s_ of the film thickness
time series z,(f) evaluated at each discrete flow distance x
are additionally shown in Fig. 8 (right column).

Assessing first the transient flow destabilization for
varying structure distances D, at a constant Reynolds
number of Re = 482 in Fig. 8a—c, it becomes evident that
the particularly strong interfacial oscillations, which were
identified for the intermediate structure distance D, = 4 mm
based the point-wise flow evaluation (see Fig. 6), are
induced already at comparably low flow distances. They
can be observed across nearly the entire plate length with
consistently strong intensity, as quantified by the standard
deviation of the local surface elevation’s time series (see
Fig. 8 (b2)). The latter is particularly high directly after each
structure element but slightly decreases within the trench
before reaching the edge of the next structure element,
suggesting that structure-induced liquid overshoot in wall-
normal direction plays an important role in the overall flow

() (b) (c) (d)

Fig.7 Representative raw images corresponding to the experimen-
tal cases shown in Fig. 8 with matching letter indices. Video anima-
tions of (a—e), slowed down by a factor of 100, are provided in Online
Resources 1-5

@ Springer

destabilization. This phenomenon is less pronounced for
the lower (Dy = 2 mm) or higher (D, = 8 mm) structure
distances considered. In case of the former, the narrow
structure spacing keeps the gas-liquid interface from
penetrating into the trenches between consecutive structure
elements, as visualized in Fig. 8 (al). In case of the latter,
the interface deformations induced at consecutive structure
elements are spaced too far apart to interact strongly, as seen
in Fig. 8 (cl).

The effect of Reynolds number on the evolution of
transient film instabilities is visualized in Fig. 8a, d and e for
a constant structure distance of D, = 4 mm. With decreasing
Reynolds number, the structure-induced interfacial
oscillations become generally less pronounced, and their
onset is shifted to higher flow distances. This indicates that
the previously described structure-induced liquid overshoot
and the associated transient film flow destabilization are
primarily controlled by inertial forces. It should be noted
that the strong interfacial motion and high probability of
the gas—liquid interface being in close proximity to the solid
surface, as observed for the lowest considered Reynolds
number Re = 282, are related to temporary dewetting effects
(see Fig. 7e). These lead to a distortion of the local flow
statistics.

Irrespective of the structure distance, height or Reynolds
number, i.e., regardless of the intensity of the developed
interfacial oscillations, the transient film instabilities
evolve from an initially steady film flow. This transition
occurs gradually in the case of low structure heights
(H, £ 0.32 mm) or structure distances well below or above
the respective optimal value (D, = 2 mm, D, = 8 mm). In
contrast, for high structure heights (H > 0.45 mm) and
structure distances close to the optimal value (D, = 4 mm,
D, = 6 mm), particularly pronounced liquid overshoot can
result in a very abrupt onset of strong interfacial oscillations.
This phenomenon is especially prevalent at higher Reynolds
numbers, where inertial forces are particularly strong, while
local oscillatory behavior may be damped out at lower
Reynolds numbers (see Fig. 8e, x ~# 5 mm).

While the exact flow behavior, and particularly that in the
vicinity of the liquid inlet (x — 0), may be affected by the
experimental configuration, the above analysis demonstrates
that inertial effects and the steady flow properties play a
crucial role in the evolution of transient film instabilities.
The relevance of the steady interface deformation was also
emphasized by other authors with respect to the suppression
of traveling waves in falling film flows over symmetrical
rectangular or sinusoidal corrugations (Al-Shamaa et al.
2023; Vlachogiannis and Bontozoglou 2002). The following
section will therefore focus on analyzing the spatial
characteristics of both the transient interfacial waves and
the underlying steady film flow.



