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1. INTRODUCTION

Abstract

Generally, establishing design guidelines for structured packings has required prolonged empirical testing
inside pilot-scale columns. While vital for mapping multi-phase fluid dynamics and mass transfer, these
physical trials drain financial resources, take excessive time, and create major bottlenecks. Specifically,
determining foundational Basic Performance Data (BPD) — such as pressure drop in packed bed and
capacity range of the packing — remains shackled to physical experiments. Crucially, the flooding line,
which defines the ultimate hydrodynamic operating limit and maximum gas throughput capacity of the
column before operational failure, is traditionally not estimated by standard Computational Fluid Dynamics
(CFD) simulations. Without the ability to predict this vital parameter, utilizing predictive mathematical
tools for column design and scale-up remains deeply restricted.

This paper presents a virtual engineering strategy to leapfrog traditional trial-and-error workflows. By
embedding a mechanistic “Suspended Bed of Droplets” (SBD) model directly within a high-resolution CFD
domain, this cohesive tool permits the standalone determination of the complete BPD profile, including
direct flooding line prediction. Consequently, counter-current pressure gradients and hydrodynamic capacity
boundaries are computed directly from first principles, stripping away the need for preliminary laboratory
measurements. To verify accuracy, these digital predictions are rigorously cross-examined with archival field
data from commercial-grade structured packing installations. This methodology represents a profound shift
toward a nimble, software-centric discovery model in thermal separation engineering, radically shortening
performance profiling timelines, mitigating infrastructure expenses, and providing a powerful digital platform
to optimize future packing geometries.
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classic empirical correlations provided foundational blueprints,
this purely experimental approach is increasingly viewed by

For over forty years, packed columns containing random and
structured internals have been extensively utilized in thermal
separation operations. These internals revolutionized mass
transfer technology by offering outstanding performance char-
acteristics, such as minimal gas-phase resistance and remark-
ably high separation efficiencies per unit height when con-
trasted with conventional tray columns. Despite this technical
superiority, the engineering development and geometric opti-
mization of these internals have historically been hindered by
the intricate, non-linear coupling that exists between complex
surface architectures and multi-phase fluid hydrodynamics.

To safely scale up and engineer industrial-scale installations,
acquiring precise Basic Performance Data (BPD) is an abso-
lute necessity. Historically, mapping these parameters required
exhaustive, labor — intensive experimental campaigns. Re-
searchers relied on established multi-component distillation
test systems — such as those detailed by Zuiderweg (1969) —
alongside atmospheric air-water simulators to generate empir-
ical design equations (Mackowiak, 2010; 2022a). While these

modern industry as cost-prohibitive, rigid, and time-intensive.

To complement or entirely bypass traditional laboratory test-
ing, Computational Fluid Dynamics (CFD) has emerged as
a transformative engineering methodology. Over the past two
decades, CFD has advanced from a simple optimization tool
used for non-active tower internals (such as gas distributors)
(Chen et al., 2009; Ngo and Lim, 2020; Spiegel and Meier,
2003) into a high — fidelity predictive framework capable of
evaluating active random and structured packing performance.

The Mellapak family of structured packings has established
itself as the definitive industry benchmark for counter-current
column internals, driving continuous advancements in materi-
als science and geometric configuration. This structural frame-
work has expanded from standard commercial configurations
— such as the widely utilized Mellapak 250Y and 500Y series —
to high-capacity variations like Mellapak Plus, which are opti-
mized to reduce gas-phase resistance while maximizing liquid
distribution. Consequently, due to its status as an industry
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standard, a vast body of literature features combined exper-
imental and CFD studies specifically dedicated to validating,
testing, and performance-mapping various Mellapak config-
urations (Basden et al., 2013; Haroun and Raynal, 2016; Isoz
and Haidl, 2018; Salten et al., 2021; Szulczewska et al., 2003).

A primary focus of structure-resolved CFD is capturing the ex-
act physical mechanisms governing film stability, liquid spread-
ing, and localized gas-liquid interactions within structured
packing channels. Understanding these phenomena at a fun-
damental level allows for the precise optimization of column
internals where conventional macroscopic models rely heavily
on empirical estimation. Modern research focuses on resolving
the complex, micro-scale interfacial mechanics occurring on
the surface of structured packings, while simultaneously seek-
ing macro-scale workflows that can predict overall column
performance without excessive computational overhead.

A foundational breakthrough in combining these spatial
scales was achieved by Li and Zeng (2025), who developed
a multi-scale hydrodynamic framework that bridges small-
scale 3D representative elementary units with a macroscopic
node network model. By training a Back Propagation
Neural Network (BPNN) directly on datasets generated
from two-phase CFD simulations, they successfully mapped
localized wall-boundary and interlayer conversion effects that
traditional models often neglect. This dual-neural network
approach achieved high predictive reliability for macroscopic
parameters, yielding an average relative deviation of 8.63%
for dry pressure drop and 9.63% for liquid holdup when
compared to experimental benchmarks.

Evaluating these boundary layer mechanisms, Dechert and
Kenig (2025) isolated the geometric influence of surface mi-
crostructures on liquid film behaviour using single inclined
plates. Their numerical simulations demonstrated that the
spatial orientation of microstructures relative to the primary
flow vector exerts the most dominant effect on localized liquid
flow patterns and the resulting wetted area size. This struc-
tural sensitivity was further contextualized by Dechert et al.
(2024), who expanded the microscopic modelling framework
to incorporate physical fluid property variations alongside
complex surface texturing. Their findings revealed that un-
der specific operational conditions, standard smooth packing
surfaces can outperform microstructure surfaces due to com-
plex variations in surface tension and viscous forces. They
demonstrated that the local liquid flow angle is not dictated
solely by the packing's macroscopic corrugations, emphasizing
that microstructure reorientation serves as a highly sensitive
mechanism for local fluid diversion and film stability.

