
 

Understanding the role of perforations on the local
hydrodynamics of gas–liquid flows through structured
packings
Citation for published version (APA):
Ambekar, A., Peters, E. A. J. F., Hinrichsen, O., Buwa, V. V., & Kuipers, J. A. M. (2024). Understanding the role
of perforations on the local hydrodynamics of gas–liquid flows through structured packings. Chemical
Engineering Journal, 486, Article 150084. https://doi.org/10.1016/j.cej.2024.150084

Document license:
CC BY

DOI:
10.1016/j.cej.2024.150084

Document status and date:
Published: 15/04/2024

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 07. Jul. 2024

https://doi.org/10.1016/j.cej.2024.150084
https://doi.org/10.1016/j.cej.2024.150084
https://research.tue.nl/en/publications/4bfce93c-a256-4bf2-acfc-b31b11060d95


Chemical Engineering Journal 486 (2024) 150084

Available online 2 March 2024
1385-8947/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Understanding the role of perforations on the local hydrodynamics of 
gas–liquid flows through structured packings 

Aniket S. Ambekar a,b,*, E.A.J.F. Peters a, Olaf Hinrichsen b, Vivek V. Buwa c, J.A.M. Kuipers a 

a Multiphase Reactors Group, Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, 5600 MB Eindhoven, the Netherlands 
b Department of Chemistry, TUM School of Natural Sciences and Catalysis Research Center, Technical University of Munich, 85748 Garching, Germany 
c Department of Chemical Engineering, Indian Institute of Technology Delhi, New Delhi 110016, India   

A R T I C L E  I N F O   

Keywords: 
Structure-resolved 
Interface-resolved 
Gas–liquid flow 
Packed bed 
Structured packing 
Perforations 

A B S T R A C T   

Structured packings are widely used to perform gas–liquid separation processes as they provide a large mass- 
transfer area and low-pressure drop. The overall performance of these packings is governed by the local liquid 
distribution/gas–liquid interfacial area. The local liquid distribution is substantially influenced by the arrange
ment and geometrical features of the structured packing. While the influence of arrangement and few geomet
rical features on the local liquid distribution has recently been investigated using the structure-resolved 
simulations, the perforations on the structured packings are usually ignored. In the present work, we have 
performed structure-resolved gas–liquid flow simulations, using the Volume-of-Fluid (VOF) method implemented 
in the open-source C++ library OpenFOAM, in a periodic domain of Mellapak.250 with and without resolving 
the perforations. We show that the presence of perforations results in flow separation as well as droplet formation 
leading to an increase in the liquid holdup, interfacial and wetted areas, irrespective of the fluid properties and 
wetting conditions (specified using static contact angle ‘θw’) considered in this work. We also show that at an 
inclination angle ‘β’ of 45◦ from horizontal, the location of the perforations governs the local liquid distribution 
and the resulting flow metrics. However, at a β of 90◦, the number of perforations governs the local liquid 
distribution, irrespective of their location. Further, we also show that the predictions of structure-resolved VOF 
simulations, with perforations resolved, are in a relatively better agreement with the correlations in the literature 
at small values of θw in terms of liquid holdup and interfacial area.   

1. Introduction 

Packed beds with structured packing are commonly used to perform 
gas–liquid separation processes like distillation, CO2 absorption from 
flue gases, as they provide a large mass-transfer area and low-pressure 
drop (see the review article by Amini and Nasr Esfahany [1]). Most of 
the structured packings consist of thin corrugated sheets arranged par
allel to each other with contrasting channel orientations. The overall 
performance of these packed beds is a strong function of the local liquid 
distribution/gas–liquid interfacial area offered by underlying structured 
packing. The local liquid distribution is not only influenced by fluid 
properties and operating conditions, but also by the arrangement and 
geometrical features of structured packings. The arrangement of the 
structured packings is defined by the inclination angle, corrugation 
angle, and the minimum distance between two consecutive sheets. 
Whereas, the geometrical features of individual sheets include height, 

base, and crimping angle of the corrugations as well as perforations, and 
surface textures (please see Fig. 1 for the definition of these parameters). 
Therefore, structure-resolved measurements and simulations play a 
crucial role in not only understanding the local gas–liquid hydrody
namics, but also in the development of improved structured packings. 

Structure-resolved measurements of liquid distribution can be per
formed using non-invasive tomographic techniques like gamma-ray to
mography, X-ray tomography, Ultrafast X-ray tomography, and X-ray 
microtomography. However, these tomographic techniques either have 
limited spatial and/or temporal resolution and are expensive (see arti
cles by Schubert et al. [2], Bradtmöller et al. [3], Schug and Arlt [4], 
Flechsig et al. [5] for details). With the increasing affordability of 
computational resources, interface-resolved simulations of gas–liquid 
flow through structure-resolved domains using interface-capturing 
methods like Volume-of-Fluid (VOF), Level Set, etc. are gaining popu
larity. Recently, a few researchers validated the predictions of structure- 
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resolved VOF simulations with the aid of measurements of liquid 
spreading over smooth inclined plate [6–8]. For example, Haroun et al. 
[6] and Olenberg and Kenig [7], reported a good agreement in pre
dictions of gas–liquid interface morphology and wetted area compared 
to the measurements by Hoffmann et al. [8] for a wide range of liquid 
Reynolds number. Bertling et al. [9], reported a good agreement be
tween the predictions and the corresponding measurements (performed 
by Lan et al. [10]) in terms of local liquid film thickness. Structure- 
resolved VOF simulations are also shown to predict the gas–liquid 
interface morphology of liquid spreading over an inclined wavy plate for 
a wide range of liquid Reynolds number [11]. Bertling et al. [9], also 
performed measurements as well as VOF simulations of liquid spreading 
on textured (L-grooved and W-grooved) inclined sheets and showed that 
the structure-resolved VOF simulations can predict the gas–liquid 
interface morphology and local liquid film thickness by considering an 
appropriate three-phase static contact angle instead of resolving the 
textures. 

Concerning structured packings, several researchers have validated 
the macroscopic predictions (in terms of liquid hold-up, interfacial area, 
and pressure drop) of structure-resolved VOF simulations with bed-scale 
measurements and semi-empirical correlations, derived from bed-scale 
measurements. For example, Singh et al. [12], reported a satisfactory 
agreement in the measured and predicted liquid holdup for Schwarz-D 
packing for liquid loads below 50 m3/m2hr. Similarly, Macfarlan et al. 
[13], reported a reasonable agreement in predicted and measured 
(performed by Green et al. [14]) liquid holdup of Mellapak.250Y 
packing. Whereas, Singh et al. [12], Gu et al. [15], Olenberg and Kenig 
[7], Yang et al. [16], and Sebastia-Saez et al. [17], reported a reasonable 
agreement in the predicted liquid holdup, interfacial area as well as 
pressure drop with that estimated from correlations by Sues et al. [18], 
Olujic et al. [19,20], Billet and Schultes [21], Stichlmair [22], Mack
owaik [23], etc. Further, the qualitative comparison of the measured 
and predicted gas–liquid interface morphology of liquid spreading over 
structured packing reveals a satisfactory agreement in the measure
ments and predictions of structure-resolved VOF simulations [24,25]. 

