<@ sustainability

Article

Optimization of Corrugated Sheet Packing Structure Based on
Analysis of Falling Film Flow Characteristics

Junhua Liao !, Peng Xue *

check for
updates

Citation: Liao, J.; Xue, P; Jin, L.;
Zhao, M.; Zhang, N.; Liu, J.
Optimization of Corrugated Sheet
Packing Structure Based on Analysis
of Falling Film Flow Characteristics.
Sustainability 2022, 14, 5861. https://
doi.org/10.3390/5u14105861

Academic Editors: Dariusz

Butrymowicz and Huiming Zou

Received: 15 April 2022
Accepted: 8 May 2022
Published: 12 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ling Jin 109, Mengjing Zhao 2, Nan Zhang ! and Junjie Liu 3

Beijing Key Laboratory of Green Building Environment and Energy Saving Technology,

Beijing University of Technology, Beijing 100124, China; liaojunhuallll@emails.bjut.edu.cn (J.L.);
j115300215706@163.com (L.J.); zhangn@tju.edu.cn (N.Z.)

Department of Building Services Engineering, The Hong Kong Polytechnic University, Hong Kong, China;
zhaomengjing321@gmail.com

Tianjin Key Laboratory of Indoor Air Environmental Quality Control, School of Environmental Science and
Engineering, Tianjin University, Tianjin 300072, China; jjliu@tju.edu.cn

*  Correspondence: xp@bjut.edu.cn; Tel.: +86-188-1303-0116; Fax: +86-10-6739-1608 (ext. 803)

Abstract: The falling film flow characteristics of a liquid on the surface of corrugated sheet packing
are crucial for its mass transfer performance in various industrial applications. In this study, a falling
film flow experiment with laser-induced fluorescence technology was conducted to validate the flow
characteristics of a falling film simulated using computational fluid dynamics (CFD). The influences
of Reynolds number (Re) and the packing structure on flow characteristics were analyzed with
quantitative film thickness and wetted area obtained through three-dimensional simulation. The
results show that the CFD model can accurately predict the liquid falling—film flow behavior and
calculate the characteristic parameters. For sinusoidal corrugated sheets, when Re reaches 500, the
groove flow changes into a rivulet flow along the adjacent ripples and the wetted area is at its largest,
about 0.022 m2. However, relative to the geometric area of the corrugated sheet, the wetted area
can only reach 20% of the surface area, and the overall wetting performance is still poor. Triangular
and trapezoidal corrugated sheets were further proposed and proved to improve the wetting area
compared with the sinusoidal sheet, with maximum increases of 23% and 9%, respectively. On this
basis, extensive research was carried out on the corrugation angle. The results show that a triangular
corrugated sheet with a 75° corrugated angle was more conducive to the flow of the liquid film, and
the wetted area was 38.8% of the surface area.

Keywords: corrugated sheet packing; falling film flow; laser-induced fluorescence technology;
computational fluid dynamics

1. Introduction

Structured packing are widely used in evaporative cooling, air washers, and petroleum
fractionation processes owing to their high efficiency and low pressure drop [1-3]. They are
generally made of corrugated sheets arranged in a crisscross fashion with a high contact
area and void fraction [4]. The inclined surface and tortuous flow channel facilitate the
spread of the liquid to form a film. It is also beneficial to increase the contact time of the
gas-liquid two-phase flow and promote mass transfer [5,6]. In this case, the essential flow
characteristics (liquid film thickness, wetted area, liquid holdup, etc.) of the fluid in the
packing system must be well understood to enhance the mass transfer efficiency [7,8].
However, this is still a challenging problem owing to the large number of factors that
influence the flow behavior, such as packing structural characteristics (e.g., corrugation
form and corrugation angle), surface characteristics (e.g., contact angle and roughness),
solvent properties (e.g., surface tension and viscosity), and liquid load [9].

Experimental work is the traditional way to study the flow behavior of structured
packing. Because of the limitation of experimental conditions in the early stage, most basic
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research has mainly revealed the amplitude and phase shift of the free surface of a sinusoidal
corrugated sheet, which is related to surface tension, wavelength, and direction [10,11],
and the trend of wavy amplitude with changing liquid Reynolds number (Re), corrugation
angle, etc. [12]. With the development of measurement technology, it has become possible
to use noncontact measurement technology to measure flow field information without
disturbing the system. Zhang et al. [13] used laser-induced fluorescence (LIF) technology
to photograph and analyze the flow pattern of a liquid on a corrugated sheet made of
plexiglass; they visualized the flow and distribution of the fluid on the corrugated sheet. In
light of that research, Huang et al. [14] analyzed the influence of temperature on the falling
film flow pattern on the surface of a corrugated sheet and confirmed the shrinkage of the
non-isothermal falling-film flowing liquid film. Similar to LIF, ultraviolet fluorescence
observation can be used to visualize the flow and has been used to analyze the flow behavior
of liquids on SiC foam corrugated sheets [15]. In addition, X-ray tomography can explore
the natural flow pattern of a liquid in a packed column and estimate the local and global
liquid holdup and wetted area by image processing [16]. Bradtmoller et al. [17,18] used
this technique to reveal the complex interdependence of liquid load and viscosity on liquid
holdup in regular packings; they identified three flow modes, among which the falling film
flow is generally considered the most important flow mode. The experimental study is
intuitive and realistic; however, it is time consuming and cannot provide all the flow details
and strict conditions actually required for the experimental setup [19,20]. During the past
two decades, computational fluid dynamics (CFD) has shown significant advantages and
application prospects for studying flow characteristics in structured packing [21-24]. It
can reveal the nature of fluid flow phenomena, predict fluid flow behavior, and help to
understand further the hydrodynamic performance of structured packing, which cannot be
investigated through experiments only [25,26].