This complex geometric relationship is further modified by the
presence of macroscopic sheet perforations. Wang et al. (2026)
focused specifically on mechanical perforation parameters
within Mellapak 250.Y corrugated sheets for post-combustion
CO, capture. Their microscale simulations indicated that
reducing perforation spacing significantly enhances the ef-
fective gas-liquid mass transfer area under lower hydraulic
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loads, as the liquid-perforation edge interaction creates local-
ized droplets and film disruption. However, this advantage
diminishes at higher liquid loads because the increased liquid
volume completely submerges the perforations, bridging the
gaps to form continuous liquid curtains rather than discrete
films. To account for this shifting hydraulic mechanism, they
established modified empirical correlations that incorporate
corrugated sheet porosity as a critical variable, successfully
restricting prediction deviations for both liquid holdup and
effective interfacial area to within +10% of their structure-
resolved simulation data.

To contextualize the extensive body of CFD and numerical re-
search compiled across both microscale surface investigations
and macroscale column scaling frameworks, it is necessary to
evaluate these models against classical chemical engineering
definitions of column capacity. A complete and functionally
useful hydrodynamic profile of any packed column configura-
tion must explicitly define its operational envelope. According
to established chemical engineering benchmarks (Mackowiak,
2010), this entire operating range is plotted as a function
of the gas load factor (Fy) versus the specific irrigated pres-
sure drop (Ap/H), bounded strictly between the lower dry
pressure drop line and the upper hydraulic flooding line.

Table 1 provides a structured, chronological audit of the
foundational papers to assess if current literature successfully
bridges the gap between local geometric optimization and
full-scale capacity mapping. This matrix isolates the specific
hydrodynamic parameters investigated by each research group,
identifying whether authors explicitly determined or omitted
the baseline dry resistance and high-load phase inversion
thresholds necessary to establish a true operating range.

Despite these computational advancements, a major
bottleneck persists in all existing literature, as seen in
Table 1: predicting the maximum operating capacity (the
ultimate hydraulic flooding line) using purely numerical CFD
simulations remains impossible without pre-existing empirical
validation data.

Because the absolute flooding boundary cannot be simulated
autonomously, current CFD models are equally incapable of
predicting the sub-critical operating thresholds of the pack-
ing (Figure 1). This includes the vital "loading line", which
typically occurs at approximately 65% of the total flooding
gas velocity as described by Mackowiak (2010). Resolving
this predictive limitation remains a major requirement for
achieving autonomous, simulation-driven column design.

The fundamental dependency of the pressure drops per unit
of packing height (Ap/H) as a function of the gas load factor
(Fv) is systematically illustrated in Figure 1a. In this compre-
hensive hydraulic profile, the specific liquid load (u, ) serves as
the primary operational parameter. The active hydrodynamic
operating regime of any packing geometry is strictly bounded
between the flooding line and the baseline for dry pressure
drop curve characteristic of single-phase gas flow.
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Table 1. Comprehensive operating range evaluation matrix.

Author & Year

Szulczewska et al. (2003)

Basden et al. (2013)

Lassauce et al. (2014)

Lautenschleger et al. (2015)

Amini et al. (2016)

Haroun and Raynal (2016)

Isoz and Haidl (2018)

Lavalle et al. (2018)

Basha et al. (2020)

Macfarlan et al. (2021)

Salten et al. (2021)

Zeng et al. (2022)

Bertling et al. (2023)

Dechert et al. (2024)

Dechert and Kenig (2025)

Li and Zeng (2025)

Wang et al. (2026)
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Scope of Hydrody-
namic Data Defined
Local film wave forma-
tions and phase velocity
profiles.

Neutron-scan mapping
of localized interlayer
liquid holdup.
Interfacial area evalua-
tion criteria for carbon
capture.

Gas-phase flow vectors
and optimization of PD
10 packing.

Film uniformity track-
ing on PACeg2100 ge-
ometry.

Large-scale distributor
flow patterns and geom-
etry maps.
Single-phase gas flow
profiles across corru-
gated channels.
Cross-flow packing lay-
out via a single REU do-
main.

Full-scale Eulerian ab-
sorber grid tracking for
CO; capture.

Specific area, inclina-
tion, and opening angle
trade-offs.

Multi-regime  analogy
modelling (film, jet, drop
flow).

Dynamic vs. static in-
terfacial area distribu-
tions (VoF).
Tomography-validated
VoF simulation of RTD
and holdup.
Micro-scale film trajec-
tories and fluid proper-
ties.

Micro-scale film spread-
ing on solitary inclined
plates.
Gas-liquid node
flows; holdup macro-
distribution.
Perforation interac-
tions, liquid holdup,
and effective ae.

Addressed Dry Pressure
Drop?

No (Focused on iso-
lated irrigated
growth).

film

No (Purely experimen-
tal irrigated holdup
tracking).

No (Addressed generic
design guidelines).

Partial (Modelled dry
pressure loss trends).

Partial (Modelled wet
pressure drops at stable
loads).

No (Focused on dis-
tributor boundary con-
ditions).

Yes (Validated dry pres-
sure loss equations).

Partial (Calculated
baseline pressure drop
shifts).
No (Simulated stable,
steady-state absorption
points).

Partial (Tracked stable
pressure drop slopes).

No (Addressed stable ir-
rigated holdup parame-
ters).
No (Isolated local sur-
face tension bound-
aries).

No (Captured stable ir-

rigated parameters).

No (Focused on single-
phase local film paths).

No (Isolated single-
phase liquid wetting
tracks).

Yes (BPNN validated
with an 8.63% devia-
tion).

Partial (Evaluated
lower liquid load base-
line boundaries).

Addressed
Limit?
No (Omitted counter-
current phase
sion).

Flooding

inver-

No (Flooding veloc-
ity thresholds not
recorded).

No (Omitted maximum
capacity tracking).

No (Two-phase flood-
ing limits omitted).

No (Did not identify hy-
draulic runaway limits).

No (Omitted column-
wide flooding points).

No (Liquid phase en-
tirely absent from mod-
els).

Partial (Identified de-
layed flooding trends).

No (Solver kept well be-
low flooding velocities).

No (Phase inversion
boundaries not simu-
lated).

No (Analogy correla-
tions omit loading lim-
its).

No (Counter-current
loading limits omitted).

No (Flooding instability
point not modelled).

No (Omitted counter-
current gas drag).

No (Counter-current
gas interaction omit-
ted).