Experiments in Fluids (2025) 66:71 Page9of17 71
2000 = . : — 2'mm|Ré e Dotnt debeity / ol 2000 0 375
1500 - 0.0 0.1 1500 1300

g g
iwoo L 2 | & 1000 225 §
~ ~

\: 500 W < 500 150 &

N L)

&
=)
(=T =)
(
Z,
o 3
=

-500

T T T T
Dy = 4mm | Re = 482

g 1000 ; ) g ; i
%500 A\/l BAAMAALAA RS TTE,

T 2000

Zn / pm

-500 I i
2000 T T T T T T T T T 2000 T 375
(c1) D, = 8mm | Re = 482 (c2)
1500 - — 1500 300
£ g
§ 1000} § 1000 225 §
~ ~ ~
< 500 F < 500 Y150 5
IS N N B
N ] Bl Mo B Bt b o D B i\ Jo
500 \ ; ; | , | ; ; I 500 o S I N NN Y N N NN N N Y
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Flow distance  / mm Flow distance x / mm
2000 T T T T T T T T 2000 T 375
(d1) Dy = 4mm | Re = 382 (d2)
1500 =
g L 4| E
§ 1000 _ El
A‘/‘WNNNNNNM :
N ‘ Y N
0rFv
-500 | -t
2000 T T T T T T T T 2000 T 375
(el) Dy = 4mm | Re = 282 (e2)
1500 + — 1500 300
g g
§ 1000 - | & 1000 225 §
> so0f fl <500 150 3
& 2% M 3 1w o
L 0 B 175
500 i A 4 O I O L1 B
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Flow distance & / mm

Fig.8 Spatio-temporal evolution of the elevation of the gas-lig-
uid interface z,(x,¢) as a function of the flow distance x at constant
y =25 mm. Results for different structure distances D, (al, b1, c1)
and Reynolds numbers Re (d1, el) are shown. The colormap indi-
cates local point densities calculated from the superposition of the
12,000 individual spatial profiles captured over a time period of 10s.

3.3 Three-dimensional wave characteristics

To evaluate the spatial three-dimensional characteristics
of the transient waves independent of the steady inter-
face deformation, the overall film flow (z;,) is decomposed
into a steady (z;,) and a time-oscillatory contribution (z;,).
The former is determined by temporally averaging the
local film thickness or corresponding elevation of the
gas-liquid interface over the entire experimental runt-
ime of 10s (12,000 images). The latter is subsequently
obtained by subtracting the steady interface profile from a

Flow distance  / mm

The flow direction is indicated by an arrow in subfigure (al). The
mean values z;,(x) and standard deviation s, (x) of the local time series
z;,(¢) at each discrete flow distance x are shown in the right column
(index 2), where the positions of the elevated structure elements are
indicated by gray shading

representative profile captured at a single time instance. In
the following, the main findings are first illustrated using
a representative experimental case, before general conclu-
sions are discussed.

An exemplary result of a temporal flow decomposition
is shown in Fig. 9 for a structure distance of D, =4 mm, a
structure height of H, = 0.45 mm and a Reynolds number
of Re = 382, for which strong transient flow destabilization
was previously observed (see Fig. 8d).

Figure 9a represents the spatial elevation of the gas—lig-
uid interface z,(x, y) for the overall falling film flow, while
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Fig.9 Spatial distribution of the interface elevation over the entire
measurement domain (left) and in a zoomed-in region of interest
(right). The fields are visualized (a) for the overall film flow z,(x,y)
as well as (b) for the decomposed steady contribution z,(x,y) and
(c) for the oscillatory contribution z;l(x, y). A video animation of (a),
slowed down by a factor of 100, is provided in Online Resource 6.
D, = 4mm, H; = 0.45mm and Re = 382

the corresponding steady and oscillatory flow contribu-
tions 7,(x, y) and z;l(x, y) are visualized in Figs. 9b and c,
respectively. For each case, the results are visualized over
the entire measurement domain (left) as well as in a zoomed-
in region of interest of 30 X 30 mm (right), whose position
is indicated by dashed white squares. The latter starts at
a flow distance of x = 73.8 mm and is centered across the
plate width (y-coordinate). It is visualized by label (c) in
Fig. 4. The oscillatory wave statistics calculated from the
spatial flow distribution in this zoomed-in region of inter-
est at a single time instance are in good agreement with the
values determined from the temporal flow evolution at the
localized measurement point from Sect. 3.1 (see Fig. 17 in
Appendix C).
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Fig. 10 Probability density functions (PDFs) of the spatial gradient
fields Vz,(x,y) and Vz;l(x, y) calculated for the steady (a) and oscil-
latory (b) flow contributions over the region of interest (c¢) in Fig. 4
(also indicated by dashed white rectangles in Fig. 9). Dy =4 mm,
H, = 0.45 mm and Re = 382