In early work, the flow trajectory of the fluid and film thickness on structured packing
was usually simulated using two-dimensional (2D) CFD. Szulczewska et al. [27] initially
studied corrugated packing hydrodynamics using a 2D countercurrent gas-liquid flow
model. They analyzed the mechanism of droplet formation and liquid film rupture and
evaluated the gas-liquid boundary area based on the thickness of the liquid film. Later,
Raynal et al. [28] established a two-dimensional zigzag model of the gas-liquid flow path
in structured packing based on the volume of fluid (VOF) method to estimate the liquid
film thickness. The VOF method focuses on analyzing the fluid flow in the local packing
unit and is suitable for microscale simulations [29].

In addition, many scholars have used this method to study the flow patterns of liquid
films [30,31]. They analyzed the evolution and distribution characteristics of the liquid film
over time and space and found that the liquid film tends to accumulate and form droplets,
causing dry areas on corrugated sheets; reducing surface tension helps create a continuous
liquid film and increases the gas-liquid contact area. However, the flow phenomenon and
wetted area of the corrugated sheets as a whole cannot be captured by 2D simulations and
require a three-dimensional (3D) simulation for investigation [32].

With the rapid development of computers, various 3D studies have been conducted.
Ataki and Bart [33] established a VOF model of the local unit of Rombopak packing to
describe the influence of liquid load and liquid properties on wetting. The results showed
that the wettability increased with an increase in liquid viscosity and load. Similarly,
Haroun et al. [34] simulated the flow of liquid on a corrugated sheet and found that the
degree of wetting of the corrugated sheet increases as the liquid load increases and the solid—
liquid contact angle decreases. Shojaee et al. [35] calculated the interface area using liquid
holdup and the average film thickness, and found that the interfacial area appeared to be
effectively equivalent to the wetted area. In addition, the liquid inlet location and size also
have important effects on wetting behavior. Subramanian et al. [36] used the VOF method to
examine both rivulet flow on a single corrugated sheet with a single liquid inlet and wetting
behavior on two layers of corrugated sheets with multiple liquid inlets. It was found that a
minor change in the position of the inlet distributors considerably changes the wetting area
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and flow direction of the liquid. On this basis, Singh et al. [37] considered the influence of
the corrugation angle 3 and believed that a 3 of 45° was more conducive to the flow of the
rivulet on the corrugated sheet. Because of the liquid inlet size setting, only a single rivulet
flow was analyzed, and it was not possible to describe the wetting situation on the entire
plate. The effects of packing surface characteristics, liquid properties, and loads on the flow
characteristics have been studied and reported in the literature. However, these simulations
were restricted to small computational domains because of limited computational resources;
industrial-scale simulations were almost impossible. Extensive investigation of the effect of
packing structural characteristics on flow characteristics is lacking.

In this study, a falling film—flow experimental platform was built, and the CFD method
was used to explore the phenomenon of liquid falling film flow on corrugated sheets of
an industrial application scale. An LIF experiment was conducted to validate the 3D
simulation of the falling film flow, and the influence of Re and packing structure on the flow
characteristics of the falling film was further analyzed. The results have guiding significance
and practical application value for the optimization of corrugated sheet structures, the
control of liquid film thickness, and the maximization of wetting.

2. Methodology

Due to the complex structure of the corrugated sheet packing, it is almost impossible
to obtain its flow characteristic parameters through experiment, and the flat plate form is
generally regarded as its most simplified unit [38]. Therefore, this study firstly verifies the
effectiveness of CFD simulation on the flat plate through LIF experiments, and 3D model
simulation was used to study the detailed flow behavior of the corrugated sheet and its
influencing factors.

2.1. Experimental Setup
2.1.1. Experimental Device

The falling film—flow experimental bench consisted of a structure platform, water cir-
culation system, and data acquisition system, as shown in Figure 1. The structure platform
was made of acrylic material for convenient observation, and all detailed information for
the experiment is listed in Table 1.

Table 1. Description of experimental equipment.

Equipment Model/Material Usage/Size Description
Circulating water tank Acrylic Capacity 15L
Rotameter NBDC 0~400 m3/(m?-h)
Water pump CRUNDFOS Head 5m
Conical water distribution Acrvli Evenly distributes water on the
device crylic working surface
)
Flat plate Stainless steel 275 x 310 x 1 mm
Rhodamine B Powder 1mg/L
Laser PSU-H-LED Service power
Camera GX85 Frame rate 25 fps
Electronic scale METTLER TOLEDO Range 0.01-4100 g

A tapered water distribution device and an overflow plate were placed at the top of
the structure platform to achieve a uniform flow of liquid on the inlet surface. The middle
of the platform was a falling film flow section with a flat plate placed close to the wall;
circulating water was provided by a water tank placed at the bottom of the platform during
the experiment. The liquid in the water tank was transported by a water pump through
valves, rotameters, water distribution devices, and overflow plates, forming a uniform
liquid film on the surface of the flat plate. It finally flowed back into the bottom water tank.
In the data acquisition system, the laser emitted light to irradiate the surface of the flat
plate through the structural platform, and a camera was used to capture the fluorescence
reflected by the liquid film from the side simultaneously.
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Structure platform

Rotameter
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Figure 1. Falling film—flow experimental platform: (a) experimental setup and (b) experimental system.