The validated structure-resolved VOF simulations are further used to 
investigate various flow regimes of liquid spreading over smooth in
clined plate, wavy plate as well as corrugated sheets. It is shown that the 
liquid spreading over an inclined plate is characterized by droplet for
mation at Weber (We) number (defined based on the superficial liquid 
velocity and liquid film thickness) values ≪ 1. Whereas the intermediate 
values of the We number, i.e. < 1, result in rivulet formation. Further 
increase in the We value to approximately 1 leads to channeling 

followed by full film flow at We > 1 (see Iso et al. [11], and Haroun et al. 
[6]). Similar flow regimes were also observed for liquid spreading over a 
wavy plate, however, transitions between regimes occurred at lower 
values of We as compared to the flow over an inclined plate [11]. With 
respect to corrugated sheets, droplet formation was observed at small 
liquid loads (UL) and large three-phase static contact angle ‘θw’ 
(approaching 90◦). Rivulets were formed at an intermediate UL and 
large θw, whereas the film flow was observed at large UL and small θw 
(see Haroun et al. [6], Singh et al. [24], Olenberg and Kenig [7], and 
Sebastia-Saez et al. [17] for further details). 

Recently, a few researchers have also investigated the effect of 
arrangement on the void-scale hydrodynamics through a representative 
elementary unit (REU) of structured packing using the VOF simulations 
[7,15,26]. These investigations report that the corrugation angle of 45◦

is associated with the maximum interfacial and wetted area. These 
structure-resolved simulations also reveal that the smaller the minimum 
distance between two consecutive corrugated sheets, the better the 
performance in terms of interfacial and wetted area. The effects of fluid 
properties, gas/liquid flow rates, and surface wettability (through static 
and dynamic three-phase contact angle models), on the macroscopic 
hydrodynamic performance parameters, as well as void-scale liquid 
spreading, were also investigated using the structure-resolved VOF 
simulations [6,7,12,16,17,24,26,27]. Singh et al. [27] performed 
structure-resolved VOF simulations of liquid flowing over an inclined 
smooth plate as well as a corrugated sheet by implementing both static 
and dynamic contact angle models. Their investigation revealed that the 
influence of dynamic contact angle, for corrugated sheet, on the pre
dictions of gas–liquid interfacial area is marginal. Further, the void-scale 
dynamics through the REU of differently structured packings like Mel
lapak, Montz, Gempak, etc., representing specific geometrical features 
were also investigated using structure-resolved VOF simulations 
[27–30]. Further, Raynal et al. [28] and Fernandes et al. [29] utilized 
the predictions of structure-resolved VOF simulations to propose a 
methodology to estimate wet pressure drop using single-phase meso- 
scale simulations. The structure-resolved VOF simulations were also 
used to propose novel XW-pack which resulted in better local liquid 
distribution as compared to Rombopak9M-3D with similar surface area 
per unit volume by Sarajlic et al. [30]. Moreover, structure-resolved VOF 
simulations were also used to modify the existing semi-empirical cor
relations as well as to propose new correlations to estimate macroscopic 
performance parameters of structured packings [24,25,31]. 

In all the above investigations, the surface textures are not resolved 
but considered through the apparent three-phase static contact angle. 

Fig. 1. Schematics of structured packing’s (a) Y-Z, and (b) X-Y view displaying the arrangement as well as geometrical features.  
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This is reasonable because of the substantially different length-scales of 
the surface textures (a few microns) and other geometrical features (a 
few millimeters) of the sheets. However, all of the above studies also 
completely ignored the millimeter-sized perforations. Two reasons are 
cited for this, namely, 1) the requirement of large computational re
sources in spatially resolving perforations and 2) the assumption of 
liquid-phase flowing over the perforation without passing through it 
(based on the X-ray tomography measurement performed by Green et al. 
[14]). Therefore, the specific contributions of the perforations to the 
local hydrodynamics of the structured packing are not understood. In 
view of this, the objectives of the present work are a) to perform 
structure-resolved VOF simulations of gas–liquid flows through Mella
pak.250 packing with and without perforations, b) to investigate the 
effect of perforations and their location on the local hydrodynamics as a 
function of inclination angle (β), and c) to study the effect of perforations 
on the local liquid distribution as a function of liquid load and surface 
wettability. 

2. Methodology 

2.1. Creation of structure-resolved domain and computational mesh 

The geometry for a corrugated sheet with a corrugation base (b) of 
26.7 mm and height (h) of 12 mm with crimping angle (ϕ) of 96◦ cor
responding to Mellapak.250 (https://www.sulzer.com) was created using 
the commercial software SpaceClaim v19.2 (see Fig. 1 for the definitions 
of aforementioned parameters). The corrugation angle (λ) of 45◦ was 
considered as it provides the maximum gas–liquid interfacial area 
[7,15,26]. Two sheets were placed parallel to each other with con
trasting channel orientations such that the minimum distance between 
them is 2 mm (as considered in the literature [16,24,27]). A single pe
riodic repeating unit of the abovementioned arrangement was identi
fied. The periodic repeating unit was multiplied 3 times in the lateral 
direction (X-axis) and 5 times in the vertical direction (Y-axis) to create a 
representative domain. The volume between the two parallel sheets was 
considered as the computational domain to simulate two-phase flow 
through structured packing without perforations. This resulted in a fluid 
domain with maximum extents of 113.85 mm × 189.75 mm × 26 mm, 
periodic in two directions i.e. X and Z [see Fig. 2 (a)]. Further, circular 
perforations with a diameter (d) of 4 mm, similar to Sulzer Mellapak 
perforated sheet, and a inter-perforation distance of 12 mm were created 
on the corrugated sheets. To avoid difficulties in meshing, the sheets 
were considered to be 1 mm thick. In reality, the corrugated sheets are 

substantially thinner. This perforated sheet geometry was subtracted 
from the box with dimensions 113.85 × 189.75 × 30 mm3 and resulted 
in a computational domain periodic in all directions [see Fig. 2 (b)]. The 
perforations were positioned on the sides, ridges, and on both sides as 
well as ridges as shown in Fig. 3 (a), (b), and (c), respectively, to 
investigate the role of perforation location on the local hydrodynamics. 
It should be noted that the presence of perforations on either the side or 
ridge results in a decrease in the area of the corrugated sheet by 5 % as 
compared to the non-perforated sheet. This also means that the pres
ences of perforations on both side and ridge results in the area of 
corrugated sheet to be reduced by 10 %. 