By comparing the individual spatial distributions in
Fig. 9, it becomes evident that the steady and oscillatory
flow contributions exhibit distinct spatial characteristics. The
oscillatory waves appear to be isotropic in both the stream-
wise and spanwise directions (see Fig. 9c). By contrast, the
underlying steady base film is characterized by a dominant
two-dimensional wave pattern oriented parallel to the struc-
ture elements (see Fig. 9b). This behavior is quantitatively
reflected in the interface elevation’s spatial gradient Vz;,. The
gradient fields calculated for the steady and oscillatory flow
contributions in the zoomed-in region of interest are visual-
ized in Fig. 18 in Appendix D, and the probability density
functions of the corresponding gradient distributions are
shown in Fig. 10.

For the steady flow contribution, the absolute values
of the gradient in the flow direction (x) are significantly
larger than those in the spanwise direction (y). In contrast,
both gradient distributions are comparable in shape and
magnitude for the oscillatory part, evidencing the isotropic
nature of the dynamic structure-induced wave pattern,
despite the fact that the solid bottom contour itself is
non-isotropic.

These observations are not unique to the exemplary case
presented above, but can be generalized to all experimental
conditions investigated in this study. Firstly, the steady flow
contribution is generally characterized by a dominant wave
shape in the streamwise direction. As can be taken from
Fig. 11aand b, its primary wavelength Ax, 4 rouen Matches
that of the underlying structure elements A, = D, + L.

At the lowest investigated Reynolds number Re = 232,
the crest size remains roughly constant at Ax,. ~ 2 mm and
the corresponding trough size Ax,,q, increases linearly with
increasing structure distance Dy (see Fig. 11a). In contrast,
for the highest investigated Reynolds number Re = 482, a
pronounced expansion of the crest size can be observed up to
D, < 6 mm (see Fig. 11b). Thus, for D, < 6 mm, the steady
interface deformation induced at an individual structure
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Fig. 12 Spatial distribution of the steady interface elevation z,(x,y).
Compared with the profile from Fig. 9b, the presented results are
evaluated a from a region of interest located further upstream and
closer to the sidewalls (rectangle (d) in Fig. 4), b for a lower Reyn-
olds number Re = 332, ¢ for a lower structure height H, = 0.2 mm
and d for a higher structure distance D, = 8 mm

element is affected by the presence of its neighboring
corrugations. As no further increase in the crest size is
observed for a structure distance of D, = 8§ mm, such spaced
structure arrays can be considered quasi-isolated. They are
analyzed in more detail in Sect. 3.4 to extract characteristic
length scales.

Secondly, the oscillatory flow contributions generally
exhibit spatial characteristics that differ significantly from
those of the steady flow. Intense time-oscillatory motion

Appendix D). This is another indicator of the interconnec-
tion between steady and oscillatory flow characteristics.

Lastly, while the above discussion focused on the domi-
nant two-dimensional shape of the steady flow contribu-
tion, it should be mentioned that, under certain conditions,
regions of steady three-dimensional flow patterns are also
observable. Exemplary cases are shown in Fig. 12, and the
corresponding spatial gradient fields are provided in Fig. 20
in Appendix D.

In contrast with the inherently three-dimensional time-
oscillatory interface motion that spans almost the entire
measurement domain (see Fig. 9a and c), the observed
steady wave patterns are typically more localized effects.
This contrasts with the observations of Vlachogiannis
and Bontozoglou (2002) but is consistent with those of
Al-Shamaa et al. (2023). The steady three-dimensional
wave patterns become more prevalent when the oscillatory
interface deformation is weak, as quantified in Fig. 19b in
Appendix D. They occur, for example, at low flow distances
in proximity to the sidewalls (Fig. 12a), at reduced Reynolds
numbers (Fig. 12b), for low structure heights (Fig. 12¢) and
for structure distances above the optimal value (Fig. 12d).
This finding supports the link between the occurrence of
three-dimensional steady wave patterns in falling films and
a general flow stabilization, as observed in previous studies
(Al-Shamaa et al. 2023; Vlachogiannis and Bontozoglou
2002) with respect to the suppression of traveling waves.