No (Upper hydraulic
flooding limits not sim-
ulated).

No (Observed liquid
curtains but omitted
flooding velocity).
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Formally Defined Full
Range?

No (Operational bound-
aries undefined).

No (Limited to local
spatial distributions).

No (No quantitative hy-
draulic limits).

No (Upper boundary
capacity undefined).

No (Upper operational
threshold missing).

No (Restricted to inlet
distribution zones).

No (Lower baseline de-
fined; upper boundary
missing).

No (ldentified a delayed
trend but did not chart
the full envelope).

No (Operational ex-
tremes completely
omitted).

No (Envelope limits left
unquantified).

No (Operating range
boundary left
mapped).

un-

No (Focused on wet
area physics).

No (Operational limits
omitted).

No (Restricted to fun-
damental surface lay-
ers).

No (Limited to pre-
column
mechanics).

isolated film

No (Missing the upper
boundary threshold).

No (Focused on para-
metric  trends over
boundary limits).
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Figure 1. A comprehensive methodology for characterizing the
hydraulic performance and operating range of all types
of packing geometries, as established in the
foundational work of Mackowiak (2010).

Utilizing the experimental hydrodynamic data compiled in
Figure 1a, a generalized flooding diagram can be generated,
as presented schematically in Figure 1b. This diagram maps
the flood load factor (Fyy) directly against the dimensionless
Sherwood-type flow parameter (Xj), related to the flooding
condition (Eq. 1).

\/% = f(Xn)=f <\L/\/2T> (1)

Developing and mastering this flooding load diagram is an
absolute prerequisite for the safe design, structural scaling, and
column sizing of industrial-scale chemical separation plant.

%k
Foq =

Consequently, establishing these operational boundaries pro-
vides the baseline validation necessary to model multi-phase
hydraulics and localized mass transfer rates within advanced
numerical solvers. However, a critical evaluation of the current
state of the art reveals a major limitation: the vast majority of
CFD investigations presented in the literature fail to predict
these macroscopic boundaries autonomously. Because tradi-
tional CFD models cannot reliably determine the absolute
flooding capacity range without pre-existing empirical data,
their ability to model mass transfer across the full operating
range is severely compromised.

As a result, current numerical simulations do not yet of-
fer a sufficiently secure, standalone foundation for deriving
generalized mass transfer correlations suitable for industrial
equipment design. This significant gap in predictive separa-
tion technology heavily restricts the utility of high-fidelity
simulations, forcing engineers to remain reliant on expensive
pilot plant trials.

This work directly addresses and resolves this persistent com-
putational bottleneck. We introduce a novel transition away
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from computationally prohibitive, micro-scale high-fidelity
multiphase models, moving instead toward the rapid, stan-
dalone prediction of Basic Performance Data (BPD) for
industrial-scale structured packings, as presented in Figure 2.

[T T T T T T ~
| Current Literature Bottleneck ‘|
I Micro-scale Multi-phase CFD Modeling (High CPU, |
| No Flooding) J
A e e e e e o e e e e e e e e e e e e e ~

Proposed Streamlined Methodology 1I

SBD Framework + Simplified Turbulence Solver |
I

)

e, e, e, e, e e e e e ~
f |
I Autonomous BPD Data Generation |
I Rapid, Standalone Flooding Diagrams |
| & Irrigated Pressure Drops J
S -

Figure 2. Methodological transition framework demonstrating the
shift from computationally restrictive, micro-scale CFD
models to an autonomous BPD generation workflow
utilizing an integrated SBD model and RANS
turbulence closures.

This study achieves this acceleration by proposing a stream-
lined, macroscopic CFD methodology coupled with simplified
Reynolds—Averaged Navier-Stokes (RANS) turbulence clo-
sures, specifically the standard two-equation k— model. By
strategically prioritizing computational throughput and algo-
rithmic efficiency without sacrificing core physical relevance,
this synergetic approach provides an autonomous mathemati-
cal pathway to predict foundational performance parameters.
Ultimately, this framework drastically reduces the traditional
reliance on long-term, capital-intensive experimental cam-
paigns, paving the way for agile digital twin optimization of
next generation packing architectures.

2. EXPERIMENTAL SETUP

Quantifying the dry pressure drop is a critical prerequisite
for characterizing packed column hydraulics and establishing
a baseline for rigorous CFD model verification and validation.
To anchor these numerical simulations in physical data, base-
line pressure drop measurements were systematically gathered
from vacuum distillation plants utilizing diverse distillation
and absorption test systems.

https://journals.pan.pl/cpe
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The operation conditions, physical properties of the used systems,
and technical data of the investigated R500Y (RVT) structured
packing — including its specific surface area (a) and void fraction
() are detailed in Table 2. Furthermore, the systematic layout
of the laboratory distillation plant and the physical structure of
the packing elements are illustrated in Figure 3.

The comprehensive experimental methodology and validation
protocols applied in this study align with the recent collabora-
tive academic-industrial framework established by Neumann
et al. (2025), alongside the classic foundational guidelines
outlined by Billet et al. (1978) and Mackowiak (2022b). Prior
to this investigation, no published experimental data was
available concerning the hydraulic behaviour of the R500Y
packing. To address this gap in literature, rigorous hydraulic

A novel simulation-based framework for predicting performance of structured packing

measurements were executed using a laboratory distillation
column with an inner diameter of 0.05 m.

The total packing height was systematically varied between
0.5 m and 1.50 m. The investigations were carried out un-
der atmospheric and low pressure ranging from 300 mbar to
1 bar (as catalogued in Table 2). To ensure high data fidelity
during counter-current operation, the vapour flow rate and
corresponding vapour load factor were calculated continuously
via heat balance across the condenser loop. These heat balance
calculations were verified in real-time using an Endress+Hauser
(E-+H) inductive flow meter (IDM). Simultaneously, the specific
irrigated differential pressure drop across the structured bed
was captured using a high-precision E4+H pressure transmitter,
ensuring reproducible hydraulic capacity limits.

Table 2. Physical properties of the used test systems and technical data of the structured packing.