In order to create the computational mesh for the fluid domains, 
initially, the surfaces of the sheets were spatially discretized with 
triangular elements using commercial software Fluent v19.2. The size of 
the triangular elements was specified to be d/16, d/32, and d/64 to 
create a surface mesh with coarse, medium, and fine resolution, 
respectively. The generated triangular elements were transformed to 
hexagonal elements and polyhedral cells were created on the top of 
these hexagonal elements [see Supplementary Fig. S1 (a) for surface 
mesh of corrugated sheet with coarse resolution]. The cells were allowed 
to grow by a factor of 1.2 away from the sheet surfaces with maximum 
cell size limited to d/8. This resulted in grids with 0.3, 1.8, and 6 million 
cells for coarse, medium, and fine resolution, respectively for fluid do
mains without perforations. As will be briefly discussed in Section 3, and 
more extensively in the Supplementary material, the medium grid res
olution was found sufficient, in terms of all examined flow metrics i.e. 
liquid holdup, interfacial area, wetted area, and pressure drop, to 
investigate two-phase flow through the non-perforated sheet geometry. 
Therefore, the medium grid resolution was used as the base to spatially 
discretize the fluid domains with perforations resolved. The edges rep
resenting perforations were specified with element size of d/32, d/64, 
and d/96 resulting in grids with element counts of 3, 3.7, and 4.3 
million, respectively, for the domain with perforations on the side. 
Please see Supplementary Fig. S1 (b) for surface mesh of corrugated 
sheet with perforations. 

2.2. Computational model 

In the present work, the structure-resolved Volume-of-Fluid (VOF) 
simulations of liquid [density (ρl): 1000 kg/m3 and dynamic viscosity 
(μl): 1 × 10-3 Pa•s] following through the small sections of structured 
packing, initially, occupied with gas [density (ρg): 1 kg/m3 and dynamic 
viscosity (μg) of 1.48 × 10-5 Pa•s] are performed using open-source flow 
solver code OpenFOAM v6. The flow is considered laminar, and the 
fluids are considered Newtonian as well as incompressible. 

2.2.1. Governing equations 
In the VOF method [32], a single set of continuity [Eq. (1)] and 

momentum [Eq. (2)] equations, as given below is solved, 

∇ • v→= 0 (1)  

∂
∂t
(ρ v→)+∇ • (ρ v→ v→) = − ∇p+ ρ g→+∇ •

[
μ
(
∇ v→+ (∇ v→)

T ) ]
+ FS
̅→

(2)  

where v→ is the velocity (m/s), p is the pressure (Pa), g→ is the acceler
ation due to gravity (m/s2), and FS

→ is the surface tension force per unit 
volume (N/m3). ρ and μ are the phase volume fraction weighted density 
(kg/m3) and viscosity (Pa•s) and are computed as follows, 

ρ = αlρl +(1 − αl)ρl (3)  

μ = αlμl +(1 − αl)μl (4)  

where, αl and αg ( = 1 − αl) are the volume fractions of liquid- and gas- 

Fig. 2. Computational domain (a) without and (b) with perforations resolved 
along with boundary conditions. Note: The domain in Fig. 2 (b) is also periodic in 
Z-direction. For the ease of visualization the faces periodic in Z-direction are rendered 
transparent. 
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phase, respectively. 
The motion of the gas–liquid interface is simulated by solving the 

advection equation [Eq. (5)] for αl, 

∂
∂t
(αlρl)+∇ • (αlρl v→)+∇ •

(

αl(1 − αl) u→r

)

= 0 (5)  

where, u→r is compression velocity and the third term in the left-hand 
side of Eq. (5) represents artificial compression used to limit numeri
cal diffusion (see [33] for details). The αl fluxes are corrected to ensure 
boundedness and conservativeness using the Multidimensional Univer
sal Limiter with Explicit Solution (MULES) algorithm (see [34] for 
details). 

The Fs
→ is computed using the Continuum Surface Force model 

(proposed in [35]), given as, 

F→S = − γκ∇αl (6)  

where γ is the gas–liquid surface tension (72 mN/m), κ is the local 
curvature of the gas–liquid interface, and is calculated using the local 
gradients of the surface normal (n̂) of the interface as shown below, 

κ = ∇ • n̂ (7)  

n̂ = ∇αl/|∇αl|

The wettability of the sheet surfaces was modelled using the wall 
adhesion by specifying the static contact angle (θw) as, 

n̂ = n̂wcosθw + t̂wsinθw (8) 

where n̂w and t̂w are the unit vectors normal and tangential to the cell 
faces on the sheet surfaces, respectively. 

2.2.2. Initial, boundary conditions, and numerics 
The structure-resolved fluid domains were initialized with αl = 0 (i.e. 

filled with gas at t = 0). A constant inlet velocity of 8.6 × 10-3, 1.72 × 10- 

2, and 3.15 × 10-2 m/s along with αl = 1 is specified at the liquid inlet 
located at the top (see Fig. 2) resulting in liquid load Ul of 31, 62, and 
110 m3/m2hr, respectively. A constant pressure (101.325 kPa) boundary 
condition is applied at the outlet, with backflow αl set to 0 allowing 
liquid to exit the domain. A no-slip boundary condition along with a θw 
of 30, 50, and 70◦ is specified on the sheet surfaces to investigate the role 
of varying wettability on the void-scale hydrodynamics. The cell faces 
representing perforations are also specified with no-slip boundary con
dition along with θw = 70◦. All other domain boundaries are assigned 
periodic boundary condition (see Fig. 2). 

Transient VOF simulations were performed by using a variable time 
step ‘Δt’ [Eq. (9)] that satisfied both the capillarity [Eq. (10)] [35] and 
Courant–Friedrichs–Lewy [Eq. (10)] criterion, 

Δt = MIN(Δtc,ΔtCFL) (9)  

Δtc ≤

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρavgΔx3

min

2πγ

√

(10)  

1 ≤
ΔtCFL v→

Δxmin
(11)  

to ensure the stability of the Continuum Surface Force model [Eq. (6)], 
here Δxmin is the smallest element size and ρavg = (ρl + ρg)/2. This 
resulted in Δt values between 5 × 10-6 and 5 × 10-5 s. The Pressure- 
Implicit with the Splitting of Operators (PISO) scheme was used for 
pressure–velocity coupling. Second-order numerical schemes were used 
to discretize the spatial derivatives in Eqs. (1), (2), and (5), while the 
first-order Euler scheme was used to discretize temporal derivatives in 
the these equations. The convergence criterion for all the variables was 
set to a residual of 1 × 10-6 other than that for αl which was specified to a 
residual of 1 × 10-10. 

3. Results and discussion 

As mentioned in Section 2.1, three grids, namely, Coarse, Medium, 
and Fine with grid resolution of 0.3, 1.8, and 6 million elements, were 
created for the fluid domain without perforations to investigate the ef
fect of grid resolution on the predictions of VOF simulations. Supple
mentary Figs. S2 (a), (b), (c), and (d) compares the predictions of the 
time-evolution of liquid holdup ‘LH’ (calculated as the volume fraction 
of fluid domain occupied by liquid), interfacial area ‘IA’ (determined as 
the area of the iso-surface with αl = 0.5 and normalized by the area of 
corrugated sheets), wetting efficiency ‘WE’ (defined as the area-fraction 
of corrugated sheets occupied by liquid), and pressure drop ‘ΔP’, 
respectively as function of grid resolution. From the results it is evident 
that the Coarse grid underpredicts all flow metrics other than ΔP. 
Whereas the differences in the predictions of all the parameters pre
dicted by the Medium and Fine grid are marginal. Therefore, the me
dium grid resolution is used for all the subsequent simulations. The 
medium grid resolution was also considered as the base to spatially 
discretize fluid domains with perforations. The circular edges repre
senting perforations were refined resulting in grids with element count 
3, 3.7, and 4.3 million for the fluid domain with perforations on the side 
(see Section 2.1 for details) to establish the grid resolution required to 
resolve perforations. Supplementary Fig. S3 reveals a negligible devia
tion in predictions of LH, IA, WE, and ΔP as a function of grid resolution. 
However, Supplementary Fig. S3(e) shows that the grid with element 
count of 3.7 million elements is required to reasonably predict the time- 
evolution of area-fraction of perforations occupied by the liquid-phase. 
Therefore, the specifications of grid with 3.7 million elements are used 

Fig. 3. Corrugated sheet geometry with perforations on (a) side, (b) ridge, and (c) both on ridge and side.  
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to create grids for fluid domains with perforations, irrespective of their 
location, in all the subsequent simulations. 