3.4 Characteristic length scales for quasi-isolated
corrugations

The steady and time-oscillatory flow contributions are
interconnected, as evidenced by the evolution of the
transient film instabilities from an initially steady film
(Sect. 3.2) and the occurrence of intense oscillatory interface
motion for strongly sloped steady base flows (Sect. 3.3). This
section aims to apply this observation to surface structure
optimization in the context of heat and mass transfer
applications. Specifically, the focus is on analyzing whether
characteristic length scales extracted from steady interface
profiles may be used as estimators for surface structure
dimensions that induce particularly strong transient film
instabilities.

The analysis is based on the quantification of the inter-
face deformation induced by a single structure element. The
corrugated surface with a structure distance and height of
D, = 8 mm and H,; = 0.45 mm is used for this purpose, as its
structure elements can be considered quasi-isolated from one
another (see Sect. 3.3). To minimize distortions from weak
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Fig. 13 Position of the gas-liquid interface z,(x) for film flow over
quasi-isolated structure elements (D, = 8 mm, H; = 0.45 mm) at dif-
ferent Reynolds numbers Re (a)—(d). The profiles determined for all
individual spatial and temporal sample points (bright lines) are shown
in addition to the overall spatio-temporal average (dark line). The
extracted streamwise length scales are indicated by vertical lines

time-oscillatory interface motion or wall effects, the region
of interest is restricted to the first few structure elements
(x =0 —26 mm) and the central plate section in spanwise
direction (y = 20 — 30 mm). It is marked by label (e) in
Fig. 4. The extracted line profiles of the interface elevation
7,(x) as a function of the flow distance x are depicted in
Fig. 13a—d

for Reynolds numbers in the range of Re = 282 — 482. In
the figures, the individual interface profiles, sampled at 158
discrete locations across the spanwise direction for eleven
time instances with a time difference of 1s, are superimposed
(bright lines). The overall spatio-temporal mean value is
additionally indicated by a dark line.

For the two lowest investigated Reynolds numbers
(Re < 282), a distinct tail of capillary ridges and depressions
is visible upstream of each structure element (see Fig. 13a
and b). These surface features are, however, damped with
increasing Reynolds number, when the flow becomes inertia-
dominated (see Fig. 13c and d). A similar behavior was
theoretically predicted by Bontozoglou and Serifi (2008) for
vertical falling film flow over a single step-up or step-down,
and the critical Reynolds number for the disappearance
of capillary features estimated based on data presented in
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Fig. 14 Characteristic streamwise length scales as a function of
Reynolds number Re for D, = 8 mm and H, = 0.45 mm. The ridge
size at the initial step-down (Ax; ) is shown in addition to the ridge
size in the vicinity of a structure element (Ax,,, and Ax,.y).- The
definitions are visualized in Fig. 13a. Bars indicate the structure dis-
tances D7, at which intensified interfacial oscillations were observed
in our previous study (Diill et al. 2024). They were identified from a
set of discrete structure distances D, € {2,3,4, 6,8} mm (horizontal
lines). No reliable values were available for the two lowest Re due to
local dewetting

their work (Re =~ 220 —250) is in the same value range
as that observed in our experimental study. The observed
dominance of inertia forces aligns well with our findings on
inertia-controlled liquid overshoot in Sect. 3.2.

