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ABSTRACT

Unsteady film flows play an important role in intensifying heat and mass transfer processes, with applications, e.g., in falling film absorbers
or reactors. In this context, the influence of surface structure modification on the wave dynamics of falling film flows is experimentally
investigated based on localized film thickness time series data. Arrays of rectangular ridges oriented perpendicular to the main flow direction
are considered, and an optimum ridge distance is identified, at which particularly strong interfacial oscillations are induced in the falling film.
These potentially result from the interaction of the flow with a statically deformed base film under resonance-like conditions. The transient
destabilization is amplified in the case of narrow ridge sizes, where inertia-driven flow features are particularly pronounced. With regard to
mass transfer applications, the structure-induced increase in gas–liquid interfacial area may be of secondary importance compared to changes
in internal flow conditions.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0222760

I. INTRODUCTION

Falling film flows are ubiquitous in nature, where they can be
observed in many biological and geophysical systems.1–3 They are also
present in a variety of technical and industrial applications.4 For
instance, the behavior of falling films plays an important role in
coating processes,5–10 and the associated heat transfer characteristics
determine the efficiency of falling film evaporators. The latter are com-
monly used in cryogenic air separation units,11,12 for seawater desali-
nation13,14 as well as for the recycling of black liquor in pulp mills15

and the concentration of fruit juice16 or dairy products.17 In the chemi-
cal industry, falling film reactors have proven to be well suited for
strongly exothermic gas–liquid reactions such as sulfonations or
chlorinations.18,19 Furthermore, falling film absorbers find frequent
application in absorption refrigeration systems20,21 or the production
of hydrochloric acid (HCl),22 and have been widely utilized for the
investigation of sulfur dioxide (SO2)

23,24 or carbon dioxide (CO2)
25–31

absorption. In a more general context, insight gained from the investi-
gation of falling film flow configurations can be employed for the

design and optimization of packing materials in absorption or distilla-
tion columns.32–37

In many of the technical applications previously mentioned, the
surface over which the liquid film flows is not smooth but structured.
With regard to the heat and mass transfer applications motivating this
study, several authors have demonstrated the enhancing effect of two-
dimensional, periodic surface structuring on the heat and mass transfer
characteristics of falling film flows.35,38–41 This is mainly attributed to
an increased gas–liquid interfacial area and liquid residence time,42 as
well as to the formation of internal recirculation zones.43 Other works
report an insignificant or even adverse impact,44,45 which can result
from unfavorable changes in the mean film thickness and liquid veloc-
ity46 in the case of improperly chosen structure geometries.45 In this
context, the potential of surface structure optimization was highlighted
by Davies and Warner.35 Analyzing a stepwise corrugated surface, they
found the strongest mass transport enhancement at an intermediate
structure distance-to-height ratio of about five, which they attributed
to the interference of vortices forming in the vicinity of two subsequent
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structure elements. While the existence of such an optimum structure
distance was also speculated by Lu et al.,40 neither of the two works
conducted a quantitative analysis of the underlying hydrodynamics.
Thus, in order to contribute to such optimization efforts, this study
focuses on the structure-induced wave dynamics of falling films under
flow conditions relevant to heat and mass transfer applications.
Previous hydrodynamic analyses were often conducted at relatively
low Reynolds numbers and focused on the structure-induced surface
deformation under steady flow conditions. Findings most relevant to
this study are briefly outlined below, although the reader is directed to
the reviews by Aksel and Sch€orner47 and Craster and Matar1 for a
more comprehensive view.

For Stokes flow over a single mound or trench, the evolution of
capillary features, e.g., capillary ridges or depressions, was predicted in
the vicinity of the obstacles.48 This surface deformation is strongly
affected by the presence of inertia forces.3 In the case of isolated step
geometries, an increase in Reynolds number results in the eventual dis-
appearance of the capillary features.5 Simultaneously, liquid overshoot
in the cross-stream direction leads to the formation and growth of a
new, inertia-controlled ridge downstream of a step-out.5 For a periodic
array of two-dimensional structure elements, resonance interaction
between the free surface and wall corrugation was predicted in theoret-
ical analyses considering inertia forces.49–51 In the case of finite corru-
gation heights, the resonant Reynolds number determined by linear
theory49,50,52 marks the onset of a parametric region characterized by a
particularly strong amplification of the steady free surface.53 A corru-
gation wavelength of a few millimeters was predicted, where the reso-
nance effect is most pronounced.49,50,52 The static surface deformation
has a significant impact on the dynamic properties of the falling film
flow, as traveling disturbances, which can manifest as surface oscilla-
tions or traveling waves, continuously interact with the underlying
base flow.53,54 At higher Reynolds numbers, the evolution of steady
three-dimensional flow patterns is observed when the distortion of the
two-dimensional base flow reaches a maximum steepness at the peak
of the nonlinear resonance curve.53,54 The occurrence of such three-
dimensional patterns results in flow stabilization and suppression of
traveling waves.53,55

The present study complements the previously outlined hydrody-
namic analyses by focusing on the dynamic aspects of falling film flows
on structured surfaces. This is directly relevant to heat and mass trans-
fer applications, as significantly higher heat and mass transfer rates are

achieved under unsteady flow conditions compared to steady
ones.38,39,55 In this context, it is of particular interest to determine
whether the static resonance-like effects described above are reflected
in the time-oscillatory surface deformation. To this end, falling film
flows over arrays of rectangular ridges with systematically varied struc-
ture distance and height are experimentally investigated at different
Reynolds numbers and plate inclination angles. After establishing
operational limits for the individual structure geometries from a practi-
cal and methodological perspective, locally recorded film thickness
time series are used to characterize the rather chaotic nature of the
free-surface dynamics. Emphasis is placed on identifying surface struc-
tures that induce a particularly strong oscillatory behavior, as these
geometries may be of interest for future structure optimization efforts.
In an outlook, potential implications for mass transfer applications are
derived from the hydrodynamic results.