Packing data ds H
Packing R 500Y (RVT), [m] [m]

a =500 m?/m3,

€ =0.970 m*/m3

air 0.05 1/15
cyclohexane / n-heptane 0.05 1/15
ethanol / n-butanol 0.05 0.5
ethanol / water 0.05 0.5

—
A
f
A
D_!_).:]qu tube
Test column Tman(;meter
: . saturated Air
|
(EIACTD |
L Po
@ fan V1
@Q_?
o
gl dl—
PumpP % ‘[
I drain |

(a)

pr T pv
[mbar] (K] [kg/m’]
1013 293 1.2
950 / 300 360 / 327 29/1.0
950 / 300 364 / 345 1.62 /0.6
950 / 300 363 / 345 0.85 / 0.45
r
H;=0.095m

(b)

Figure 3. a) Laboratory test plant for air — water test, ds = 0.05 m, H = 1.5 m; b) a photo of one element of packing R500Y.
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3. THEORETICAL

Predicting the resistance of structured packings under non-
irrigated conditions is a fundamental prerequisite for com-
prehensive column optimization. Prior to resolving complex
multi-phase interfaces, characterizing the single-phase gas dy-
namics allows researchers to isolate the raw geometric impact
of the corrugated matrix.

The dry pressure drop serves as the hydraulic baseline of
the column, directly influencing the operating cost, vapour
capacity, and overall separation efficiency. By utilizing
structure resolved CFD, the highly complex, anisotropic
resistance generated by intersecting corrugated sheets can be
evaluated from a fundamental fluid mechanics perspective.
To evaluate this dry pressure drop and map localized velocity
profiles, the transport behaviour of the gas phase is resolved
by enforcing the conservation of mass and momentum over
discrete spatial volumes.

The mathematical description of single-phase gas transport
through structured packings rests on the fundamental conser-
vation laws of fluid mechanics (Bird et al., 2006). Assuming
an incompressible gas phase under typical low-vacuum or at-
mospheric distillation regimes, the flow field is governed by the
continuous Navier—Stokes equations and the continuity equation:

Vu=0 (2)

0
I (altl + uVu) = —Vp+uViu (3)

where u represents the velocity vector, p is the static pres-
sure, p is the gas density, and p is the dynamic viscosity
of the working fluid. This differential framework balances
local momentum flux against pressure gradients and viscous
sheer stresses, providing the strict mathematical foundation
required to map localized skin friction and form drag before
introducing counter-current liquid films.

To simulate turbulent, high-velocity gas fields through the cor-
rugated matrix without incurring prohibitive computational
penalties, the standard Reynolds—Averaged Navier—Stokes
(RANS) equations are employed. The closing of the turbu-
lent transport equations is achieved using the standard two-
equation k-g turbulence model (Launder and Spalding, 1974),
a widely used model for turbulent flow in Ansys Fluent. This
framework tracks the transport of turbulent kinetic energy
(k) and its corresponding isotropic dissipation rate () via the
following coupled partial differential equations:

) .
= (pk) + V(puk) = V (“ “w) +Pc—pe  (4)
ot Ok

0 e
a(pe) + V(pug) =V <p;fFV£> + %(ClPk — Cape) (5)

€

Within this formulation, Py denotes the volumetric production
rate of turbulent kinetic energy arising from velocity gradients,
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while pesr represents the effective viscosity, combining the
molecular dynamic viscosity (pm) with the turbulent eddy
viscosity (f¢). The turbulent viscosity is derived algebraically

as follows:
k2

pe = pCp— (6)
€
The closure coefficients for these transport formulations are
set to their standard established empirical values (Launder
and Spalding, 1974): C, = 0.09; C; = 1.44; C; = 1.92;
o =1, 0, =1.314.

To resolve boundary layer separation and skin friction along
the complex corrugated metallic sheets without over-refining
the computational mesh within the viscous sublayer, scalable
wall functions are integrated (Farmer et al., 2005; Launder
and Spalding, 1974). These functions mathematically extend
the applicability of standard boundary definitions to low mesh-
density regions by limiting the dimensionless wall distance
parameter (y;"..; = 11.225). This configuration prevents nu-
merical instability and avoids the excessive computational
overhead of full boundary layer mesh resolution. Compared
to higher-order Reynolds stress models, the k- framework
provides a highly stable, computationally efficient approach
for sweeping broad gas load factor operational envelopes.
Detailed information, mathematical derivations, and bound-
ary layer formulations for this specific turbulence model are
extensively documented in the foundational literature. For
a comprehensive review of the transport equations and closure
coefficients, readers are referred to the pioneering work of
Launder and Spalding (1974), the advanced fluid dynamics
framework by Pope (2001), and the classic boundary layer
treatment by Wilcox (2006).

The governing conservation equations describing the single-
phase gas dynamics within the structured packing matrix were
discretized and numerically solved utilizing the commercial
CFD software ANSYS Fluent 2023 R2.

4. SETUP OF CFD MODELLING

This section is dedicated to detailing the precise geometric con-
figuration and the specific mesh topology utilized throughout
the current numerical study. Furthermore, the foundational
boundary conditions, physical constraints, and the iterative
numerical procedures deployed within the solver environment
are systematically presented to ensure full reproducibility of
the hydrodynamic simulations.

4.1. Geometry and mesh

The high-fidelity three-dimensional CAD geometries represent-
ing the R500Y structured packing matrix were constructed
within a standardized pilot column domain featuring an inner
diameter (ds) of 0.05 m and a total axial length of 0.30 m.
To investigate the localized boundary layer bypass effects and

https://journals.pan.pl/cpe
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disruptions caused by peripheral internals, the computational
domain was established in two distinct configurations: a stan-
dard core packing block and a specialized assembly integrated
with wall wipers.

The detailed spatial configurations, boundary interfaces, and
assembly domains are visualized in Figure 4. The initial 3D
geometric modelling of the intricate corrugated packing sheets
and their corresponding boundary-layer wiper attachments
was executed using AutoCAD.

Structured packing R600Y

QOutlet

Midddle

Inlet

Figure 4. Structural representation of the computational domains
utilized for the R500Y structured packing with wipers
within a 0.05 m diameter column.