In addition to the disappearance of capillary features, a
general shift of the interfacial ridge to x-positions further
downstream of the structure element, as well as a growth in
its streamwise size, can be observed with increasing Reyn-
olds number. To quantify the latter, three characteristic
length scales are defined and extracted from the averaged
line profiles. They are visualized in Fig. 13 as vertical lines,
with labels shown in subplot (a). Length scale Ax; ,, repre-
sents the flow distance required by the flow to penetrate into
the trench after the first step-down (z;, — 0, subscript "z0’)
in direct vicinity of the liquid inlet (subscript ’i’). Length
scale Axg, is defined in a similar manner but with respect
to the downstream edge of a structure element (subscript
’s’). Lastly, length scale Ax,,. also pertains to the interface
deformation in the vicinity of a structure element, but its
size is determined from the x-positions of maximal positive
and negative interface slope (see also Fig. 11). A definition
similar to the latter was previously employed to character-
ize the interface deformation at an isolated step-up or step-
down (Bontozoglou and Serifi 2008). As can be taken from
Fig. 14,

all three streamwise length scales increase with Reyn-
olds number Re. However, while the streamwise size of the
interfacial ridge after the initial step-down (Ax; ,,) appears
to converge to a limiting value around 2 mm, the streamwise
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size of the interfacial ridge induced in the vicinity of a quasi-
isolated structure element (Ax,, or Ax ) continues to
grow. Such a structure element represents a combination
of a closely spaced step-up and step-down. For the inertia-
dominated flow regime, this further emphasizes the signifi-
cant influence of liquid overshoot in wall-normal direction
at the structure element’s upstream edge (step-up) on the
overall flow behavior.

Regarding the optimization of surface structures for
inducing strong interfacial oscillations, the streamwise
length scale of the interfacial ridge at the initial step-down
(Ax,,y) can be considered a limiting structure distance,
below which the film flow is not expected to penetrate
into the trenches between consecutive structure elements,
resulting in reduced flow destabilization. The streamwise
length scale of the interfacial ridge in the vicinity of a
structure element (Axg,y or Ax,.) is in good agreement
with the optimal structure distance D from a discrete value
set D, € {2,3,4,6,8} mm, at which particularly intense
interfacial oscillations were determined in our previous
study (Diill et al. 2024). The latter are indicated in Fig. 14
in the form of bars. Thus, for the investigated rectangular
corrugations with a structure height of H, = 0.45 mm and
a streamwise size of L, = 0.7 mm, the streamwise length
scale of the steady interface deformation at a single structure
element can indeed serve as an estimate for the optimal
spacing in an array of consecutive structure elements to
induce significant transient flow destabilization.

4 Conclusion

Our contribution presents a spatio-temporal characterization
of the evolution of transient interfacial waves in aqueous
falling film flows over rectangular corrugations oriented
perpendicular to the main flow direction. The associated
flow destabilization is of high interest in the context of heat
and mass transfer applications. To resolve the liquid film
thickness distributions and associated wave characteristics
in both space and time, the study relies on high-speed
imaging and image processing based on an internally
referenced light absorption method. An initial validation
against measurements with a commercial chromatic confocal
point sensor highlights the suitability of our customized
experimental technique for capturing the highly dynamic
flow properties. The validated method is subsequently
employed to investigate the interconnection between steady
and transient flow characteristics, aiming to elucidate how
certain structure geometries induce particularly strong

interfacial oscillations in the falling film. The experimental
configuration and flow conditions are chosen to reflect those
encountered in heat and mass transfer applications, with a
focus on falling film absorbers for CO, capture. The main
conclusions derived for this specific application case were
discussed in detail in the previous section and are briefly
summarized below.

In all experimental cases considered in this study, the
transient film instabilities evolve from an initially steady
surface deformation, with inertia-controlled liquid overshoot
in wall-normal direction at the structure element’s upstream
edge playing a crucial role in the overall flow destabilization.
A decomposition of the developed flow into its steady
and time-oscillatory contributions reveals distinct spatial
characteristics. While the former exhibits a dominant two-
dimensional wave shape extruded in spanwise direction with
a primary wavelength matching that of the bottom contour, the
latter is significantly more isotropic in shape. Despite this, both
steady and oscillatory flow contributions appear to be related,
with particularly intense oscillatory motion typically observed
when the underlying steady base film is strongly sloped. Three-
dimensional steady wave patterns can be observed when the
oscillation intensity is low; however, they are usually more
localized effects.