3.1. Effect of perforation location 

Perforations with d = 4 mm and inter-perforation distance of 12 mm 
were created on the side, ridge, and on both side and ridge of the 
corrugated sheets (see Fig. 3) to investigate the effect of perforation 
location on the local hydrodynamics and the resulting flow metrics. 
Furthermore, the inclination angles (β) of 45 and 90◦ were taken into 
consideration to explore their influence on different perforation loca
tions (see Fig. 4 to visualize the definition of β). The liquid load ‘Ul’ and 
θw was specified to be 62 m3/m2hr and 70◦, respectively. 

3.1.1. Inclination angle of 45◦

At a β of 45◦, it is observed that the presence of perforations on the 
side results in an increase in the IA and wetted area ‘WA’ with marginal 
difference in liquid holdup as compared to the case without perforations 
[see Fig. 5(a)–(c) and Table 1]. The change in perforation location from 
side to ridge results in a substantial increase in LH, IA, and WA. How
ever, the presence of perforations on both side and ridge leads to LH, IA, 
and WA similar to the case with perforations on the ridge [see Fig. 5(a), 
(b) and (c), respectively and Table 1]. It should be noted that the pres
ence of perforations on either the side or ridge results in a decrease in the 
area of the corrugated sheet by 5 % as compared to the non-perforated 
sheet. This also means that the presences of perforations on both side 
and ridge results in the area of corrugated sheet to be reduced by 10 %. 
Therefore, for the ease of visualization, the surface area of non- 
perforated sheets is used to normalize both wetted and interfacial area 
instead of using the case-specific surface area of the sheets. Further, it is 
also observed that the time-averaged ΔP is not influenced by the pres
ence of perforations, irrespective of their locations [see Fig. 5(d) and 
Table 1]. However, the amplitude of pressure fluctuations is large in the 
presence of perforations, especially in the case of perforations on the 
ridge. To understand the aforementioned trends in LH, WA, IA, and ΔP 
as a function of perforation location, the local hydrodynamics was 
analyzed and quantified in terms of the WA of each side of the individual 
sheets and the number of wetted perforations specific to each individual 
sheet. Please, see Fig. 4 for the location and identity of each side of the 
corrugated sheets. 

In the case of no perforations, the liquid flows through the channels 
provided by the corrugated Sheet 1 without wetting Sheet 2 [see Fig. 6 
(a)]. Such a flow behavior is observed because at a Ul of 62 m3/m2hr, the 

liquid is unable to reach the proximity regions i.e. the regions with 
minimum distance between two consecutive sheets. These proximity 
regions are known to increase the fluid–solid interaction by changing 
the local flow direction. On the other hand, the presences of perforations 
on the sides results in the liquid-phase flowing from one side to the other 
side of the corrugated sheet through the perforations [see Fig. 6(b)]. 
However, very few perforations [≅ 10 % as shown in Fig. 7(a)], which 
are located near the inlet, interact with the liquid-phase. Therefore, the 
flow behavior on the top side of Sheet 1 is like the channel flow observed 
on the non-perforated Sheet 1 [see Fig. 6(a) (i) and (b) (i)]. The inter
action of the liquid-phase with the perforations is also associated with 
large values of shear stress [see Supplementary Figs. S4(b) and (e)] 
leading to flow separation and flow of small liquid streams on the other 
side of the sheet i.e. on the bottom side of Sheet 1. The fluctuations in ΔP 
are also a signature of flow separation events. These small liquid streams 
flow over the surface of corrugated sheet eventually break to form small 
droplets due to the gravity driven nature of the flow [see Fig. 5(b) (ii)]. 
This flow behavior results in small decrease in the WA of the top side of 
Sheet 1 as well as a significant increase in the WA of the bottom side of 
Sheet 1 [see Fig. 8(a) and (b)]. Similar flow behavior and values of WA 
are observed for the corresponding sides of Sheet 2 due to periodicity 
boundary conditions and are not shown to avoid repeatability. Such a 
flow behavior also results in an increase in IA and overall WA with 
marginal influence on the LH as compared to the domain without per
forations [see Fig. 5(a)–(c)]. 

When the perforation location is changed from side to ridge, 
approximately half of the perforations interact with the liquid as it 
primarily flows through the channels formed by the corrugated sheets 
[see Figs. 6(c) (i) and 7 (a) (ii)]. As mentioned earlier, the presence of 
perforations leads to flow separation as it is associated with substantially 
large values of wall shear stress [see Supplementary Figs. S4 (c) and (e)]. 
Since the flow separation events increase with the change in perforation 
location from side to ridge, the amplitudes of fluctuations in ΔP also 
increase [see Fig. 5(d)]. However, unlike formation of droplets on the 
bottom side of Sheet 1, in the case of perforations on the side, the small 
streams of liquid [Fig. 6(b) (ii)], formed due the interaction of the liquid 
and the perforations, merge to form a single stream of liquid flowing 
over the surface of the corrugated sheet [Fig. 6(c) (ii)]. These merged 
streams of liquid flowing on the bottom side of Sheet 1 eventually 
interact with the consecutive sheet in the proximity region resulting in 
droplet formation as is evident on the near-outlet region of the top side 
of Sheet 1 [see Fig. 6(c) (i)]. Interestingly, the liquid flows from the top 
to the bottom side of Sheet 1 through the perforations on the ridge such 

Fig. 4. Schematic of corrugated sheets at a β of (a) 45 and (b) 90◦ illustrating the identity of different regions. Note: At a β of 45◦, the flow behavior on the Bottom and 
Top side of Sheet 1 is similar to the flow behavior on the Bottom and Top side of Sheet 2, respectively (discussed later in Section 3.1). Therefore, flow behavior on the Bottom and 
Top side of Sheet 1 is shown and described in later Figures. Further, at a β of 90◦, the flow behavior on all the sides, irrespective of the sheet is identical (discussed later in Section 
3.2). Hence, the flow behavior on the Right side of Sheet 1 is shown and described as a representative of all the sides of Sheet 1 and 2. 
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that after an approximately half the channel length the liquid no longer 
follows the channel on the top side of Sheet 1. Such a flow behavior 
results in a decrease in WA of the top side of Sheet 1 and a substantial 
increase in the WA of the bottom side of Sheet 1 leading to a substantial 
increase in LH, IA, and overall WA relative to the case with perforations 
on the side [see Fig. 5(a)–(c)]. 