Following geometric compilation, the fluid domain was ex-
ported into ANSYS Meshing, the high-performance pre-
processing suite within the ANSYS 2023 R2 software en-
vironment, to undergo spatial discretization. An unstructured
tetrahedral mesh topology was selected to accommodate
the sharp angle transitions, complex channel intersections,
and narrow crimp apexes characteristic of structured packing
R500Y corrugation profiles.

To resolve localized high-gradient fluid phenomena without
incurring excessive computational overhead throughout the
entire column volume, strategic mesh refinement zones were
implemented. High-density cell distributions were embedded
in critical transport regions, including the solid-fluid boundary
layers along the metallic packing elements, the narrow gaps
surrounding the wall wipers, and the flow development zones
near the main inlet section.

This localized clustering allows the numerical solver to accu-
rately capture boundary layer separation, secondary vortex
generation, and localized skin friction profiles while keeping
global element counts mathematically manageable.

https://journals.pan.pl/cpe
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To isolate the numerical solutions from spatial discretization
artifacts and guarantee that the resulting flow fields are not
functions of mesh density, a systematic grid independence
study was performed in accordance with established numerical
verification protocols (Picardi et al., 2016). This iterative
optimization framework involved systematically inflating the
total cell count across three independent mesh densities for
each physical geometry while monitoring the convergence
trajectories of primary hydrodynamic variables, specifically
the specific dry pressure drop and the cross-sectional average
velocity profiles.

The exact element counts evaluated during this grid sensitivity
audit for the modified column geometry were distributed as
follows: 4.51 million, 6.66 million, and 7.92 million elements,
capturing the added geometric complexity of the peripheral
wall attachments. Definitive grid independence was verified
when further mesh refinement yielded negligible changes in
the simulated static pressure drop and localized velocity vector
distributions.

Quantitative cross-examination revealed that the relative er-
ror deviations between the coarse (4.51 M) and intermediate
(6.66 M) mesh levels were strictly restricted to below 6%.
While a 6% deviation may be considered significant in some
idealized flow scenarios, it is important to contextualize this
value within the complexities of structured packing modelling.
Modelling R500Y packing is computationally demanding, re-
quiring the resolution of thin boundary layers and intricate
interactions within narrow, corrugated channels. The 451 M
grid was selected as a pragmatic balance between computa-
tional resource availability and numerical accuracy; it provides
sufficient resolution to capture primary flow characteristics,
turbulence transition behaviour, and stable convergence for
pressure drop and velocity profiles. Given that this 6% devia-
tion signifies that results lie within the asymptotic range of the
grid convergence study, the 4.51 million element configura-
tion was utilized for all subsequent ANSYS Fluent simulations
to establish an optimal baseline between spatial accuracy and
CPU wall-clock efficiency. The quality of the generated mesh
was verified using standard metrics (Wilcox, 2006). For the
selected 4.51 M element mesh, the average orthogonal quality
is 0.7518, with a minimum value of 0.18. Regarding skewness,
the average value is 0.2467, with a maximum value of 0.82.
These metrics indicate that the mesh quality is sufficient for
accurate flow resolution within the corrugated channels of
the R500Y packing, as all cells fall within the recommended
limits for stability in ANSYS Fluent.

4.2. Boundary conditions

To establish a physically realistic numerical framework rep-
resenting the single-phase gas dynamics through the R500Y
structured packing, appropriate boundary conditions were
prescribed at all peripheral interfaces. The computational
domains are bounded by a fluid inlet zone, a fluid outlet zone,
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and solid boundaries representing the column shell and inter-
nal packing surfaces. All boundary conditions were configured
within the ANSYS Fluent 2023 R2 software environment to en-
sure strict continuity with the physical laboratory conditions.

The explicit mathematical and physical constraints applied
to the boundaries of the computational domain are defined
as follows:

1. Inlet boundary condition (velocity inlet): The gas phase
inlet was designated as a Velocity Inlet profile. The oper-
ational parameters were directly informed by the exper-
imental velocity ranges to ensure dat a alignment. Air
was utilized as the working fluid, with uniform inlet ve-
locities systematically varied from 0.5 m/s to 4.0 m/s in
discrete increments of 0.5 m/s. This incremental sweep
matches the experimental gas load factor distribution.
The Reynolds number, Rey/, calculated using the formula
provided by Mackowiak, 2010, spans a range from 200 to
4000 for the R500Y packing.

2. Outlet boundary condition (pressure outlet): A Pressure
Outlet boundary condition was specified at the column
exit plane. The gauge pressure at this boundary was fixed
at a constant 0 Pa, allowing the fluid to exhaust freely into
a standard reference pressure environment and preventing
artificial backpressure waves from disrupting the upstream
flow field.

3. Wall boundary condition (no-slip constraint): The outer
column shell, internal corrugated sheet faces, and wall
wiper surfaces were modelled as stationary solid bound-
aries. A strict no-slip condition was enforced, setting the
fluid velocity vector at the solid-fluid interface to zero. To
account for micro-structural friction along the metallic
sheets, a uniform wall roughness factor of 0.5 was applied
across the surfaces.

4.3. Numerical model

To optimize computational efficiency and minimize CPU over-
head while maintaining a high degree of simulation fidelity,
the numerical framework incorporates several core engineering
hypotheses:

1. The gas phase transport through the corrugated structured
packing matrix is modelled as a steady-state flow regime,
wherein the working fluid (air) is treated as a viscous,
incompressible Newtonian fluid.

2. The velocity profile at the inlet boundary is assumed to
be entirely uniform, treating the incoming gas as a fully
developed turbulent flow immediately upon entering the
domain.

3. The structured column is assumed to operate under strictly
isothermal conditions at an ambient temperature, thereby
neglecting thermal energy variations across the entire
column domain.
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These simplifying assumptions provide a vital computational
baseline that significantly improves numerical efficiency and
ensures solver stability without compromising the underlying
fluid mechanics of the system.

The governing conservation equations, subject to these de-
fined boundary conditions, were numerically solved within the
segregated solver framework of the commercial CFD pack-
age ANSYS 2023 R2. To resolve the pressure-velocity cou-
pling, the classic iterative Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm, originally developed
by Patankar and Spalding (1972), was deployed to sequen-
tially compute each dependent variable. To suppress numerical
diffusion and enhance spatial stability across the complex,
intersecting flow channels, a second-order upwind differencing
scheme was strictly enforced for the continuity, momentum,
and turbulence transport equations. This numerical configu-
ration was further modulated using standard RANS under-
relaxation factors to guarantee smooth matrix convergence
throughout the iterative loop.