The remaining article is organized as follows: The experimental
setup and data evaluation procedure are outlined in Sec. II. The experi-
mental results are presented and discussed in Sec. III and the main
conclusions are summarized in Sec. IV.

II. EXPERIMENTAL SETUP AND METHODOLOGY
A. Falling film test rig

The experimental test rig is schematically shown in Fig. 1. The
working fluid is pumped from the main supply reservoir into a settling
chamber by means of a micro-gear pump (LAB-ZP-9, Gather
Industries). In addition to a check valve, a filter (20lm mesh size) is
installed in the feed line to prevent the accumulation of contaminants
in the system. These include small dust and fiber particles, which can
cause blockage of the liquid distribution section. To achieve a homoge-
neous liquid distribution across the 50mm wide (W) falling film test
section, the liquid is guided through a distributor slit with a height of
0.4mm and length of 90mm. To ensure the presence of a fully devel-
oped channel flow at the distributor outlet, the latter was chosen to be
significantly larger than the maximum expected hydrodynamic
entrance length (Lch < 20mm at Rech < 1000).56 The optically acces-
sible test section has a length of L ¼ 110mm, which allows for the
investigation of structure effects isolated from the film’s natural wavi-
ness developing at larger flow distances. Exemplarily, a wave-free
entrance length of approximately 240mm can be calculated for film
flow on a smooth plate at a Reynolds number of Re ¼ 200 and plate
inclination angle of a ¼ 60� based on a corrected version of a literature

FIG. 1. Falling film test rig and schematic depiction of the
investigated surface structure shape. The coordinate system
origin is positioned on the plate surface, centrally across the
plate width at the outlet of the liquid distributor.
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correlation57,58 (see the supplementary material Sec. S1). The falling
film apparatus and connected peripheral devices for data acquisition
can be inclined at angles in the range of a ¼ 0�–90�, where 0� corre-
sponds to a horizontal orientation.

A digital camera (D5300, Nikon) and LED-backlight (LLUB,
PHLOX Corporation) are used for qualitative flow visualization.
Furthermore, a chromatic confocal point sensor (CHRocodile 2S,
Precitec) with a measurement range of 0–6mm and a maximum mea-
surement angle of 630� is employed to quantitatively capture the
wave dynamics.59 It is important to note, that experimental results
based on such point-wise measurement techniques can be influenced
by sidewall effects. In the present study, this is observed especially for
falling film flow on the smooth reference plate, where the rise of liquid
at the sidewalls can lead to the formation of localized ridges and
depressions even at greater wall distances. The employed point sensor
is nevertheless considered suitable for use in the present study, as the
investigated surface structures lead to a significant reduction of the
wall-induced inhomogeneities. This effect is particularly pronounced
for higher structure heights (Hs � 0:32mm), which is exemplarily
visualized in Fig. 2. The figure shows the normalized absorbance of the
liquid film dyed with methylene blue (see Sec. II B), which is a measure
for changes in the local film thickness.60 The data are extracted from
color images of the falling film along a line across the plate width, at a
distance of y � 100mm downstream from the liquid distributor. For
clarity, a Gaussian smoothing with a window size of about 0:9mm is
applied, and the curves are averaged over a series of 15 consecutive
images. The point sensor is positioned in the center of the plate

(z=W ¼ 0), where the influence of the sidewalls on the observed film
thickness is small for the structured plates considered here.

The experiments are conducted in an air-conditioned environ-
ment at ambient temperature (T ¼ 21 �C). The corresponding liquid
density, kinematic viscosity, and surface tension of q ¼ 997:99 kg=m3,
� ¼ 0:9798� 10�6 m2=s, and r ¼ 72:59� 10�3 N=m are used to
calculate characteristic film properties.61

B. Materials

Interchangeable back panels with varying rectangular surface cor-
rugations oriented perpendicular to the falling film’s main flow direc-
tion are machined from 10mm thick acrylic glass sheets (Plexiglas XT,
R€ohm). As shown in Fig. 3, the distance and height of the investigated
structure elements are systematically varied in the range of Ds

¼ 2–8mm and Hs ¼ 0:22–1:2mm, respectively. The former is in the
same order of magnitude as the capillary length lCa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=ðqgÞp

� 2:7mm.55 With respect to the Nusselt film thickness hNu, the latter
is in the order of 0:3 hNu < Hs < 3 hNu under the experimental condi-
tions considered here (see Sec. II C), thus falling within the range of
structure heights proposed as promising for mass transfer applications
in the literature.42,45 The ridge length is maintained at Ls ¼ 0:7mm
for all plates, unless otherwise specified. The accuracy of the
manufacturing process is in the order of620lm.

De-ionized water is used as the working fluid and a small amount
of methylene blue (CAS: 61-73-4) is added to the liquid phase at a con-
centration of 100mg/kg (313lM) to enhance the light contrast in the
recorded images. Comparative surface tension measurements between
pure and dyed de-ionized water in a bubble pressure tensiometer
(BP100, Kr€uss) showed no significant influence of the dye on the sur-
face tension [rð25�CÞ ¼ 70:92� 10�3 and 70:96� 10�3 N=m for
pure water and the dyed aqueous solution used in this study, respec-
tively]. Similarly, due to the low dye concentration, the influence of the
solute on other physical properties such as q or � is assumed to be
negligible.