2.1.2. Experimental Principles and Steps

To visualize the flow behavior, LIF technology was used in this experiment. LIF tech-
nology involves mixing thodamine B in the liquid so that the liquid can reflect fluorescence
under irradiation with a specific wavelength of laser light [39]. The flow field information
was recorded using image-processing technology, and the average liquid film thickness
was obtained. The following operations were performed to ensure experimental accuracy.

(1) The rhodamine B solution was dropped on a plate to determine the fluorescence
color rendering. It was then placed in a dark room, and the laser hit the droplets on
the plate vertically to prove that the boundary of the liquid film was obvious after
fluorescence, as shown in Figure 2a;

(2) A two-stage overflow device, presented in Figure 2b, was set between the cone water
distribution device and the falling film flow section to guarantee a uniform flow on
the liquid inlet surface and ignore the influence of airflow in the channel;

(3) The liquid load was controlled to be 180-240 m?/(m?-h) after experimental debugging
to prevent the small liquid load from easily forming dry areas on the plate and, at
the same time, to avoid splashing droplets during the falling film flow process with a
large liquid load;

(4) The area 165-305 mm below the plate was determined to be the shooting area, which
is the real height Hy.,) of the image, whereas the other areas were treated with shading,
as shown in Figure 2c.

Four groups of working conditions of 180, 200, 220, and 240 m?/(m?-h) were used in
the experiment. Each group of working conditions was taken continuously for 10 s at a
frame rate of 25 fps; 1000 images were obtained.

2.1.3. Image Data Processing

Python was used to process the original image and calculate the liquid film thickness,
as shown in Figure 3a—c. The boundary of the liquid film was first marked in the image,
and the obvious noise of the image was removed by gray-scale noise reduction. The real
height H,., and height pixels of the image (N = 2496) were compared to obtain the unit
pixel width, which can be expressed as d = Hye,1/N. The width of a single pixel in the image
at the position of the liquid film in different images was considered to be the same because
the relative position of the camera and the photographed object remains unchanged; the
unit pixel width (d = 0.06 mm) was treated as the basis of the true width. In this case, the
number of pixels, m, between the horizontal boundaries of the liquid film was extracted to
obtain the average liquid film thickness 4 = m x d under four working conditions, and the
liquid film thickness in a whole second is the average value of the 25-image data in that
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second. Finally, the maximum value of the relative uncertainty [40] of the experiment is
calculated to be 4.8%, indicating that the experimental results are reliable.

@ () ©)

Figure 2. Experimental operations: (a) fluorescence color rendering judgment, (b) two-stage overflow
device, and (c) shading and shooting area determination.

(@ ®) ©

Figure 3. Image Processing: (a) the original image, (b) boundary labeling, and (c) grayscale noise reduction.

2.2. Simulation Setup
2.2.1. Physical Model

Based on the falling film flow experiment of the flat plate, a 3D CFD model, as shown
in Figure 4a, was established using SOLIDWORKS software. The flat plate was made of
metal, and the wall was set as a nonslip wall, where the inlet boundary was set as the
speed inlet, and the outlet boundary was set as the pressure outlet. The physical model
was meshed using the ANSYS WORKBENCH software. To ensure the accuracy of the
calculation at the wall and the accurate capture of the gas-liquid interface, the grid used
advanced size control, and the liquid-phase flow area near the wall was densified, as
shown in Figure 4b. After the grid independence test, the number of CFD model grids was
determined to be 606,760.

Liquid inlet
v
Gas outlet
~ 20 mm

#,
v
P[Q}ﬂ

Symmetry

wur 1§

275 mm

|~ Liquid outlet
~*  @Gas inlet

(a) (b)

Figure 4. Physical model diagram: (a) physical model and (b) meshing near the wall.
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(a) BZ 500 (b) Sinusoidal (c) Triangular (d) Trapezoidal

In addition, according to the BZ 500 corrugated sheet structure on the market, as
shown in Figure 5a, a sinusoidal corrugated sheet, as shown in Figure 5b, was established
with the same length and width as the flat plate. To optimize the packing structure further,
triangular and trapezoidal corrugated sheets were established—see Figure 5c,d. The
boundary conditions of the corrugated sheet model are the same as the flat plate, and the
detailed information of the model is shown in Table 2. For each type of corrugated sheet,
35 cases were investigated under the dual variables of Re (250, 310, 370, 430, 500, 560, and
620) and corrugation angle (15°, 30°, 45°, 60°, and 75°).

Figure 5. Actual corrugated sheet and corrugated sheet model: (a) BZ 500 type packing, (b) sinusoidal,
(c) triangular, and (d) trapezoidal.

Table 2. Details of the model.