Strict convergence criteria were enforced to ensure data fi-
delity, requiring the normalized sum of residuals for all vari-
ables to drop below a tolerance threshold of 10~° alongside
completely stabilized column pressure profiles. Under these rig-
orous convergence constraints, each individual production run
required approximately 3000 iterations to achieve steady-state
conditions.

Ultimately, a total matrix of 8 independent simulations was
performed. This systematic sweep generated a comprehensive
dataset of dry pressure drops, allowed for the comprehensive
analysis of localized gas-phase flow vectors, and quantified
the specific impact of the integrated wall wipers within the
packing structure. The predictive accuracy of the numerical
model was fully validated by cross-examining the simulated
dry pressure drop values against physical pilot-plant measure-
ments collected under identical operating conditions, where
the strong alignment between the datasets confirmed the
reliability of the established CFD framework.

5. RESULTS

The simulated CFD hydrodynamics are evaluated using mainly
primary indicators: total pressure drop, localized static pres-
sure contours, and additionally velocity vector fields. In sep-
aration processes like distillation, absorption, and stripping,
the dry pressure drop establishes the baseline operating cost
and vapour capacity. While a lower single-phase pressure drop
generally implies a higher ultimate two-phase capacity, specific
geometric drag components can increase resistance without
improving separation efficiency.

To systematically deconstruct the internal dynamic of
the R500Y packing matrix, the hydrodynamic analysis is
partitioned into a multi-stage spatial and kinematic inves-
tigation. This structured diagnostic approach isolates specific
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energy losses and flow distribution behaviours across the
column domain through the following sequential evaluations:
longitudinal static pressure profiles and multi-dimensional
velocity distributions.

This numerical investigation focuses exclusively on the val-
idation of dry pressure drop for air. By isolating the influ-
ence of the packing geometry and fluid velocity, we establish
a fundamental hydrodynamic baseline independent of the
complex mass and heat transfer phenomena present in the
multi-component distillation systems detailed in Table 2.

This approach provides a reliable foundation for industrial
applications; the results obtained for dry air pressure drop
are sufficient for characterizing packing performance and can
be adapted to other systems as described by Mackowiak
(2010). This methodology is particularly valuable for reducing
experimental effort, as it allows for a precise validation of
the turbulence modelling against clean, single-phase air flow,
providing a necessary prerequisite for understanding the more
complex behaviour observed in industrial distillation.

5.1. CFD dry static pressure and pressure drop

To evaluate the mechanical energy losses and localized trans-
port phenomen a within the R500Y structured packing matrix
(ds = 0.05 m), the longitudinal static pressure contours were
extracted from the validated RANS k-¢ turbulence simulations.
Figure 5 illustrates the spatial distribution and development
of the pressure fields across the structural elements from the
pipeline inlet plane (left) to the discharge zone — pipeline out-
let (right) under two contrasting gas kinetic energy regimes:
low vapour vy = 1.5 m/s load (Case a) and high vapour load
uy = 3.5 m/s (Case b).

a) b)

21.00 81.00
18.90 a) 72.90
16.80 64.80
14.70 56.70
12,60 48.60
10.50 40.50
8.40 b) 32.40
6.30 24.30
420 16.20
210 8.10
0.00 0.00
Pa Pa

Figure 5. Static pressure profile in column equipped with standard
metallic structured packing R500Y for inlet linear
velocity of air: a) uy =1.5m/s, b) uy = 3.5 m/s.
Column diameter: ds = 0.05 m.

As anticipated, all evaluated cases demonstrate a distinct and
continuous decrease in static pressure along the longitudinal
axis of the packed column from the pipeline inlet plane to the
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exhaust. This monotonic pressure drop reflects the cumulative
resistance, skin friction, and form drag imposed on the gas
phase as it is forced through the tortuous channels generated
by the corrugated sheets of the R500Y matrix. The rate of
this axial pressure declines scales directly with the incoming
gas load, showing significantly steeper gradients as the inlet
velocity steps up from 1.5 m/s to 3.5 m/s.

A macroscopic comparison of the two evaluated operational
states reveals a highly non-linear evolution of the total dry
pressure drop across the R500Y structured packing matrix.
The discrete quantitative values derived directly from the
structure-resolved computational grid are compiled. To sys-
tematically assess the impact of gas-phase kinetic energy
on column mechanics, the primary hydrodynamic parameters
were evaluated and compared across both simulated operating
regimes. The primary independent operational variable, the
superficial gas velocity, is increased from 1.5 m/s in Case a,
representing the low vapour load condition, to 3.5 m/s in
Case b, representing the high vapour load condition. This
change establishes a dimensionless shift ratio of 2.33 for the
incoming fluid velocity.

Due to the downstream atmospheric boundary constraint,
both the peak static resistance at the column entrance and
the total dry pressure drops across the packing matrix in-
crease identically from 21.0 Pa under low vapour conditions
(Case a) to 81.0 Pa under high vapour loads (Case b), repre-
senting a dimensionless shift ratio of 3.86. This proportional
alignment between the maximum inlet pressure and the net
domain pressure differential indicates that the overall system
resistance is dominated by the structural characteristics of
the packing matrix rather than localized exit effects.

In conventional, fully rough macroscopic turbulent systems,
the pressure drop across a fixed packed bed scales strictly
according to the quadratic velocity square-law (Ap o« u2),
which would theoretically yield a pressure shift ratio of ap-
proximately 5.44 for the velocity increase investigated herein.
However, a rigorous processing of the numerical datasets re-
veals a real-system scaling exponent, n, of approximately 1.59.