C. Experimental procedure and operating conditions

The chromatic confocal point sensor is centered along the width
of the plate and placed at a distance of y � 100mm downstream of the
liquid distributor outlet. For each of the structured plates, the lengthwise
sensor position is slightly adjusted so that the measurement spot is cen-
tered between two subsequent structure elements. Experiments are con-
ducted at plate inclination angles of a ¼ 20:5� and a ¼ 60:6� to the
horizontal. For each plate and inclination angle, the falling film flow is

FIG. 2. Normalized absorbance recorded across the plate width W for a smooth
and structured plate at a ¼ 20:5� and Re ¼ 482.

FIG. 3. Matrix representation of the sur-
face structure modification (left) and
exemplary visualization of selected struc-
ture geometries (right). The labels (a)–(e)
refer to the positions in the matrix
representation.
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analyzed at six distinct Reynolds numbers in the range of Re
¼ 232–482 with DRe ¼ 50. These values are higher than the critical
Reynolds number for the onset of film rupture on the smooth reference
plate under dewetting conditions and lower than the Reynolds number
limit for the transition from laminar wavy to fully turbulent falling film
flow. The former was determined to occur below Re � 200 in prelimi-
nary experiments, and the latter was calculated62 to occur at Re > 840.
In the investigated value range, the employed surface structures induce
unsteady oscillatory surface deformations in the falling film. Such
unsteady flows are characterized by higher heat and mass transfer rates
than steady ones.38,39,55 The Reynolds number is defined as57

Re ¼ hu
�

¼ q
�
; (1)

with the continuity condition q ¼ hu, where h and u denote the local
film thickness and thickness-averaged liquid velocity, respectively. It is
calculated from the specific liquid load q ¼ _V=W or C ¼ _m=W,
which represents the volume flow rate _V or mass flow rate _m per unit
width W of the plate. The investigated experimental parameter range
is summarized in Table I. For the specified experimental conditions,
the Nusselt film thickness is in the range of hNu ¼ 428–739 lm. The
corresponding Nusselt correlation63 was reported to be well applicable
even beyond laminar flow conditions up to Re � 400,62 and the devia-
tions from correlations developed for laminar wavy or turbulent falling
film flow62,64 are below 10% within the investigated Re and a range.
Nevertheless, the reported values are intended as a purely qualitative
reference for the investigated structure heightsHs.

An experimental run consists of three phases, in each of which
film thickness measurements are taken at all previously indicated
Reynolds numbers Re while progressively reducing (phases 1 and
3) or increasing (phase 2) the liquid load. As the underlying mea-
surement procedure relies on distance rather than direct film thick-
ness measurements, reference measurements of the fully dried
plate are taken at the beginning and end of each experimental run.
Three consecutive experimental runs are carried out for every plate
with the sensor being removed and reattached after each repetition
to check for systematic errors. The falling film apparatus itself is
not disassembled and reassembled between subsequent repetitions,
as preliminary experiments with a reduced number of plates
showed that systematic errors due to the reassembling are negligi-
ble compared to other error sources.

In all experiments, the sampling duration and frequency are set
to t � 20 s and f ¼ 1200Hz, respectively. These values were chosen
on the basis of preliminary test measurements (see the supplementary

material Sec. S2). On the one hand, the sampling duration t is set suffi-
ciently high to reduce the statistical error of key flow characteristics,
such as the mean film thickness h or film thickness standard deviation
sh. On the other hand, the selected measurement frequency f is high
enough to resolve individual waves in time. In addition to the quantita-
tive sensor measurements, a series of images is captured at each
Reynolds number Re setpoint in a fourth experimental run. These
images are, however, not quantitatively processed and are merely
intended for the qualitative assessment of the homogeneity of the liq-
uid distribution across the plate.

D. Data evaluation

The transient sensor output signal SðtÞ consists of a measured
distance dðtÞ as an indicator for the position of the gas–liquid interface
and the signal intensity IðtÞ. To avoid the processing of erroneous sig-
nals due to daily varying scatter light from the environment, data
points with signal intensities close to the mean scatter light intensity
I sct are discarded. The latter is measured after every start-up of the sen-
sor. A subsequent outlier removal based on the interquartile range
(IQR), which represents the difference between the third quartile (Q3)
and first quartile (Q1) of the dataset, is applied. This yields the filtered
time series S�ðtÞ as formulated in Eq. (2), where sIsct is the standard
deviation of the scatter light intensity. It should be noted that the effect
of the IQR filter was negligible in the vast majority of cases and was
only necessary to correct irregular behavior of the intensity filter in a
few limited instances (see the supplementary material Sec. S3),

S�ðtÞ ¼ SðtÞj IðtÞ � I sct þ 2 sIsct ; dðtÞ 2 Q1 � 3IQR;Q3 þ 3IQR½ �
� �

:

(2)

The film thickness time series hðtÞ is calculated according to Eq.
(3) with the mean distance between the sensor head and the dry back-
plate serving as reference value d0,

hðtÞ ¼ d0 � dðtÞ8dðtÞ 2 S�ðtÞ: (3)

The film thickness distribution’s mean value h and standard devi-
ation sh serve as the key statistical characteristics. Additionally, wave-
related parameters such as the median wave height ~hw as well as the
median wave period~tw and wave frequency ~f w are extracted by means
of a zero-crossing analysis, as proposed for the investigation of wave
dynamics in stratified65 or annular66 pipe flow. As proposed by Ayati
and Carneiro,65 the mean film thickness h is used as the reference
value, which is subtracted from the time-dependent data hðtÞ. An indi-
vidual wave cycle is then considered as the interval between two suc-
cessive zero-down-crossings. The latter are defined as locations, at
which five consecutive data points with positive sign are succeeded by
five consecutive data points with negative sign. Before conducting the
zero-crossing analysis, the film thickness time series is linearly interpo-
lated (Dt ¼ 8:33� 10�5 s). The main parameters extracted from the
analysis are schematically depicted in Fig. 4, where the mean film
thickness h is also indicated (solid, horizontal line).