In the case with perforations located on both side and ridge, the flow 
behavior is very similar to the case with perforations on the ridge. 
However, it is also associated with a few perforations on the side, near 
the inlet, interacting with the liquid-phase [see Figs. 6(d) and 7 (c)]. This 
leads to a decrease in the extent of channel flow on the top side of the 
bottom sheet relative to the extent of channel flow in the case of per
forations on the ridge [Fig. 6(d) (i)]. This also results in smaller number 
of perforations interacting with liquid-phase relative to the perforations 
on the ridge [Fig. 7(a)–(b)] and is therefore, associated with smaller wall 

shear stress as well as smaller amplitude of fluctuations in ΔP as 
compared to the case with perforations on ridge [Supplementary Figs. S4 
(e) and 5 (d)]. Such a flow behavior leads to more liquid flowing on the 
bottom side as compared to the top side of Sheet 1 [see Fig. 8(a) and (b)]. 
However, the change in flow behavior does not influence the LH, IA, and 
overall WA as the majority of liquid interacts with the perforations 
located on the ridge. In summary, at a β of 45◦, the location of perfo
ration plays a significant role in deciding the flow path as well as flow 
behavior and the appropriate location of perforation can substantially 
enhance the flow metrics of corrugated sheets. 

3.1.2. Inclination angle of 90◦

At a β of 90◦, rivulets are formed near the inlet on each side of the 
corrugated sheets irrespective of the perforation location unlike the 
channel flow observed at a β of 45◦ [see Fig. 9(a)–(d)]. In the case of no 
perforations, these rivulets separate in two liquid streams as the rivulet 
interacts with the consecutive sheet in the proximity regions [see Fig. 9 
(a) and Supplementary Video V1]. The newly formed liquid streams flow 
in different directions i.e. one along the flow direction and the other 
along the corrugation angle. Further, these liquid streams break to form 
droplets due to their interactions with the proximity regions and due to 
the increased magnitude of the component of gravitational force along 
the flow direction at a β of 90◦ relative to that at a β of 45◦. The flow 
separation at the proximity region leading to two liquid streams flowing 
in different direction is also reported by Olenberg and Kenig [7] at 
similar flow conditions. However, Olenberg and Kenig [7] did not 
observe droplet formation as the considered domain size was signifi
cantly small i.e. single repeating periodic element. The increased 
magnitude of the gravitational force is evident from the decrease in ΔP 
to a negative value [see Fig. 5(d) and 10(d)]. A similar flow behavior is 
observed on the other corrugated sheet [see Fig. 9(a) and Supplementary 

Fig. 5. Effect of perforation location on (a) liquid holdup, (b) interfacial area, (c) wetted area and (d) pressure drop (β = 45◦, θw = 70◦, Ul = 62 m3/m2hr).  

Table 1 
Predictions of time-averaged flow metrics as a function of perforation location 
and inclination angle (Ul = 62 m3/m2hr, θw = 70◦). Note: The time-averaging was 
performed until the residual of time-averaged LH, IA, Overall WA, as well as ΔP was 
below ± 1 × 10-4 and required ≅ 1 s of flow time. The initial transients i.e. infor
mation up to t = 1 s, were not considered for time-averaging.  

β,◦ Perforation location LH, - IA, - Overall WA, - ΔP, Pa 

45 –  0.046  0.15  0.15  8.695 
Side  0.044  0.177  0.175  8.639 
Ridge  0.055  0.23  0.192  9.75 
Side and ridge  0.053  0.228  0.185  9.013 

90 –  0.045  0.233  0.162  − 14.598 
Side  0.049  0.284  0.172  − 13.728 
Ridge  0.048  0.298  0.169  − 13.145 
Side and ridge  0.053  0.339  0.179  − 11.437  
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Fig. 6. Instantaneous local liquid distribution on the (i) top and (ii) bottom side of Sheet 1 (a) without perforations as well as with perforations on (b) side, (c) ridge, 
and (d) on both side and ridge at t = 3 s (β = 45◦, θw = 70◦, Ul = 62 m3/m2hr). 

Fig. 7. Visualization of the perforations on Sheet 1 interacting with the liquid-phase as a function of their location i.e., on (a) side, (b) ridge, as well as (c) both side 
and ridge. Note: In Fig. (a)-(b), the blue color represents perforation-surface faces with value of time-averaged αl ≥ 0.1. The time-averaging was performed for 1 s of flow time 
after pseudo-steady state was achieved i.e. after 2 s. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. S5 (a)] unlike that at a β of 45◦ where the liquid never contacts Sheet 
2. The similar flow behavior on both the sheets is also evident from the 
similar time-evolution of WA on these sheets [Supplementary Figs. S6 
(b)–(c)]. Such a flow behavior results in a substantial increase in IA with 
marginal change in LH, and overall WA as compared to that at a β of 45◦

[see Figs. 5 and 10]. 
Further, the presences of perforations on either side or ridge results 

in an increase in LH, IA, and overall WA as compared to that of without 
perforations [Fig. 10(a)–(c)]. Interestingly, the presence of perforations 
on either side or ridge also results in a similar flow metrics, in terms of 
LH, IA, overall WA, and ΔP. This is observed because all the perforations 
interact with the liquid-phase, irrespective of their location leading to 
droplet formation from the very beginning [see Supplementary Figs. S6 
(a) (i)–(ii), S5(b)–(c), Fig. 9(b)–(c), and Supplementary Videos V2–V3]. 
Unlike at a β of 45◦, where the liquid only flows from the top to the 
bottom side of Sheet 1 through perforations (see Supplementary Fig. S7), 
at a β of 90◦, the liquid flows from the right to the left side of a sheet and 
vice versa. A single liquid stream or droplet enters from one side of the 
sheet to the other side through a perforation and re-enters to the side of 
origin through another perforation as shown in Supplementary Fig. S8. 
Such flow paths lead to an increased interaction between the liquid and 
the corrugated sheet resulting in the observed substantial increase in IA 

[Fig. 10(b)] with marginal change in LH and overall WA [Fig. 10(a) and 
(c)]. The presences of perforations on both side and ridge result in twice 
the number of perforations relative to the number of perforations 
located on either side or ridge. Further, all these perforations interact 
with the liquid-phase [Supplementary Fig. S6(a) (iii) and Video V4] 
resulting in a proportionate increase in the LH, IA, and overall WA 
[Fig. 10(a)–(c)]. Therefore, at a β of 90◦ the number of perforations 
decides the flow metrics irrespective of the perforation location. How
ever, it should be noted that the increase in the perforation number is 
also associated with the increase in the wall shear stress [Supplementary 
Fig. S9] which results in the erosion of the sheets. Since the β of 90◦ and 
perforations located on both side and ridge results in the largest IA, these 
specifications are considered to investigate the effect of liquid load and 
surface wettability on the local hydrodynamic and flow metrics of 
corrugated sheets. 