This specific exponent value provides critical scientific evi-
dence that within the designated operational envelope, the in-
ternal micro-channels of the R500Y matrix experience a highly
transitional flow regime. In this state, linear viscous dissipation
layers along the metallic sheet boundaries still exert a signifi-
cant dampening effect, actively competing with the quadratic
inertial form drag induced by the macro-scale geometric cor-
rugations and channel intersections. Consequently, the global
resistance exhibits characteristics that lie between purely lam-
inar friction and fully developed isotropic turbulence, empha-
sizing the necessity of structure-resolved numerical modelling
to accurately capture these localized transport mechanisms.

Deconstructing the structure-resolved contours of static pres-
sure presented in Figure 5 reveals several distinct localized
fluid mechanic phenomena that directly influence macroscopic
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column efficiency. Periodic stagnation and impact zones are
discernible where the ascending gas phase encounters the lead-
ing edges of the corrugated packing elements. Upon impact,
the initially uniform velocity field is forcibly split. As shown in
Figure 5b, which displays the static pressure profile across the
packing structure (ranging from 0.00 to 81.00 Pa), localized
high-pressure zones pinpoint the coordinates where fluid flow
impinges directly upon the inclined packing surfaces. This col-
lision triggers a rapid deceleration of the gas stream, resulting
in a partial conversion of dynamic pressure into static head.

Further inward, the interior core of both computational
domains exhibits a highly symmetrical, periodic criss-cross
channel tessellation. This geometric arrangement forms
a repeatable "mosaic" pattern that accurately reflects
the physical intersections of the cross-corrugated metallic
sheets. Within this core matrix, the alternating high- and
low-pressure cells map the microscopic pressure fluctuations
that occur as the gas streams are continuously forced to
bifurcate, twist, and recombine at the internal channel
junctions. This continuous redirection prevents the formation
of stable, unmixed core streams, promoting local gas-phase
radial dispersion across the packing channels.

However, when evaluating the high vapour load condition,
uy = 3.5 m/s, phenomena related to boundary layer detach-
ment and core channeling become highly pronounced. At this
elevated velocity, the spatial pressure gradients intensify sig-
nificantly across short physical distances, establishing sharp
boundaries between the low-velocity wake regions and the
high-velocity core flow vectors. The k-g turbulence closure
scheme effectively captures significant shear-stress accumu-
lation at these critical geometric boundaries. These zones
highlight the exact physical locations where macro-vortices
are shed from the corrugated crests, converting primary me-
chanical energy into parasitic turbulent dissipation and driving
up the overall dry pressure drop.

From an engineering and column design perspective, these
micro-scale topological insights yield critical insights into the
underlying transport trade-offs. The localized, high-gradient
pressure fields along the geometric boundaries shown in Fig-
ure 5b represent areas of intense local shear, which are highly
favourable for minimizing gas-side mass transfer resistance. Si-
multaneously, however, these exact zones serve as the primary
source of dry pressure drop. This indicates that optimizing
the corrugation base angle or smoothing the sharp transitions
at the plate crests could significantly reduce overall energy
consumption and form drag without sacrificing the effective
gas-liquid contact area required for mass transfer.

5.2. Velocity fields

Additionally, CFD simulations provide an advanced, high-
resolution framework to non-invasively investigate these in-
tricate velocity patterns within the complex internal channels
of structured packings, capturing micro-scale fluid behaviours
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that are typically inaccessible via conventional experimental
diagnostic techniques. To investigate the localized kinematic
transitions and flow uniformity within the R500Y structured
packing matrix, cross-sectional velocity profiles were evaluated
at three distinct axial planes for the R500Y packing: inlet,
the middle core matrix, and outlet. Consequently, Figure 6
demonstrates the structure-resolved velocity magnitude distri-
butions extracted from these simulations for the same velocity
range as presented for static pressure profile. The local veloc-
ity scales are adjusted independently to capture the precise
hydrodynamic features unique to each operational regime.

A primary phenomenon observed across all evaluated cross-
sections is the severe localization of gas velocity within the
open channels of the corrugated sheets, which culminates in in-
tense, localized interstitial jetting. To quantify this behaviour,
a detailed analysis of the peak local velocities (uioc,max) rel-
ative to the nominal superficial inlet velocities (uy) was
conducted. The resulting data reveals a highly consistent
geometric acceleration ratio across disparate flow regimes,
demonstrating an underlying kinematic scaling invariance
within the R500Y packing matrix.

a) Inlet Middle QOutlet b)
330 g) _ 7.50
297 L ; ( 6.75
2.64 6.00
2.31 525
1.98 450
185 3.75
1.82 3.00
0.88 2 2.25
0.6 |{ENG e 1 50
033 0.75
0.00 0.00
m/s m/s

Figure 6. The velocity profile of cross-sectional area in standard
metallic structured packing R500Y: a) uy = 1.5 m/s,
b) uy = 3.5 m/s. Column diameter: ds = 0.05 m.

When evaluating the primary independent operational variable,
the uy scales from 1.50 m/s in Case a under low vapour load
conditions to 3.50 m/s in Case b under high vapour load condi-
tions. This operational adjustment establishes a distinct base-
line velocity scale factor of 2.33. Looking at the corresponding
internal flow response, the ujoc max tracks this upward trend
closely, rising from approximately 3.30 m/s under the low
vapour load regime to approximately 7.50 m/s during the high
vapour load execution. This yields a peak local scale factor
of 2.27, which aligns closely with the baseline input scaling.

To establish a dimensionless framework for this localized
phenomenon, the dimensionless acceleration ratio (Racc) is
utilized, defined by the hydrodynamic relationship:

Roce = Ujoc,max (7)
uy
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Evaluating this parameter yields an R, value of 2.20 for
Case a and 2.14 for Case b. The marginal variance between
these two values represents a calculated deviation of less than
3%. This remarkably low deviation provides robust evidence
of kinematic scaling invariance within the column. It confirms
that the physical acceleration of the gas phase is fundamen-
tally governed by the structural constraints and local void
fraction variations of the cross-corrugated channels rather
than macro-scale Reynolds number variations or turbulent
velocity fluctuations. The narrow passages within the R500Y
packing elements consistently force the localized gas streams
to more than double their velocity to satisfy mass continuity,
ensuring that high-shear micro-environments remain active
across the entire stable operating envelope of the column.