E. Order-of-magnitude estimates in the context of
mass transfer applications

To derive first conclusions for mass transfer applications from
the hydrodynamic analysis, this study relies on estimates of the factors,

TABLE I. Experimental parameter range.

Property Unit Value

Hs mm 0.22, 0.32, 0.45, 0.81, 1.2
Ds mm 2, 3, 4, 6, 8
Ls mm 0.7
a deg 20.5, 60.6
C gm�1 s�1 227, 276, 324, 373, 422, 471
Re 	 	 	 232, 282, 332, 382, 432, 482
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by which the surface structuring could contribute to increase the gas–
liquid interfacial area S (FS ¼ Sstruct:=Ssmooth) or liquid residence time s
(Fs ¼ sstruct:=ssmooth). To determine FS, the film thickness time series
hðtÞ is converted into a spatial wave through multiplication with the
mean film velocity u. The latter is approximated from the mean film
thickness h using the continuity condition in Eq. (1) (u 
 1=h) and
assuming a homogeneous flow distribution across the entire film thick-
ness. The lengths of the connecting lines between successive data
points are then summed and the resulting interfacial length is
referenced to its 1D projection length. It should be noted, that the
assumption of homogeneous flow distribution may lead to an underes-
timation of the actual flow velocity, particularly in the case of increased
structure heights and low structure distances, where the moving fluid
may not reach the bottom of the trenches between the individual struc-
ture elements. Moreover, the estimation procedure does not capture
the increase in the gas–liquid interfacial area due to the three-
dimensional nature of the evolving waves.

The factor, by which the surface structuring increases the mean
film thickness is used as a rough indicator for changes in liquid resi-
dence time (Fs 
 usmooth=ustruct: 
 hstruct:=hsmooth). In addition to the
previously described limitations, this does not consider the effects of
internal recirculation zones or superimposed transversal fluid motion
on the liquid residence time. Overall, the determined factors should be
considered as mere order-of-magnitude estimates.

III. RESULTS AND DISCUSSION

Section IIIA presents a qualitative classification of the falling film
flow patterns observed in this study. Subsequently, the influence of
structure geometry, Reynolds number, and plate inclination angle on
the wave dynamics is analyzed quantitatively in Sec. IIIB, with a par-
ticular focus on the evolution of strongly oscillating flow patterns.
Finally, the potential implications of the findings from the hydrody-
namic analysis for mass transfer applications are discussed in
Sec. III C.

A. Qualitative film flow classification

Due to the use of a localized measurement technique, only falling
film flows with a homogeneous liquid distribution can be statistically
evaluated. To identify experimental setpoints resulting in unstable or
maldistributed flows and exclude them from the quantitative analysis,
a qualitative film flow classification is introduced, as depicted in Fig. 5.
From a more practical standpoint, the derived flow pattern maps are
useful for determining the operational limits, within which a particular
structure geometry could be employed in a technical application.
Based on the recorded camera images, film flow is classified as belong-
ing to the first applicable flow pattern in the order indicated in the fig-
ure. While the exact conditions, under which a particular category
applies, may be affected by manufacture-dependent substrate proper-
ties, such as the structure element’s edge sharpness, it is expected that
the mere existence of the observed flow patterns and general trends for
the transition between them can be generalized.

The influence of the structure geometry and liquid flow rate on
the film flow classification for liquid flow over structured surfaces
inclined at a ¼ 20:5� to the horizontal is depicted in Fig. 6 (top). Even
at the lowest investigated Reynolds number (Re ¼ 232), homogeneous
flow distribution (flow pattern D) is reached for structure configura-
tions with either low structure heights (Hs ¼ 0:22mm) or distances
(Ds ¼ 2mm), the latter possibly due to flow stabilization by an
unmoving liquid sublayer forming between the structure elements. In
contrast, a combination of medium structure heights 0:32mm
� Hs � 0:81mm and medium to large structure distances 3mm
� Hs � 8mm can cause random temporary dewetting primarily on
top of the sharp-edged structure elements (flow pattern C) or lead to
permanent liquid maldistribution (flow pattern B). The latter repre-
sents an unfavorable flow condition for, e.g., falling film heat

FIG. 4. Zero-crossing analysis on an exemplary film thickness time series (Hs
¼0:45mm, Ds¼6mm, a¼60:6�, and Re¼382) with individual wave cycles indicated
by alternating shading and zero-up-crossings (zero-down-crossings) marked by� (�).

FIG. 5. Film flow classification: film detach-
ment (A), permanent liquid maldistribution
(B), temporary dewetting at random loca-
tions (C) or across the full plate width (C�),
and homogeneous falling film (D). The
flow direction is indicated by a white arrow.
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exchangers or absorbers, as it may result in a significant reduction of
local heat and mass transfer rates.67 Moreover, at low Reynolds num-
bers, structure elements with Hs ¼ 1:2mm and Ds � 6mm can rep-
resent individual obstacles to the liquid flow instead of collectively
affecting the flow evolution. The associated temporary accumulation
of liquid upstream of the structure elements results in the formation of
high-wavelength, high-amplitude waves (flow pattern C�). Such travel-
ing “disturbance waves”66 can cause uniform, temporary dewetting
across the entire plate width.