Corrugated Sheet Corrugation Angle Number of Grids Corrugation Corrugation Base Surface Area,
Type B () after Verification Height, h (mm) Length, A (mm) Sy (m?)
15 5,180,599
Sinusoidal 30 5,243,963
45 5,214,086 6 20.8 0.11050
corrugated sheet 60 5,242,488
75 5,188,882
15 4,303,212
Triangular 30 4,305,034
corru atid sheet 45 4,370,668 6 20.8 0.09520
8 60 4,267,153
75 4,394,006
15 4,668,025
Trapezoidal 30 4,618,415
corrupated sheet 45 4,632,527 6 20.8 0.10662
& 60 4,628,643
75 4,690,183

2.2.2. Mathematical Model

Falling film flow can be classified as a gas-liquid two-phase stratified flow, and the
VOF model [41] can be used to describe the gas-liquid interface flow accurately. The
tracking of the phase interface is achieved by solving the continuity equation of a certain
phase « in each calculation unit [42—44]. The velocity and pressure of the model satisfies the
continuity equation and the classic fluid structure Navier—Stokes equation, and the surface
tension force is computed using a continuous surface force model [45].

In the experiment, the actual wetting condition of the plate could not be photographed
owing to the acrylic cover; hence, the Delft [46] model was used to validate the effective
area ratio calculated by CFD. The Delft model does not require specific packing parameters,
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and it only distinguishes between holes and nonholes; therefore, it is suitable for flat plate
calculations. The calculation formula is

07 0.75
Z—e =(1-0Q) {1 — exp [1.45 <0 ?7 5) 1 ReLO-lPr—0-05WeL°-2} 1)
P
where y
Rey = PLZL @)
apyL
WEL = pchuoL' (3)
P
2
Fr, = ”Lg“’“ @

Here, a./«, is the effective area ratio, a, is the effective interfacial area (m?/m3), ap
is the specific surface area of the packing (m?/m?), and Q is the ratio of the surface area
of open pores to the specific surface area. For flat plates, (2 = 0. Re;, Wey, and Fry, are the
Reynolds number, Weber number, and Froude number, respectively. The Reynolds number
represents the ratio of inertial force to viscous force, which can reflect the influence of the
inertial force of the initial velocity of the liquid and the viscous force between the liquid and
the corrugated sheet; it is used to describe different working conditions. The corresponding
range of liquid load and Re in this study is shown in Table 3.

Table 3. Details of the liquid loads and Reynolds numbers presented in this work.

liquid load
(m? /(mZ-h)) 180 200 220 240 250 300 350 400 450 500
Re 220 250 270 300 310 370 430 500 560 620

2.2.3. Simulation Settings

Simulations of the unsteady state of the falling film flow of the flat plate and corrugated
sheets were performed using ANSYS FLUENT. The simulation process is under normal
temperature conditions, and the temperature field and mass transfer were ignored. The gas
phase was air, the initial velocity was zero, and the liquid phase was water. The effect of
rhodamine B on the viscosity in the experiment was ignored [47]. The solid-liquid contact
angles of the flat plate and corrugated sheets were set as 59° and 57°, respectively [48].
During the solution process, FLUENT adopts a pressure solver, and the VOF model uses an
implicit format to track the gas-liquid interface effectively. The corrugated on the packing
surface has a dramatic impact on the flow, and there are turbulent areas in the liquid falling
film flow process. Therefore, after a series of debugging and verification, the turbulence
model adopts the standard k-¢ model. To improve the calculation accuracy and save
time, the pressure implicit with splitting of operators (PISO) algorithm was used for the
pressure-velocity coupling calculation of the flow field, and second-order upwind schemes
were used for the momentum, turbulent kinetic energy, and turbulent energy dissipation
equations. The simulation time step was set to 1073, and the number of iteration steps was
set to 10,000. At the beginning of the calculation, the gas phase filled the entire model—that
is, the volume fraction of the gas phase was «g = 1, and the volume fraction of the liquid
phase was o = 0.

3. Results
3.1. CFD Model Validation
3.1.1. Average Liquid Film Thickness Prediction

The thickness of the liquid film is an important parameter for evaluating the hydrody-
namic performance and mass transfer capacity of the falling film flow on corrugated sheets
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of packing. The average liquid film thickness extracted by the CFD-POST postprocessing
software in the plate height range from 165 to 305 mm was compared with the experimental
results to validate the accuracy of the CFD model.

Figure 6 shows the variation in the average liquid film thickness with the flow time
under the four working conditions of the experiment and CFD model. The figure shows
that the average liquid film thickness of the flat falling film flow is positively correlated with
the Re. The larger the Re, the greater is the average liquid film thickness. The error between
the experimental and simulation results can be calculated according to the normalized
mean bias error (NMBE) and the coefficient of variation of the root-mean-square error
(CVRMSE) in the ASHRAE standard [49]:

Yy (Yi - i)

NMBE = i—1)xy

x 100 ®)

n R _

CVRMSE = VELG yy’) AU

Here, y; and §; are the average liquid film thicknesses obtained by the experiment and

simulation, respectively, 7/ is the average value of the experiment, and # is the number of

samples. The errors of the two under the four working conditions are 10% and 10%, 6%

and 6%, 3% and 6%, and 1% and 4%, respectively, which are far less than 15% and meet the

standard requirements. This error may result from volatility and randomness in the liquid

flow process. However, the simulation values are quite consistent with the experimental

values in most cases; therefore, the CFD model can accurately calculate the average liquid
film thickness in the falling film flow process.

(6)

1.15 F Re Exp Sim
220 -0 e
1o 250 -4 -
E 1.05 270
% 1.00 | o, 300 -O- e
2095 N O
2 00| o TR g rgriie 8
50485— s T .
= & Sl Rl S e - E N
B o080 f CIEIET T Sty =
E &,_f--o.‘_." B SR e
=075 A ‘
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< 0.65 |- * ..
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0.55
| 1 1 | | 1 | | 1 |

t/s

Figure 6. Average film thickness validation.