3.2. Effect of liquid load 

In this section, we discuss the effect of liquid load on the hydrody
namic performance of structured packing with and without perforations 
resolved. Three values of Ul i.e. 31, 62, and 110 m3/m2hr at a β of 90◦

and a θw of 70◦ are considered. As is evident from the Supplementary 

Fig. 8. Effect of perforation location on the wetted area of the (b) top, and (c) bottom side of Sheet 1 (β = 45◦, θw = 70◦, Ul = 62 m3/m2hr).  

Fig. 9. Instantaneous local liquid distribution on the right of Sheet 1 (a) without perforations as well as with perforations on (b) side, (c) ridge, and (d) on both side 
and ridge at t = 3 s. Also see Supplementary Videos for the time-evolution of liquid distribution on the right side of Sheet 1 (V1) without perforations as well as with 
perforations on (V2) side, (V3) ridge, and (V4) both side and ridge (β = 90◦, θw = 70◦, Ul = 62 m3/m2hr). Note: All the supplementary videos are 50 times slower for the 
ease of visualization. 
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Video V1, the flow behavior at a β of 90◦ and Ul of 62 m3/m2hr is un
steady and is associated with droplet formation due to interaction of the 
liquid-phase with the proximity regions between the two consecutive 
non-perforated corrugated sheets and the gravity driven nature of the 
flow. Therefore, for the ease of visualizing the flow path as a function of 
Ul, the time-averaged liquid distribution on the individual sheets is 
analyzed. As mentioned in Section 3.1, the flow behavior on all the sides 
of the sheets is similar at a β of 90◦ resulting in identical values of WA. 
The time-averaged liquid distribution on the right side of Sheet 1 is 
shown in Fig. 11 as a representative of the flow behavior on all the sides 
of the sheets as function of Ul. As discussed in previous section, at a Ul of 
62 m3/m2hr, rivulets are formed near the inlet that follow the flow di
rection. These rivulets interact with the proximity regions resulting in 
flow separation i.e. formation of two liquid streams. One of the liquid 
streams follows the flow direction whereas, the other follows the 
corrugation. This flow behavior can be visualized from the red colored 
regions of the time-averaged liquid distribution shown in Fig. 11(b) (i). 
Further interaction of the newly formed streams with the proximity 
regions and the gravity driven nature of the flow results in the droplet 
formation. The regions of droplet formation can be qualitatively iden
tified by values of time-averaged αl (αl) between 0 and 0.5. The dead 
zones i.e. the zones which do not interact with the liquid-phase at any 
given time, can be identified by an αl of 0 and are colored blue in Fig. 11. 

At a Ul of 31 m3/m2hr, the flow behavior, at the beginning, is very 
similar to the flow behavior at a Ul of 62 m3/m2hr, wherein rivulet 
formation, followed by flow separation and droplet formation is visible 
(see Supplementary Video V5). However, once the flow is established, 
the liquid-phase flows through the corrugation with little interaction 
with the proximity regions like the channel flow behavior observed at a 
β of 45◦ [see Fig. 11(a) (i)]. Such a channel flow behavior is also 
observed by other researchers at similar conditions [16,24,27]. This 

flow behavior results in a decrease in the flow metrics in terms of LH, IA, 
and overall WA as compared to that at a Ul of 62 m3/m2hr [Fig. 12(a)– 
(c)]. The presence of perforations leads to flow separation and droplet 
formations. Flow separation as well as droplet formation events result in 
an increase in IA, as discussed later, and therefore, are desirable for 
processes governed by fluid–fluid mass transfer. The newly formed 
liquid streams and droplets not only flow along the corrugation but also 
along the flow direction [see Supplementary Video V7]. This results in a 
decrease in the area of dead zones [see Fig. 11(a) (i)–(ii)], which is also 
evident from the increase in the overall WA in the presences of perfo
rations [see Fig. 12(c)]. Such a flow behavior results in an increase in LH 
as well as IA. Interestingly, the value of IA at 31 m3/m2hr with perfo
rations resolved is identical to the value of IA at 62 m3/m2hr without 
perforations resolved [Fig. 12(b)]. Thus, the presence of perforation is 
equivalent to increasing the liquid load by a factor of 2. 

The flow behavior at a Ul of 110 m3/m2hr is very similar to the flow 
behavior at a Ul of 62 m3/m2hr from the very beginning. However, it is 
associated with a larger area of the proximity region interacting with the 
liquid-phase as compared to that at a Ul of 62 m3/m2hr [Fig. 11(b)–(c) 
(i)]. This results in a substantial decrease in the area of dead zones 
[Fig. 11(b)–(c) (i)] and is evident from the substantial increase in the 
overall WA [Fig. 12(c)]. The decrease in the area of dead zones is also 
associated with increase in the number of droplets as visualized quali
tatively from Fig. 11(c) (i) as well as Supplementary Video V6 and leads 
to an increase in the IA [see Fig. 12(b)]. The presence of perforations 
results in a further increase in the frequency of flow separation and 
droplet formation events [see Supplementary Video V8], as is evident 
from the fluctuations in ΔP [Fig. 12(d)] and large values of time- 
averaged shear stress [Supplementary Fig. S10], resulting in a substan
tial increase in IA [Fig. 12(b)]. 

Fig. 10. Effect of perforation location on (a) liquid holdup, (b) interfacial area, (c) wetted area, and (d) pressure drop (β = 90◦, θw = 70◦, Ul = 62 m3/m2hr).  
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3.3. Effect of surface wettability 

The contact angle, θw was specified to be 70, 50, and 30◦ to inves
tigate the effect of surface wettability on the flow behavior and hydro
dynamic performance of corrugated sheets at a β of 90◦ and a Ul of 62 
m3/m2hr. Investigating the effect of surface wettability is also equiva
lent to investigating the role of surface textures, as the strategy of 
considering surface textures through effective/apparent θw is widely 
accepted[7,9,15,16,24,26]. Further, the fine grid resolution with 6 
million elements was required to resolve local flow through non- 
perforated sheets at a θw of 30◦ unlike the medium grid resolution 
with 1.8 million elements at a θw of 70◦. Therefore, the fine grid reso
lution was also used for the case with θw of 50◦. Moreover, the fine grid 
resolution was also used to spatially discretize domains with perfora
tions for θw values of 50 and 30◦ and resulted in 14 million elements. 

Fig. 13(i) compares the time-averaged local liquid distribution on the 
right side of Sheet 1 at different wetting conditions. As discussed earlier, 
the dynamics of local liquid distribution and the resulting WA is similar 
irrespective of the side of the individual sheet at β of 90◦. Therefore, the 
local liquid distribution on the right side of Sheet 1 is shown as a 
representative of all the sheets. As discussed earlier, at a θw of 70◦, 
rivulets are formed near the inlet. These rivulets interact with the 
proximity region leading to flow separation. The newly formed liquid 
streams flow in two different directions and the stream flowing along the 

flow direction further interacts with the proximity regions downstream 
leading to droplet formation [see Supplementary Video V1 and Fig. 13 
(i) (a)]. The change in θw to 50◦ results in a similar flow behavior near 
the inlet and is characterized by flow separation in the proximity region 
near the inlet similar to that at a θw to 70◦. However, it is also associated 
with the tendency of the liquid-phase to spread over the corrugated 
sheet [see Fig. 13 (i) (b) and Supplementary Video V9]. 