With increasing Reynolds number, liquid maldistribution and
temporary dewetting occur less frequently. At the same time, gas bub-
ble formation in the upper part of the structured plate and subsequent
bubble entrainment with the liquid flow is observed at Re � 382 (see
the supplementary material Sec. S4). Such bubble formation can occur
in the presence of breaking waves68 or hydraulic jumps.69 With respect
to heat and mass transfer applications, this phenomenon would
undoubtedly result in an increase in the effective gas–liquid interfacial
area and disturbance of the liquid layers close to the bottom of the

trenches. However, depending on the design of the liquid outlet, it can
also lead to the unfavorable removal of gas phase species along with
the liquid phase.

Increased plate inclination angles generally lead to film thinning
and reduced film stability.70 As can be taken from Fig. 6 (bottom), this
results in stronger maldistribution and dewetting effects as well as
increased bubble entrainment at higher inclination angles but identical
Reynolds numbers. Moreover, at high flow rates (Re � 432), the flow
disturbance induced by structure elements with Hs ¼ 1:2mm and
Ds ¼ 8mm can become so drastic that the liquid film permanently
detaches from the wall in the upstream section of the structured plate
(flow pattern A). This “teapot effect”71 is strongly dependent on the
experimental configuration (see the supplementary material Sec. S5).
More specifically, a higher distance between the liquid distributor out-
let and the structured plate section as well as an increased distributor
height can help to significantly delay the film detachment. The same
applies to structure elements with increased length Ls in a streamwise
direction. Despite its dependence on the experimental configuration,
the observed film detachment exemplifies that the use of certain struc-
ture geometries may be accompanied by a reduction of the applicable
Reynolds number operating window. In small system configurations,
this could be counteracted by the implementation of active control
strategies, e.g., the flexible adaption of the plate inclination angle a
depending on the liquid load. Such a concept was proposed by Reitze
et al.72 for the production of specialty chemicals in a wetted wall distil-
lation column.

From a methodological point of view, regarding the statistical
evaluation of the local sensor measurements in Sec. III B, liquid detach-
ment or maldistribution close to the measurement point can lead to a
distortion of the determined film characteristics. The data recorded at
Re ¼ 232 and Re ¼ 282 are, therefore, excluded from the quantitative
analysis. In contrast, temporary dewetting is not expected to have an
unfavorable effect on the measurement results and the employed chro-
matic confocal point sensor is assumed to be suitable for capturing the
overall film statistics under these conditions. However, a comprehen-
sive assessment of the full three-dimensional nature of the evolving
waves (see, e.g., Fig. 5, right) is not possible with the employed point-
wise measurement method and is beyond the scope of this study.

B. Wave dynamics

This section presents a quantitative analysis of the wave dynamics
associated with falling film flows on structured surfaces. Initially, struc-
ture geometries that induce particularly strong interfacial oscillations
are identified. These may be of particular interest for mass transfer
applications. Subsequently, the influence of Reynolds number and
plate inclination on the observed flow phenomena is discussed.

1. Influence of structure geometry

The transient interface deformation is significantly influenced by
changes in the structure geometry of the falling film wall. This is dis-
cussed in detail below for a constant inclination angle of a ¼ 20:5�

and a constant Reynolds number of Re ¼ 482. Exemplary film thick-
ness time traces, determined with the chromatic confocal point sensor,
are depicted in Fig. 7 for the smooth reference plate as well as for struc-
tured surfaces with a structure height of Hs ¼ 0:45mm and varying
structure distances of Ds ¼ 2–8mm. These time traces represent the

FIG. 6. Influence of structure geometry and Reynolds number (from top left to bot-
tom right: Re ¼ 232; 282; 332; 382; 432; 482) on the film flow classification at
a ¼ 20:5� (top) and a ¼ 60:6� (bottom). Gas bubble formation is indicated by
hatching.
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starting point for the subsequent statistical evaluation and zero-
crossing analysis.

The influence of the structure distance Ds on the film thickness
distribution is summarized in Fig. 8 for Hs ¼ 0:45mm. The figure dis-
plays the film thickness time series, partially shown in Fig. 7, in the
form of histograms. Normal distributions fitted to the respective raw
data are indicated by solid lines. Irrespective of the structure distance
Ds, falling film flow over structured surfaces with Hs ¼ 0:45mm is
characterized by much broader film thickness distributions than falling
film flow over the smooth reference plate under otherwise identical
conditions. These broader distributions indicate significantly more
pronounced transient wave instabilities in the film flow over the struc-
tured surfaces. The exact film dynamics are strongly influenced by the
structure distance Ds. First, a shift toward lower average film

thicknesses h can be noted with increasing structure distance, i.e., from
Ds ¼ 2mm to Ds ¼ 8mm, which is due to the increased distance
between the measurement point and the surface elevation in the vicin-
ity of the structure elements. This effect is visualized in Fig. 9(a), where
the mean surface elevation x ¼ f ðh;HsÞ, representing the distance
between the gas–liquid interface and the plate surface, is plotted for the
five different measurement point positions shown in Fig. 9(c). Second,
the film thickness distributions initially broaden from Ds ¼ 2mm to
Ds ¼ 4mm, as the film flow can penetrate more deeply into the
grooves between the structure elements and the main flow direction is
disturbed more strongly. Beyond this point, i.e., for Ds � 6mm, a
reverse trend is observed and the distributions narrow, indicating a
reduction in the oscillatory wave height hw with a further increase in
structure distance. This can be attributed to the reduced interaction
between flow distortions induced at subsequent ridges. As illustrated
in Fig. 9(b), the observed behavior is not exclusive to the chosen
default measurement position [index (3) in Fig. 9(c)], but can be
observed regardless of the exact location of the measurement point,
despite variations in absolute values.