3.1.2. Effective Area Ratio Validation

The wetted area refers is the area that the actual liquid phase covers on the surface of
the plate. According to the experimental results, it is considered that the area where the
liquid volume fraction « of the plate wall surface in the CFD model is greater than or equal
to 0.2 is the wetting area. The ratio of the effective area is calculated by

Y _ Sw

@)

where Sy, is the wetted area of the plate and Sy, is the surface area of the plate.
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CFD shows the wetting situation of the plate after the flow reaches the pseudo-steady
state under different Re, as shown in Figure 7a—d, in which red represents the liquid and
blue represents the wall of the plate. Under the action of a certain initial velocity and
gravity, the liquid flows vertically downward along the wall in a uniform film-like form.
Because viscous force and surface tension are present, the liquid film gradually shrinks
inward during its downward flow and forms multiple rivulets on the lower part of the
plate, resulting in dry areas, as shown in Figure 7a,b. As the Re increases, the liquid film
almost completely covers the wall of the plate, as shown in Figure 7c,d.

- A -Delft - » -CFD
1.00 | —
0.95 | P
Fe _ A
mm‘0.90- e 4—___,,A"
& e
= 0.85 | o
0.80 |
0.75 |
0.70 |
(a) (b) [€D) (€))
1 1 1 1
220 250 270 300
Re

Figure 7. Validation of the effective area ratio, with the wetting situation of the plate under different
Re: (a) 220, (b) 250, (c) 270, and (d) 300.

The effective area ratio predicted by the CFD model was compared with the results
calculated using the Delft empirical model. Figure 7 reveals that the g/} calculated by
the CFD model is higher than the value calculated by the Delft model under different
working conditions. This is because the CFD model in this study and the Delft model have
different ways of solving de /ap. The numerical simulation process integrates the volume
fraction of water through the CFD-POST postprocessing software to obtain the wetted
area, whereas the Delft model is an empirical formula derived from a large amount of
experimental data. However, the normalized mean bias error and root-mean-square error
values of the two methods are 9% and 8%, respectively, which are within the acceptable
range. The results show that the CFD model can predict the wetted area of the falling film
flow process more accurately.

3.2. Hydrodynamic Performance of the Liquid Falling Film Flow on Corrugated Sheet Packings
3.2.1. Transient Flow Development

Because a corrugated sheet has a large number of inclined wavy structures, the liquid
does not flow uniformly on the surface of the falling film, and the liquid flow information
on its surface cannot be photographed by the LIF method. Corrugated sheets and flat plates
are only different in structure. The other conditions, such as material properties, boundary
conditions, and simulation settings, are the same; hence, the CFD model is still treated as
an accurate method for investigation. However, as opposed to the flat plate, it is impossible
to evaluate the liquid film thickness of the entire corrugated sheet using only the value
of the liquid film thickness on a certain section; hence, the average liquid film thickness
is defined by the liquid volume Vi, and the wetted area S, as day = V1./Sw [4]. Figure 8
shows the gradual flow of the liquid on the corrugated sheet when the Re is 250.

In Figure 8a,b, the initial liquid flows uniformly from the liquid phase inlet in the form
of a film. Under the action of gravity and surface tension, the liquid on the wave crest
gradually converges into the wave trough. The liquid in the wave trough is squeezed and
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gradually flows downward across the adjacent corrugations, and a large-scale rivulet phe-
nomenon forms on the corrugated sheet. During the flow, the liquid gradually overcomes
the resistance in the trough channel, the phenomenon of rivulet flow weakens, and water
droplets, small rivulets, rivulet breaks, etc. form, as shown in Figure 8c. In Figure 8d,e, the
flow reaches a pseudo-steady state for approximately 1 s. The liquid forms a regular flow in
the trough along the inclined direction of the corrugation, and the groove flow becomes the
main flow form. The area covered by the liquid film of the corrugated sheet is significantly
reduced compared with that of the rivulet.

AN \
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\_\\\\\\\ \\

® ©

Figure 8. Transient flow of liquid at: (a) t=0.2s, (b) t=0.4s,(c) t=0.6s,(d)t=0.8s,and (e) t=1s.

3.2.2. Effect of Re on Hydrodynamic Performance

The Re affects the liquid flow behavior and liquid phase distribution to a certain extent.
A large-scale study on the Re was carried out, and the results are shown in Figure 9.

Figure 9. Wetting of the corrugated sheet at t = 1 s under different Re: (a) 370, (b) 430, (c) 500, and (d) 620.

Figure 9a shows that when the Re is 370, the liquid still flows in the trough in the form
of a groove flow. The increase in Re causes the groove flow width to increase compared
with when Re is 250. When the Re is 430, the initial momentum of the liquid increases
so that a rivulet begins to appear at the inlet, but the rivulet is hindered by ripples in the
downward flow process, and the rivulet gradually turns into a groove flow, as shown in
Figure 9b. In Figure 9¢c, the Re reaches 500, and the momentum of the liquid is sufficient to
overcome the resistance between the ripples. At this time, the rivulet on the corrugated
sheet occupies the main position. However, when the Re is further increased to 620, the
collision between the falling liquid and ripples increases, causing a loss of momentum, as
shown in Figure 9d. As a result, the liquid falls off the surface of the corrugated sheet, and
the area of the rivulet is significantly reduced. Figure 10 summarizes the average liquid
film thickness and wetted area of the corrugated sheet under different Re values.