A final comparison between the streamwise length scale
of the steady interfacial ridge induced at quasi-isolated struc-
ture elements with a height of 0.45 mm and the correspond-
ing optimal structure distance, at which particularly strong
interfacial oscillations are induced in the film flow, reveals a
good agreement between both values. In the context of surface
structure optimization, this indicates that, for the specific struc-
ture geometry considered, characteristic length scales derived
from steady interface deformations may serve as easily acces-
sible predictors for optimized structure spacings that result in
intense transient flow destabilization. In future work, more
detailed experimental and theoretical analyses are needed to
assess the validity of this observation for different experimen-
tal configurations, structure sizes and geometries, operating
conditions, as well as for other working fluids with varying
density, viscosity or surface tension. The latter is expected
to have a particularly strong impact on low-Reynolds-number
flows. Nevertheless, this initial finding not only emphasizes
the interconnection between the steady and transient flow
characteristics of aqueous falling film flows over corrugated
surfaces, but also has the potential to accelerate the optimiza-
tion of surface structures for enhancing the efficiency gas—lig-
uid contactors in heat and mass transfer applications, such
as falling film absorbers for CO, capture. More specifically,
the observed relationship enables the estimation of suitable
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structure spacings from a characteristic length scale that can
be readily obtained through the analysis of steady film flows
over isolated structure elements. As a consequence, the need
for time-consuming screening experiments or computationally
expensive transient flow simulations could be reduced.

Appendix A Sidewall effect

See Fig. 15.
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Fig. 15 Effect of sidewalls on the spatio-temporal wave evolution for
falling film flow at Re = 482 over the smooth reference plate (a) and
over a structured surface with H, = 0.45 mm and D, =4 mm (b).
The spanwise sampling line is positioned at a distance of x & 100 mm
from the liquid distributor. The colormap indicates the local film
thickness A(y, ) normalized by the overall mean value 1 for each
case. The sidewalls, which are responsible for the spanwise film
thickness modulations in the case of the smooth plate, are located at
y=0mm and y = 50 mm. Additional information on the sidewall
effect can be found in our previous study (Diill et al. 2024)

Appendix B lllumination homogeneity

See Fig. 16.
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Fig. 16 Normalized intensity distribution X /? of the grayscale
intensity (X = I,,,, subfigure a) and red-to-blue intensity ratio
(X = I.q/Iype- subfigure b) for the region of interest of an exemplary
calibration image with constant liquid film thickness. The grayscale
value is calculated from the light intensity captured by the camera’s
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Appendix C Spatial and temporal flow
statistics

See Fig. 17.
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Fig. 17 Interquartile range IQR determined for the spatial distri-
bution of the interface elevation’s oscillatory contribution z(x,y)
over the rectangular region of interest (¢) in Fig. 4 at a single time
instance (¢ = constant, abscissa) and for the temporal evolution of the
interface elevation at the localized measurement point (a) in Fig. 4
(x,y = constant, ordinate). The IQR is a measure for the intensity of
the interface motion. The solid and dashed lines represent the identity
line and +20% error limits. Results for all experimental cases consid-
ered in this study are shown. Local dewetting effects and associated
liquid maldistribution can result in outliers
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Appendix D Spatial gradient fields
and derived properties

See Figs. 18, 19 and 20.
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Fig. 18 Spatial gradient of the elevation of the gas—liquid interface
in the streamwise direction x (number index 1) and the spanwise
direction y (number index 2) for the region of interest (c) in Fig. 4.
Results for the steady (Vz,(x, y), letter index a) and for the oscillatory
(szl(x, ¥), letter index b) flow contributions are shown. D, = 4 mm,

H, = 0.45 mm and Re = 382
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Fig. 19 Comparison of the strength of the oscillatory flow contribu-
tion (IQRZ;’(”)) with a the absolute spatial gradients of the steady
interface deformation (|Vz,(x,y)|) and with b the ratio of these gra-
dients in spanwise (y) and streamwise (x) direction. Median values
calculated over the region of interest (¢) in Fig. 4 are shown for all

experimental cases considered in this study
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Fig.20 Spanwise gradient dz;,/dy of the steady interface deformation
for experimental cases where more pronounced steady three-dimen-
sional wave patterns are observed. The figure indices (a—d) corre-
spond to those from Fig. 12
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