Overall, an “optimum” structure distance around D�
s � 4mm is

identified from Fig. 8, at which the film thickness distribution reaches
a maximum spread due to strong surface oscillations being induced in
the falling film. Structure distances much lower (Ds ¼ 2mm) or
higher (Ds ¼ 8mm) than the optimum value excite the falling film
flow to a much lesser extent, either because the liquid is skimming
over the less elevated plate sections between the structure elements or
because single, non-interacting surface distortions are induced close to
the ridges.35,49 A similar “resonance” phenomenon was observed for
the static deformation of falling film flows over surfaces with sinusoi-
dal49,50,52,73 or rectangular53,54,74 corrugations. For linear resonance,
the surface amplification was reported to be strongest when the wave-
length of the structured surface is in the order of ks ¼ Ds þ Ls
� 2phNu.

52,73 The thereby estimated optimum structure wavelength
for maximum static surface amplification k�s � 5mm (a ¼ 20:5�,

FIG. 7. Film thickness time traces determined at a ¼ 20:5� and Re ¼ 482 for the
smooth reference plate as well as for structured surfaces with Hs ¼ 0:45mm and
Ds ¼ 2–8 mm. Linear interpolations (solid line) are shown in addition to the mea-
sured data points (circles).

FIG. 8. Influence of the structure distance Ds on the film thickness distribution for
film flow over structured surfaces with Hs ¼ 0:45mm in comparison to the smooth
reference plate at a ¼ 20:5� and Re ¼ 482.
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Re ¼ 482) is in the same value range as the structure wavelength, at
which the most pronounced dynamic surface oscillation is observed in
the present study. Consequently, the strong transient instabilities
observed for Ds ¼ 4mm (ks ¼ 4:7mm) may result from the interac-
tion of traveling disturbances and inertia-induced flow features with a
statically deformed base flow under resonance-like conditions. While
dynamic surface oscillations were observed previously, they were
reported to be much smaller than the static surface deformation.53 The
rather pronounced transient destabilization observed here may be
attributed to the relatively narrow ridge lengths Ls in the streamwise
direction, as discussed in greater detail in Sec. III B 2. It should be
noted that Davies and Warner35 associate a similar oscillatory film
flow behavior with the interference of internal vortices forming in the
vicinity of successive structure elements, rather than with a resonance
interaction. However, no hydrodynamic analyses were provided to
support this hypothesis, and numerical simulations by Åkesj€o et al.38

indicate the occurrence of highly time-dependent and locally isolated
recirculation zones for film flow over a surface with wire-shaped struc-
ture elements.

The same structure-induced flow destabilization can be observed
for different structure heights Hs. This is discussed below on the basis
of characteristic wave properties, namely, the median wave height ~hw

and wave frequency ~f w, which were determined by a zero-crossing
analysis. Complementary data from a purely statistical analysis is pro-
vided in the supplementary material Sec. S6, where the wave dynamics
results for the other operating conditions investigated are also given.
The median wave height ~hw is plotted in Fig. 10(a) as a function of the
structure distance-to-height ratio Ds=Hs for falling film flow at Re
¼ 482 and a ¼ 20:5�. The corresponding mean film thickness h is
shown in Fig. 10(b) for the structured surfaces and smooth reference
plate. In the case of the latter, a height correction derived from width-
wise changes in local light absorbance (see Fig. 2) is applied to mini-
mize distortions due to sidewall effects. In the graphs, each symbol rep-
resents a single measurement, that was repeated nine times for each
condition. This illustrates the generally high reproducibility of the
measurements.

As can be taken from Fig. 10(a), the maximum transient free-
surface deformation identifiable at a specific structure distance Ds for
each of the investigated structure heights Hs is amplified with increas-
ing structure height. The corresponding peak median wave heights ~h

�
w

are in the order of the structure height. The absolute values range from
~h
�
w ¼ 251 lm at Hs ¼ 0:22mm to ~h

�
w ¼ 923 lm at Hs ¼ 1:2mm,

corresponding to 23% and 48% of the mean film thickness h, respec-
tively. This growth of the structure-induced interfacial oscillations with
increasing structure height is accompanied by a slight shift of the struc-
ture distance Ds, at which the peak waviness is reached, toward higher
values. More specifically, the optimum distance increases from D�

s
� 3mm at Hs ¼ 0:22mm to D�

s � 4mm at 0:32mm � Hs

� 0:45mm and D�
s � 6mm at 0:81mm � Hs � 1:2mm. Following

the line of reasoning for steady falling film flow over a single step-out,5

this may be due to the elongation of the flow path in the vicinity of the
structure elements, along which momentum is transformed from
streamwise to cross-stream direction. Consequently, inertia-induced
surface deformations become more pronounced with increasing struc-
ture height, which enables the interaction of flow features induced by
structure elements located at greater distances. As can be estimated
from the analysis by Bontozoglou and Serifi5 for steady film flow over
a single step, such inertial features dominate the liquid behavior over
capillary features under the majority of the flow conditions investi-
gated in this study. Especially at high Reynolds numbers Re, structure
distances Ds, and structure heights Hs, their occurrence is expected to
induce additional transient instabilities in the film flow. The effect is
magnified by the relatively low ridge lengths considered in this study
(see Sec. III B 2). Whether the corresponding streamwise lengthscale of
the inertial ridge5 could be a useful parameter in determining the opti-
mum structure distance D�

s from a theoretical perspective, remains an
open question beyond the scope of this study.