When the Re values are 250, 310, and 370, the liquid mainly flows in the form of a
groove flow. The increase in Re causes the average liquid film thickness in the trough
to increase gradually, whereas the wetted area does not change significantly. When the
Re is increased to 430, the rivulet phenomenon appears, and the wetted area is increased.
However, in the downward flow process, the rivulet is hindered by ripples and gradually
turns into a groove flow, and the average liquid film thickness reaches the maximum value,
which is about 2.47 mm. When the Re is increased to 500, the rivulet phenomenon appears,
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and the wetted area increases significantly. When the rivulet attains its main flow form, the
average liquid film thickness of the corrugated sheet is reduced owing to a large amount of
liquid film distributed on the wave crest. As the Re further increases (to 560 and 620), the
initial momentum of the liquid is sufficient to overcome the resistance of the corrugated
sheet. In the process of falling film flow, it is easy to collide violently with ripples, causing
the liquid to fall off the surface of the corrugated sheet, resulting in a certain mass loss
and making the liquid volume significantly reduced. Therefore, the average liquid film
thickness is also reduced. Figure 10 shows that when the Re is 500, the wetted area is the
largest, at about 0.022 m?. However, relative to the geometric area of the corrugated sheet,
even if the Re reaches 500, the wetted area can only reach 20% of the surface area, and the
overall wetting performance is still poor. Owing to the structure of the corrugated sheet,
there is almost no liquid film coverage in the lower-left area. The liquid film thickness is
unevenly distributed, which is not conducive to mass transfer. Therefore, the structure of
the packing must be further optimized.
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Figure 10. Average liquid film thickness and wetted area under different Re.

3.3. Triangular and Trapezoidal Corrugated Sheets

By changing the corrugation form from sinusoidal to triangular and trapezoidal, the effect
of packing corrugation forms can be analyzed from the results shown in Figures 11 and 12.

Figure 11. Wetting of the triangular and trapezoidal corrugated sheet under different Re: triangular—
(a) 250, (b) 370, (c) 500, and (d) 620; trapezoidal—(e) 250, (f) 370, (g) 500, and (h) 620.
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Figure 12. Average liquid film thickness and wetted area of the triangular and trapezoidal corrugated
sheets under different Re.

Figure 11 shows the flow of triangular and trapezoidal corrugated sheets under
different Re. It is clear that, compared with the sinusoidal corrugated sheet, the triangular
structure has a less obstructive effect, which makes it easier for the liquid to cross the wave
crest and flow down. Therefore, the triangular corrugated sheet does not have a Re for
the transition from rivulet flow to groove flow. Basically, rivulet flow is the main one,
which is conducive to the increase of the wetted area. As the Re increases, the rivulet width
increases, causing the average liquid film thickness and wetted area to reach the peak at a
maximum Re of 620. The trapezoidal corrugated sheet exhibits the same flow behavior as
the triangular one, with a downward flow in the form of a rivulet under different Re. This
means that, in the case of a low Re, the triangular and trapezoidal structures are better than
sinusoidal corrugations, and a larger wetted area can be obtained.

Comparing Figures 10 and 12 reveals that, compared with the sinusoidal corrugated
sheet data, the wetted area of the triangular corrugated sheet at the same Re is larger than
that of the sinusoidal corrugated sheet. The trend of the average liquid film thickness is the
opposite, even if the triangular corrugated sheet does not reach the peak value at Re = 500;
its wetted area is still larger than that of the sinusoidal corrugated sheet. The triangular
structure is more advantageous than the sinusoidal structure when the corrugation angle is
45°. The rivulet width of the trapezoidal corrugated sheet is considerably narrower than
that of the triangular corrugated sheet, and the phenomenon of rivulet breaking is more
serious. The data in Figure 12 are consistent with the aforementioned flow behavior of
the liquid, and the wetted area does not show an increasing trend with the increase in
Re; it basically remains unchanged. At an Re of 370, the only maximum wetted area that
is different from that under the other Re appears. This may be because the trapezoidal
structure causes part of the liquid to break outside the sheet, and 370 is the most suitable
Re for the flow of the trapezoidal structure when the corrugation angle is 45°. Thus, the
liquid can overcome the resistance and flow past the corrugation without breaking to the
outside of the sheet owing to excessive amounts. At the same time, for the horizontal
contrast between the triangular and trapezoidal corrugated sheets, the triangular sheet has
a larger wetted area and a smaller average liquid film thickness, which is more conducive
to mass transfer.

3.4. Effect of Corrugation Angle

In the previous simulation of the falling film flow over a corrugated sheet, the cor-
rugation angle (f3) between the corrugation and the horizontal direction was fixed at 45°.
Because the corrugation angle of the sheet significantly affects the wetted area, the influence
of the corrugation angle was investigated by varying it from 15° to 75° for the three types
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of corrugated sheets. The flow of liquid on the corrugated sheet is shown in Figure 13, and
the characteristic parameters are shown in Figure 14.

AT

() \
Re=370
75°
Figure 13. Effect of different corrugation angles of the three kinds of corrugated sheet on flow:
(a) sinusoidal, (b) triangular, and (c) trapezoidal.
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Figure 14. Two indicators against different Re and corrugation angles: (a) wetted area and (b) average
liquid film thickness.