The tendency of the liquid to spread over the corrugated sheets re
sists the formation of droplets in the following interaction with the 
proximity region. Thus, the interaction of the newly formed liquid 
streams with the downstream proximity regions not only leads to droplet 
formation but also results in flow separation, unlike just the droplet 
formation at a θw to 70◦. Such a flow behavior results in a better con
nectivity of the liquid streams, as evident from Fig. 13 (b) (i). Further 
decrease in θw to 30◦ results in an increase in the tendency of the liquid 
to spread and a proportionate decrease in the droplet formation events 
as evident from the highly connected local liquid distribution on the 
corrugated sheets [see Fig. 13 (c) (i) and Supplementary Video V10]. 
Thus, the decrease in θw from 70 to 30◦ results in the transition of flow 
behavior from droplet formation towards full film flow as evident from 
the increase in the area of red region in Fig. 13 (i). Such film flow 
behavior at small values of θw is also observed by Gu et al. [15], and 
Singh et al. [24]. 

The aforementioned transition from droplet flow towards full film 

Fig. 11. Time-averaged local liquid distribution on the right side of Sheet 2 (i) without and (ii) with perforations at a Ul of (a) 31, (b) 62, and (c) 110 m3/m2hr. Also 
see Supplementary Videos V5, V1, and V6 for the time-evolution of liquid distribution on the right side of the non-perforated Sheet 1 at Ul of 31, 62, and 110 m3/ 
m2hr, respectively. For the dynamics of liquid distribution on the right side of perforated Sheet 1 at Ul of 31, 62, and 110 m3/m2hr, see Supplementary Videos V7, V4, 
and V8, respectively (β = 90◦, θw = 70◦). 
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flow leads to a substantial increase in the LH, IA, and WA with marginal 
influence on ΔP [see Fig. 14 (a)–(d)]. This transition is also associated 
with an increase in the time-averaged wall shear stress because of the 
increased interaction between the liquid and the corrugated sheet [see 
Supplementary Fig. S11]. The presence of perforations results in further 
flow separation as well as droplet formation [see Fig. 13 (ii) and Sup
plementary Videos V4, V11, and V12] like that observed at other con
ditions. This leads to a decrease in the area of dead zones irrespective of 
the surface wettability [see Fig. 13 (ii)]. Therefore, the presence of 
perforations results in small increases in LH and WA with a substantial 
increase in IA irrespective of the wetting conditions [see Fig. 14]. 

In the present work, the liquid-phase is assigned with properties of 
water. However, in the industry, amines are widely used for CO2 
scrubbing from flue gases. Although the density and surface tension of 
amines are similar to water, their viscosity is substantially larger (≅ 4 to 
10 times that of water). Hence, it is also worthwhile to investigate the 
role of viscosity on the local flow behavior and to ascertain the influence 
of perforations on the flow metrics of structured packing with high 
viscosity liquids. Therefore, we varied the viscosity of the liquid from 1 
to 16 cP without varying other physical properties and simulated the 
flow through structured packing with and without perforations resolved. 
Interestingly, the increase in viscosity has a similar influence on the flow 
metrics as that of the decrease in θw and the presence of perforations 
result in an increase in LH, IA, and WA [see Supplementary Fig. S12]. 

Moreover, in this work, the gas-phase is assumed stagnant whereas in 
the industry the gas and the liquid phase flow counter-currently with a 
specific superficial velocity. Consequently, it is also important to 
comprehend the role of gas-load [FG = Ug

̅̅̅̅̅ρg
√ , where Ug is the super

ficial gas velocity at the inlet] on the flow metrics. To understand the 
role of FG in counter-current flow situations, we modified the existing 
domain such that the gas and liquid can be injected simultaneously from 

the bottom and the top of the fluid domain, respectively. The modified 
fluid domain with perforations resolved is shown in Supplementary 
Fig. S13 (a). Further, FG was varied from 0 to 1 Pa0.5 at a constant Ul of 
62 m3/m2hr. The increase in FG from 0 to 1 Pa0.5 had a marginal in
fluence on LH, IA as well as overall WA [see Supplementary Figs. S13 
(b)-(d)]. The increase in FG only resulted in an increase in the pressure 
drop [see Supplementary Fig. S13 (e)]. Similar observations were re
ported in recent work by Singh et al. [12] with N-(2-ethoxyethyl)-3- 
morpholinopropan-1-amine and air as the liquid and gas phase flowing 
in counter-current way through Schwarz-D structured packing for FG <

1. Structure-resolved counter-current gas–liquid flow simulations for FG 
> 1 are computationally very demanding, making them beyond the 
scope of the current study. The above discussion also reveals that the 
results presented in the previous sections,with FG = 0, are equally valid 
for FG < 1. 

3.4. Comparison with correlations in the literature 

In this section, we compare LH and IA predicted by structure- 
resolved VOF simulations with that estimated by some of the correla
tions available in open literature at a β of 90◦. At a β of 45◦ the pre
dictions of VOF simulations are not compared with the correlations 
owing to the availability of limited data points. The comparison as a 
function of Ul and μl is shown in the Appendix A Fig. A1 and Supple
mentary Fig. S14, respectively. It is evident from these figures that both 
LH and IA are underpredicted by the structure-resolved VOF simulations 
as compared to the correlations other than that by Singh et al. [24]. Most 
of these correlations are semi-empirical and are proposed based on the 
bed scale measurements performed with a certain structured packing as 
well as at specific conditions [36–41]. Therefore, these correlations do 
not consider θw or surface textures of the corrugated sheets as a variable. 

Fig. 12. Effect of Ul on (a) liquid holdup, (b) interfacial area, (c) overall wetted area, and (d) pressure drop (β = 90◦, θw = 70◦).  
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In Section 3.3, we show that θw significantly influence the local 
liquid distribution and the resulting flow metrics, in terms of LH, IA, and 
WA. Similar relationship between θw and flow metrics is reported by 
Singh et al. [24] using structure-resolved VOF simulations of Gemapak- 
3A, which motivated them to propose correlations considering θw as a 
variable. However, Singh et al. [24] performed structure-resolved sim
ulations without resolving the perforations on Gemapak-3A. Since the 
geometric specifications of Mellapak.250 are similar to that of 
Gemapak-3A, the predictions of structure-resolved simulations without 
resolving perforations reported here are in agreement with the corre
lations proposed by Singh et al. [24] [see Fig. 15]. 

Since the industrially used structured packings are often perforated, 
further work is required to improve the correlations by Singh et al. [24] 
(such that the role of perforations is considered) as evident from Fig. 15. 
Moreover, the LH correlation by Singh et al. [24] significantly over es
timate’s LH with increasing μl and needs corrections [see Fig. S14 (a) 
(i)]. Overall, since the corrugated sheets used in the industry are 

textured as well as perforated the predictions of structure-resolved VOF 
simulations with θw approaching 0◦ and perforations resolved are in a 
relatively better agreement with the correlations [see Appendix A 
Figs. A1 (b) (i) and (ii)]. 