As shown in Fig. 10(c), an inverse trend can be observed for the
median wave frequency ~f w in comparison to the median wave height.
A maximum in the wave height curve ~hw ¼ f ðDs=HsÞ is usually
accompanied by a minimum in the wave frequency curve ~f w
¼ f ðDs=HsÞ, which may indicate the existence of a limiting wave
steepness. Absolute values range from ~f

�
w ¼ 19Hz at Hs ¼ 1:2mm to

FIG. 9. Mean surface elevation x (a) and median wave height ~hw (b) determined at
five different measurement points (c) for structured plates with Hs ¼ 0:45mm and
Ds ¼ 2; 4; and 8mm (Re ¼ 482 and a ¼ 20:5�). Three measurement repetitions
are shown.
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~f
�
w ¼ 74Hz at Hs ¼ 0:22mm. With regard to the wave dynamics, this
illustrates that irrespective of the structure heightHs, an increase in the
structure distance Ds initially results in the transformation of small
surface ripples prevalent at low Ds into high-amplitude, low-frequency

surface deformations observable at higher Ds. However, this effect is
reversed after a certain optimum structure distance D�

s is exceeded.
Qualitatively, this can already be observed visually in the film thickness
time traces shown in Fig. 7.

2. Influence of Reynolds number and inclination angle

Section III C 2 is dedicated to analyzing how robust the previ-
ously described falling film flow behavior and determined optimum
geometric parameters are to changes in Reynolds number Re and incli-
nation angle a. This is discussed below using the median wave height
~hw as a key parameter to characterize the oscillatory film dynamics.
From a practical point of view, such an analysis helps to assess,
whether the same surface structures could be suitable under varying
flow conditions or in different system configurations.

The influence of Reynolds number Re and structure height Hs on
the median wave height ~hw is displayed in Figs. 11(a) and 11(b) for
inclination angles of a ¼ 20:5� and a ¼ 60:6�, respectively. Although
the results are shown for a fixed structure distance of Ds ¼ 4mm, sim-
ilar conclusions could be drawn for the other structure distances con-
sidered in this study. For low to medium structure heights
Hs � 0:45mm the median wave height ~hw increases proportionally
with both Re and Hs. In contrast, nonlinear behavior is observed at
higher structure heights Hs � 0:81mm. This indicates the prevalence
of more complex flow features, which can be strongly affected by vary-
ing inclination angle a. Such flow features include long-wavelength
traveling waves, which can be induced in the falling film at low Re due
to temporary liquid accumulation upstream of structure elements with
high Hs (flow pattern C� in Fig. 5). The evolution of inertia-controlled
flow features due to liquid overshoot perpendicular to the main flow
direction plays another important role. With respect to the resulting
free-surface deformation, potential saturation effects could contribute
to the observed complex dependence on Re.

The aforementioned inertial effects have a particularly destabiliz-
ing influence on the film flow in the case of the default low ridge length
of Ls ¼ 0:7mm in the streamwise direction. This is illustrated in
Fig. 12, where the median wave height ~hw is plotted as a function of
Reynolds number Re for structured surfaces with constant structure
height Hs ¼ 1:2mm and structure distance Ds ¼ 8mm but varying
ridge length Ls. On the one hand, significantly higher median
wave heights ~hw are generally observed for Ls ¼ 0:7mm than for Ls
¼ 2mm or Ls ¼ 4mm. On the other hand, for reduced ridge lengths,
the change in ~hw with Reynolds number Re deviates from the propor-
tional behavior observed at the highest considered ridge length
(Ls ¼ 4mm). The destabilizing effect of narrow ridges on the film
flow is qualitatively visualized in Fig. 13. While pronounced liquid
overshoot is observed for Ls ¼ 0:7mm [marker (D) in Fig. 13(a)], this
flow feature is much less prevalent for the other two investigated Ls.

As described above, the absolute values of the median wave
heights ~hw vary with both Reynolds number Re and inclination angle
a. In contrast, the structure distances Ds or structure distance-to-
height ratios Ds=Hs at which the maximum values ~h

�
w are observed

remain unaffected by changing Re and a, within the resolution limit of
the discrete plate geometries investigated (see the supplementary
material Sec. S6). From a practical point of view, this suggests that sur-
face structures optimized for a particular Re and a setpoint may also
be promising candidates for other flow conditions within the operating
window investigated here (Re ¼ 332–482 and a ¼ 20:5�–60:6�).

FIG. 10. Median wave height ~hw (a), mean film thickness h (b), and median wave fre-
quency ~f w (c) as a function of the structure distance-to-height ratio Ds=Hs at a
¼ 20:5� and Re ¼ 482. The mean film thickness determined for the smooth reference
plate is indicated in (b) by a solid line. Nine repetitions are shown for each data point.
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C. Potential implications for mass transfer applications

In the context of mass transfer applications, e.g., in falling film
absorbers, the degree of utilization of the liquid phase can benefit from
an increased gas–liquid interfacial area, higher liquid residence time in
the apparatus, and intensified cross-stream convection within the liq-
uid phase due to internal recirculation zones. As these factors are influ-
enced by wave evolution, they are closely linked to the hydrodynamics
of the falling film flow. Thus, after identifying structure geometries
that excite particularly strong interfacial oscillations in Sec. III B, this
section builds upon the hydrodynamic analysis to derive potential
implications of the observed phenomena on mass transfer
applications.