Figures 13 and 14 reflect the influence of the corrugation angle on the flow charac-
teristics of the liquid falling film flow. For the sinusoidal corrugated sheet in Figure 13a,
when f is 15° and 30°, the liquid flows in the form of a rivulet. The corrugated sheet has a
small corrugation angle; hence, the breakage of the liquid film is mainly concentrated on
the right side. The crest is covered with a large amount of liquid film because of the rivulet.
When (3 is small, the resistance of the liquid falling film flow process is clearly greater, and
the flow is not stable. When (3 is 45°, 60°, and 75°, the lateral resistance of the corrugation
gradually decreases, and the liquid easily forms a groove flow in the trough, so that the
groove flow width and its wetted area increases with the increase in {3, while the average
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liquid film thickness gradually decreases. As shown in Figure 14a, the wetted area of the
corrugated sheet is the largest when (3 is 75°; the thinner liquid film in the trough is also
conducive to mass transfer, as shown in Figure 14b. Although the shortening of the flow
groove reduces the gas-liquid contact time, compared with the unstable flow conditions of
the liquid at other corrugation angles and the existence of the dry zone at the lower left, a 3
of 75° is more conducive to improving the wetted area during the falling film flow process
and reducing the average liquid film thickness.

According to the data in Figure 14, with the gradual increase in the corrugation angle,
the wetted area increases, and the average liquid film thickness decreases for the triangular
corrugated sheet. Combined with the liquid flow behavior shown in Figure 13b, the
liquid flows downward in the form of a rivulet on the triangular corrugated sheet, and
the negative correlation between the wetted surface and the average liquid film thickness
shows that the triangular form does not accumulate a large amount of liquid in the troughs
but promotes the downward flow of the liquid film to enhance the wetted area. For the
trapezoidal corrugated sheet shown in Figure 13¢, small fractures occur during the flow
process at 15° and 30°, and they are concentrated on the right side of the sheet along
the corrugation direction. The average liquid film thickness and wetted area show no
obvious increasing trend with an increase in the angle but tend to be stable. This shows
that the corrugation angle has little effect on the trapezoidal corrugated sheet. This may be
because the trough channel of the trapezoidal corrugated sheet is relatively narrow, and
the liquid flows down the trough, resulting in the same narrow rivulet width; it does not
easily accumulate.

The aforementioned analysis demonstrates that the corrugation angle has different
important effects on different structures. Considering the three variables of Re, corrugation
angle, and corrugation form, triangular and trapezoidal corrugated sheets perform better
than the commonly used sinusoidal corrugated sheets. The triangular structure has the
highest wetted area, and the trapezoidal corrugated sheet has a lower average liquid
film thickness. When the Re is changed, the best Re can increase the wetted area ratio
of the sinusoidal corrugated sheet from 14.3% to 19.9%. By changing the corrugation
angle, the wetted area can be increased to 18.4%. When the aforementioned two variables
are changed at the same time, it can reach 22.1%. Although changing the two variables
simultaneously does not produce a superimposed effect, it still improves. The wetted area
of the trapezoidal corrugated sheet is as much as 28.9% of the surface area, and the wetted
area of the triangular corrugated sheet is as much as 38.8%.

4. Discussion
4.1. Liquid Flow Behavior

In a previous study [37], the transient flow behavior of a rivulet on packing was
investigated through simulation. In the intermediate period, the liquid had flow patterns,
such as droplets, small rivulets, and rivulet ruptures, resulting in the maximum wetted
area. When the flow reached the pseudo-steady state, a stable channel flow similar to the
present results formed along the direction of the corrugations; the wetted area was also
significantly reduced compared with the intermediate stage. In another study [7], the liquid
flow behavior over packing under periodic boundary conditions was explored through
simulation. Because of the setting of boundary conditions, there was no phenomenon where
the liquid crossed the wave crest to form a large-scale rivulet phenomenon. However, the
situation after its flow stability is similar to the results of this study. In the experiment
of Li et al. [15], the liquid distribution on the Sic foam corrugated sheet was visualized
using ultraviolet fluorescence technology. The results showed that a large amount of
liquid was stored in the corrugated sheet trough, and only a small amount of liquid
was distributed in the wave crest. The above research confirms the accuracy of the CFD
simulation in this study.
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However, it is worth noting that in all the above studies, the corrugated sheet had a
large dry area, indicating that maximizing the wetting must be improved further. Therefore,
improving the utilization rate of the packing should be the focus of future research.

4.2. Optimal Corrugation Angle

For the corrugation angle, the research results of this study are different from those of
previous research that analyzed the influence of corrugation angles of 35°, 45°, 50°, and
60° on the wetted area [37]. The wetted area changes nonmonotonously with an increase
in the corrugation angle, and 45° is the best corrugation angle for enhancing the wetted
area. However, owing to the control of the liquid inlet size, the liquid only flows in a single
channel of the corrugated sheet, ignoring the interaction between different channels. In this
study, a more extensive simulation (15°-75°) of the corrugated angle was performed, and,
the hydrodynamic characteristics of the three corrugated sheets at different corrugation
angles are summarized in Table 4. It can be seen from the table that the wetted area increases
with the increase of the corrugation angle. When the corrugated angle is 75°, the liquid flow
is more stable, the nonwetted area at the lower-left corner of the corrugated sheet is reduced,
and the wetted area reaches the maximum. This shows that a corrugation angle of 75° is
more favorable. At the same time, the case where the corrugation angle is 90° was further
simulated (as shown in Figure 15). Although structured packing is composed of multiple
corrugated sheets that are staggered, meaning that 90° corrugated sheets cannot be used
in actual projects, they can be used for investigation and comparison in simulations. The
liquid flows in the troughs and the flow is more stable. Compared with other corrugation
angles, the liquid flows in the trough with a stable flow, and the wetted area is larger,
confirming the result obtained. An increase in the corrugation angle shortens the flow
passage and reduces the gas-liquid contact time, indicating that a larger corrugation angle
does not necessarily mean that the mass transfer performance is better [50], so further
research is needed.