4. Summary and conclusions 

In the present work, periodic sections of perforated and non- 
perforated structured packing with corrugated sheet specifications cor
responding to Sulzer Mellapak.250 are created. The gas–liquid hydro
dynamics through structure-resolved fluid domains of the periodic 
sections is simulated using the VOF method implemented in the open- 
source C++ library OpenFOAM v6. The role of perforations and their 
locations at an inclination angle of 45 and 90◦ on the dynamics of local 
liquid distribution and the resulting flow metrics is investigated. We 
show that at a β of 45◦, the local liquid distribution on the bottom side of 
sheets is substantially influenced by the location of perforation. The 

Fig. 13. Time-averaged local liquid distribution on the right side of Sheet 1 (i) without and (ii) with perforations at a θw of (a) 70, (b) 50, and (c) 30◦. Also see 
Supplementary Videos V1, V9, and V10 for the time-evolution of liquid distribution on the right side of the non-perforated Sheet 1 at a θw of 70, 50, and 30◦, 
respectively. For the dynamics of liquid distribution on the right side of perforated Sheet 1 at a θw of 70, 50, and 30◦, see Supplementary Videos V4, V11, and V12, 
respectively (β = 90◦, Ul = 62 m3/m2hr). 
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presence of perforations on the side leads to droplet flow whereas, the 
presence of perforation on the ridge results in newly formed liquid 
streams flowing along the corrugation of the bottom side. Since the 
majority of liquid flows through the channel provided by the corruga
tions on the top side, the flow behavior for perforation located on the 
ridge and on both ridge and side is similar with a small redistribution of 
liquid. This also results in a substantial increase in LH, WA, and IA 
relative to the non-perforated sheets. 

At a β of 90◦, small values of Ul result in channel flow in the absence 
of perforations, whereas at intermediate and large values of Ul, the 
liquid-phase rivulets interact with the proximity region resulting in flow 
separation. The newly formed liquid streams break to form droplets due 
to their interaction with the following proximity regions and the gravity- 
driven nature of the flow. Such a flow behavior leads to an increase in 
LH, WA, as well as IA with marginal differences in Δ P. Further, the 
decrease in θw results in a decrease in the tendency of droplet formation 
due to the interaction of the liquid phase with the proximity regions. 
This leads to an increase in the connectivity of the newly formed liquid 
streams post flow separation at the proximity regions i.e. the local flow 
behavior transits towards full film flow. This flow behavior results in a 
decrease in the area of dead zones and a proportionate increase in WA, 
IA, as well as LH. The presence of perforation promotes flow separation 
as well as droplet formation and is characterized by large values of local 
time-averaged wall shear stress, irrespective of their location. Since all 
the perforations interact with the liquid phase, at some or the other time 
instance, irrespective of their location, the flow metrics at a β of 90◦, are 
governed by the number of perforations. The presence of perforations 
results in a substantial increase in IA and LH with marginal change in 
overall WA owing to increased flow separation as well as droplet for
mation irrespective of Ul and θw. These findings provide the following 
insights into the design decisions for improved flow metrics, with a 

particular emphasis on interfacial area,  

• The inclination angle ‘β’ of 90◦ from the horizontal provides the 
highest interfacial area as relative to the other value of β considered 
in the present work. Therefore, the structured packings are recom
mended to be used at a β of 90◦. 

• The presence of perforations significantly enhances resulting inter
facial area irrespective of the operating conditions. Further, at a β of 
90◦, the location of the perforations marginally influence flow met
rics and the flow metrics are governed by the number of perforations. 
This implies that the interfacial area can be further increased by 
increasing the number of perforations.  

• As mentioned in Section 1, the surface texture of the structured 
packing is modelled by considering apparent static contact angle 
‘θw’. Our findings show that the smaller values of θw correlate with 
improved performance in terms of interfacial area while exhibiting 
only a marginal influence on pressure drop. Therefore, surface tex
tures should be designed in such a way that the apparent contact 
angle approaches 0◦ as practiced in the industry. 

Further, we also compared the predictions of structure-resolved VOF 
simulations with estimates of some of the correlations in the literature, 
in terms of LH and IA. The structure-resolved VOF simulations signifi
cantly underpredicted both LH and IA at large values of θw relative to the 
correlation developed based on bed-scale measurements. The agreement 
of the VOF predictions with the estimates of correlations increased with 
a decrease in θw. We also report a good agreement in the predicted LH 
and IA, for cases without perforations, with that estimated by the cor
relations proposed by Singh et al. [24] which considered θw as a vari
able. We also show that the correlations by Singh et al. [24] 
underpredicted both LH and IA for cases with perforations, irrespective 

Fig. 14. Effect of surface wettability on (a) liquid holdup, (b) interfacial area, (c) overall wetted area, and (d) pressure drop (β = 90◦, Ul = 62 m3/m2hr).  

A.S. Ambekar et al.                                                                                                                                                                                                                            



Chemical Engineering Journal 486 (2024) 150084

14

of Ul as well as θw and require improvements in terms of incorporating 
the role of perforations. The findings of the present work can also be 
utilized to propose new correlations and to improve existing correlations 
used to estimate flow metrics. Additionally, the numerical methodology 
presented in this work can be utilized to investigate the role of various 
geometrical characteristics of the structured packings and to design new 
packings based on the insights from the structure-resolved VOF 
simulations. 
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Appendix 

Appendix A:. Comparison of LH and IA predictions with correlations in the literature 

As mentioned in Section 3.4, we compared the LH and IA predictions of structure-resolved VOF simulations with few of the correlations available in 
open literature for β = 90◦. Most of the correlations, in open literature, are semi-empirical and are proposed based on the bed scale measurements 
performed with a certain structured packing as well as at specific conditions [36–41]. Since these correlations were proposed based on bed-scale 
measurements, the static contact angle ‘θw’ is not considered as a variable. The correlation by Singh et al. [24] is the only correlation proposed 

Fig. 15. Comparison of computed (i) liquid holdup and (ii) interfacial area with that estimated by the correlations proposed by Singh et al. [24] as a function of (a) Ul 
at θw of 70◦ and (b) θw at Ul of 62 m3/m2hr (β = 90◦, μl = 1 cP). 
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based on structure-resolved VOF simulations and is therefore a function of θw. However, it is developed based on the simulations where perforations on 
the corrugated sheets were not resolved. The comparison of computed LH and IA, as a function of Ul, with that estimated from various correlations is 
shown in Fig. A1 (a) and (b), respectively. A detail discussion on this comparison is provided in Section 3.4.

Fig. A1. Comparison of computed (i) liquid holdup and (ii) interfacial area with that estimated by the correlations in literature as a function of Ul (a) without and (b) 
with perforations resolved (β = 90◦, μl = 1 cP). 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cej.2024.150084. 

References 

[1] Y. Amini, M. Nasr Esfahany, CFD simulation of the structured packings: A review, 
Sep. Sci. Technol. 54 (2019) 2536–2554, https://doi.org/10.1080/ 
01496395.2018.1549078. 

[2] M. Schubert, A. Bieberle, F. Barthel, S. Boden, U. Hampel, Advanced tomographic 
techniques for flow imaging in columns with flow distribution packings, Chem Ing 
Tech. 83 (2011) 979–991, https://doi.org/10.1002/cite.201100022. 
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