For this purpose, the factors by which surface structuring may
contribute to increase the gas–liquid interfacial area (FS) and liquid
residence time (Fs) are approximated from the experimental results, as
described in Sec. II E. Again, it is important to emphasize, that the
underlying point-wise measurement method does not capture the
three-dimensional nature of the evolving waves or the actual internal
flow conditions, e.g., local film velocities and internal mixing struc-
tures. Consequently, the presented results should be regarded as mere

order-of-magnitude estimations. As illustrated in Fig. 14, the increase
in the gas–liquid interfacial area due to surface structuring is in the
order of 1%–10%. The peak values are reached for the structure geom-
etries inducing interfacial oscillations with particularly high amplitudes
(see Sec. III B 1). The absolute value range is considerably lower than
the one obtained for the factor, by which surface structuring increases
the mean film thickness and may thus contribute to increase the liquid
residence time in comparison to the smooth reference plate [see raw
data in Fig. 10(b)]. Exemplarily, for a structure height of Hs

¼ 0:45mm and structure distance of Ds ¼ 4mm, values of FS ¼ 1:03
and Fs ¼ 1:98 are determined. Despite the inaccuracies associated
with the estimation procedure, the vast discrepancy may suggest that,
in the case of full plate wetting, the structure-induced increase in the
gas–liquid interfacial area is of secondary importance compared to the
increase in liquid residence time. In this context, the formation of
internal recirculation zones can be expected to play another major
role.

A review of the data presented by Davies and Warner35 lends
support to this hypothesis. The authors conducted mass transfer
experiments on surface structures similar to the ones investigated here,
albeit within a limited geometric parameter range. At a ¼ 25� and

FIG. 11. Median wave height ~hw as a func-
tion of Reynolds number Re and structure
height Hs for inclination angles of a ¼
20:5� (a) and a ¼ 60:6�ðbÞ (Ds ¼ 4 mm).
The error bars indicate plus/minus two
times the standard deviation from nine mea-
surement repetitions.

FIG. 12. Median wave height ~hw as a function of Reynolds number Re for different
ridge lengths Ls (Hs ¼ 1:2mm, Ds ¼ 8 mm, and a ¼ 20:5�). For every setpoint,
the overall mean and nine individual measurement repetitions are indicated by
markers with black and transparent outline, respectively.

FIG. 13. Top view of film flow over structured surfaces with ridge lengths of Ls
¼ 0:7mm (a), Ls ¼ 2mm (b), and Ls ¼ 4mm (c). The position of the measure-
ment point (A) and examples of bubble entrainment (B), steep interface curvature
(C), and liquid overshoot (D) are highlighted (Hs ¼ 1:2mm, Ds ¼ 8mm,

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 092107 (2024); doi: 10.1063/5.0222760 36, 092107-10

VC Author(s) 2024

 28 O
ctober 2024 14:43:13

pubs.aip.org/aip/phf


Re ¼ 550, they observed the most pronounced increase in the global
mass transport coefficient at a structure distance-to-height ratio of
Ds=Hs ¼ 5 (Hs ¼ 1:3mm) for a constant structure distance of
Ds ¼ 6:4mm. Similarly, an optimum was identified at Ds=Hs ¼ 4:7
(Ds ¼ 9mm) for a constant structure height ofHs ¼ 1:9mm. In these
cases, an increase in the mass transfer coefficient by a factor of 3.2 was
reported, which is considerably larger than the maximum increase in
the gas–liquid interfacial area estimated here for similar structure
geometries and flow conditions. With respect to the geometric param-
eters, it can be observed that the optimum structure distance-to-height
ratio determined by Davies and Warner35 at Hs ¼ 1:3mm coincides
with the value, at which the most pronounced free-surface deforma-
tion was determined in the present study for Hs ¼ 1:2mm. Moreover,
comparing the two reported optimum values35 supports the observed
trend of increasing optimum structure distance Ds and decreasing
optimum structure distance-to-depth ratio Ds=Hs with higher struc-
ture heights Hs from a mass transfer point of view. This comparison
emphasizes the link between pronounced, unsteady free-surface defor-
mation and intensified mass transfer in falling film flow
configurations.

IV. CONCLUSION

This contribution features a systematic experimental investigation
of the influence of surface structure modification on the wave dynam-
ics of falling film flows. Particular emphasis is placed on identifying
structure configurations that induce strong transient instabilities in the
film flow, as unsteady flows are of particular interest for optimizing
mass transfer applications,55 such as falling film absorbers. The investi-
gated surface structures consist of arrays of rectangular ridges oriented
perpendicular to the main flow direction. The evolving flow patterns
are analyzed qualitatively from image recordings and characterized
quantitatively using a point-wise measurement technique. A full char-
acterization of the three-dimensional nature of the evolving waves
remains elusive with the employed measurement method and should
be addressed in future works.

Within the investigated parameter range, an optimum structure
distance exists, at which particularly strong interfacial oscillations are
induced in the falling film. These could result from the interaction of
the flow with a statically deformed base film under resonance-like con-
ditions. The optimum structure distance increases with increasing
structure height but is robust to changes in Reynolds number and plate
inclination angle. The transient destabilization is amplified at narrow
ridge lengths in the streamwise direction, where inertia-induced flow
features due to liquid overshoot in the vicinity of the structure ele-
ments are particularly pronounced. This can lead to highly complex
flow behavior, especially for increased structure heights. With regard
to the optimization of mass transfer applications, the structure-
induced increase in gas–liquid interfacial area may be of secondary
importance compared to changes in internal flow conditions, namely,
the increase in liquid residence time and intensified convective mixing.
Future numerical investigations would be useful to visualize and quan-
tify the formation of recirculation zones within the liquid phase for the
determined optimum structure configurations. Literature results
derived from the analysis of the global mass transfer characteristics of
a falling film absorber35 can be well integrated with the main findings
from this hydrodynamic analysis. This highlights the relation between
strong interfacial oscillations and enhanced mass transfer characteris-
tics of falling film flows.

SUPPLEMENTARY MATERIAL

See the supplementary material for further information on data
processing and calculation methods (Secs. S1–S3) as well as on qualita-
tively observed flow patterns (Secs. S4 and S5). Additional results on
falling film wave dynamics (Sec. S6) are also provided.
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