Table 4. Comparison of hydrodynamic characteristics under different corrugated sheet types.

Corrugated Sheet Type i(r)llglue ggt:ff)“ We ::: 3":;1;“(11112) Hydrodynamic Characteristics
15 0.018 Liquid builds up on the right and is badly fractured
30 0.019 Rivulet flow occurs; extensive dry area
Sinusoidal corrugated sheet 45 0.022 A wide range of rivulet flow; irregularity
60 0.024 Relatively stable groove flow
75 0.025 Groove flow; the maximum wetted area
15 0.017 Serious fracture of the liquid film
30 0.028 Unstable rivulet flow; small fractures
Triangular corrugated sheet 45 0.031 A wide range of rivulet flow
60 0.035 Relatively stable rivulet flow; larger width
75 0.037 Rivulet flow; liquid film coverage is more uniform
15 0.029 Rivulet flow phenomenon is weak; small fractures
. 30 0.022 Serious liquid film breakage and detachment
Trapezoidal corrugated 45 0.024 Relatively stable rivulet flow; smaller width
sheet 60 0.028 Groove flow occurs; thick liquid film
75 0.031 Steady groove flow; not conducive to mass transfer

4.3. Limitations

Some scholars [51] have considered the influence of adjacent packing sheets on the
wettability of corrugated sheets in their research. This was not considered in this study. In
this study, only the flow of liquid on the corrugated sheet was considered, and the wetting
condition of the corrugated sheet was analyzed through the two indices of average liquid
film thickness and wetted area. The effect of the wetted area was determined, meaning that
the larger the wetted area, the better the wetting performance of the corrugated sheet. The
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average liquid film thickness was used to calculate the liquid hold-up, which is the amount
of liquid that exists on the surface of the packing in the form of a liquid film or a rivulet [52].
Liquid hold-up is an important parameter that affects the pressure drop and mass transfer
performance of the packed bed; however, this research is based on microscale simulation,
and there is no quantitative criterion for the thickness of the liquid film to show that it is
beneficial to the flow of liquid. The thickness of the liquid film in this study can only help
to understand the accumulation of liquid over the corrugated sheet. The obstructive effect
of gas to liquid is not considered because it does not affect the amount of retained liquid
under the condition of the preinjection of water [53]. This simulation does not involve
mass transfer, which is planned as the next research topic. Although the wetted area of the
corrugated sheet can be increased by as much as 2.3 times by changing the corrugation
form, the wetting performance of the corrugated sheet is still relatively poor. Similar to
the triangular corrugated sheet of 75°, the highest wetted area only accounts for 39% of
the surface area of the corrugated sheet; hence, more research is needed to improve the
packing structure and enhance the wetting properties of the packing.

(b) (c)

Figure 15. Wetting of the three corrugation forms when the corrugation angle is 90°: (a) sinusoidal,

(a)

(b) triangular, and (c) trapezoidal.

5. Conclusions

Numerical simulations of the falling film flow in structured packings were performed
to investigate the wetting behavior. Model validation was performed based on wetting
simulations for the plate. Both the liquid film thickness and wetted area could be predicted
well, both qualitatively and quantitatively. The main findings of this study are as follows.

(1) The Re affects the wettability of the corrugated sheet by affecting the flow behavior of
the liquid. For the sinusoidal corrugated sheet, the wetted area changes nonlinearly
with the change in Re, and there is an optimal Re to maximize the wetted area. When
the Re is small, the liquid flows on the corrugated sheet in the form of a groove flow.
When the Re reaches 500, the rivulet becomes the main flow form, and the sinusoidal
corrugated sheet exhibits the best wetting performance;

(2) The corrugation form has a significant influence on wetting. In contrast to the change
in the liquid flow form with Re on the sinusoidal corrugated sheet, the liquid on the
triangular and trapezoidal corrugated sheets mainly flows in the form of rivulets.
Hence, the two forms have a higher wetted area under the same Re. The wetted
area of the triangular corrugated sheet is much higher than that of the remaining two
forms with a thinner average liquid film thickness. However, regardless of the type of
corrugation, the lower-left area is not wetted;

(3) The corrugation angle, 3, has a greater influence on the flow characteristics of the
falling film, and the wetted area increases with the corrugation angle. When 3 is 75°,
it is more conducive than other angle conditions to increasing the wetted area of the
corrugated sheet and reducing the thickness of the liquid film for all three corrugation
forms. Combining the influence of the corrugation form and the corrugation angle, it
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is found that the triangular corrugated sheet has the best performance at a corrugation
angle of 75°.

This work shows the influence of Re and 3 on the average liquid film thickness and
wetted area from the perspective of flow. The wetting conditions of corrugated sheets
with different corrugation forms were explored. The results can help in the design of
an appropriate corrugated sheet structure. The optimization of heat and mass transfer
performance should be considered in the future.
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