Deconstructing the structure-resolved velocity fields sequen-
tially from the packing inlet plane to the discharge zone reveals
the highly complex spatial flow dynamics operating within
the column. This axial evolution highlights how the gas phase
transitions from an unconstrained stream into a highly or-
dered, geometrically restricted flow matrix before discharging
into the column headspace.

Regarding the packing inlet plane, a high-velocity ring forms
next to the column wall due to the wall-bypass effect. Because
the corrugated sheets terminate against the smooth column
shell, the local void fraction is highest here, creating a path of
least resistance that causes gas to channel along the perimeter.

Deeper within the middle plane inside the core matrix, the flow
adapts directly to the criss-cross geometry. High-velocity jets
travel through the corrugation valleys are visible in Figure 6.
The k-¢ model effectively captures sharp velocity gradients
between these core jets, which scale from 3.0 to 7.0 m/s in
Case b, and the slow wake regions under 1.5 m/s, shown
behind the corrugated peaks.

At the final packing outlet plane near the exit, the gas dis-
charges as localized jet fingers rather than a uniform plug
flow. The inclined packing plates act as internal guide vanes,
forcing the gas along parallel planes up to the discharge point
and leaving a clear pattern of macroscopic maldistribution.

These spatial variations create a direct trade-off between
micro-scale efficiency and macro-scale maldistribution. On
the micro-scale, the sharp velocity gradients generated in the
packing core increase local shear stress and micro-mixing at
the gas-liquid boundary. This behaviour thins the resistance
layers and significantly increases the local gas-phase mass
transfer coefficient (kg).

On the macro-scale, however, the persistent wall-bypass
streams and outlet jetting cause severe flow maldistribution.
If the liquid feed is not tailored to match these local gas
velocity variations, the high-velocity zones risk causing
liquid entrainment or localized packing dry-out, while the
low-velocity wakes suffer from poor mass transfer due to an
insufficient driving force.
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In conclusion, while the internal geometry of the R500Y pack-
ing successfully generates the turbulent shear needed for high
local efficiency, its macro-scale channeling tendencies create
a critical design constraint that requires high-performance pe-
ripheral liquid distributors to prevent overall performance loss.

5.3. Evaluation of dry pressure drop via
experimental methods and CFD simulation

To validate this new method for predicting the flooding gas
velocity using CFD, modelling of dry pressure drop and combi-
nation with SBD model experimental hydraulic investigations
were conducted. These were performed using a laboratory
distillation plant, which is shown in Table 3. Experiments were
carried out under low and atmospheric pressures ranging from
0.3 bar to 1 bar, as detailed in Table 3 and shown in Figure 7.

packing R500Y
a=500 m2/md, €=0.970 m¥m?
air, 20 °C,1 bar

ds=50 mm, H=0.5-1.5m
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Figure 7. Comparison of experimental and CFD results for
single-phase flow in a packed column filled with metallic
structure packing R500Y and for comparison with
structure packing of type B2-500Y (Montz) — data
taken from literature (Maékowiak, 2010).

A comprehensive description of the experimental procedure
is provided in the collaborative study between academia and
industry (Neumann et al., 2025).

In addition to the primary hydraulic parameters, this inves-
tigation elucidates the critical role of peripheral elements,
specifically wipers, on the global hydrodynamic behaviour
of the structured packing. The observed influence of these
boundary features aligns with established literature, confirm-
ing their necessity in achieving uniform fluid distribution and
minimizing wall effects (Figure 7 and Figure 8).
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Table 3. Physical properties of the used test systems and technical data of the structured packing.

Packing data: ds H pT
Packing R500Y (RVT), [m]  [m]  [mbar]
a =500 m?/m°,
€ = 0.970 m®/m?,
pp =0.795
) 0.05 1.0 1013
air

0.052 1.5 1013
cyclohexane / 0.5 950
n-heptane 0.05 1.0 300
L/V=1 15 300
ethanol / n-butanol 950
o 005 05
L/V=1 300
ethanol / water

0.05 0.5 300

L/v=1

The knowledge of the dependency of resistance factor ¢ =
f(Rev, pp), see Figure 8, is the most important factor for
the prediction of the flooding condition of the packing and
also BPD data for all types of random and structured packing
(Mackowiak, 2010; 2022a).

According to this model, the flooding gas load factor Fy g was
calculated from CFD data and compared with the experimen-

-
[KI

293
293
360
327
327
364
345

345

ov Ry Fusiesp  Fuscrp  8(Fun)
[kg/m’]  [mPas]  [Pa'/?] [Pa*/?] [%]
1.20 0.0181 — — —
1.20 0.0181 — — —
2.90 0.0079 2.20 2.23 —1.4
1.00 0.0069 2.33 2.43 —4.3
1.00 0.0069 2.33 2.43 —4.3
1.62 0.0098 2.40 2.54 —5.8
0.60 0.0090 2.71 2.63 +3.0
0.45 0.0140 2.60 2.80 7.7

of factor ¢ = f(Rey, pp) as function of the gas Reynolds
number (Eq. 8a—8c) was evaluated according to Mackowiak
(2022a) for both structure packing R500Y and B2-500Y and
presented in Figure 8. According to experimental data of
Figure 8, the packing form factor ¢p = 0.795 was estimated.

=
tal values (Table 2). Quantitative analysis reveals a superior Apo = ¥(Rey) 1 - efy (8a)
level of agreement between the experimental observations e dp
and the simulated datasets, with a maximum relative error of W(Rey) = .
v) = %o(1 —pp 8b
+ < 8%, as detailed in Table 2. ( ) ( ) (8b)
On the base of the experimental and CFD simulated dry pres- Wo = 725.6 +3.203 (8¢)
sure drop data of Figure 7 the dependency of the resistance Rey
2
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Figure 8. Resistance factor 9 as function of Reynolds number of gas ¥ = f(Rev, @p) for investigated structured packing R500Y and for
comparison the experimental data taken from literature (Mackowiak, 2010).
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5.4. Evaluation of flooding load diagram generated
according to SBD model and CFD simulation

According to the SBD model (Mackowiak, 2010) on the basis
of the estimated form factor wp (Eq. 8b), the flooding gas
load velocity uy g and often flooding gas load factor Fy g can
be predicted at different specific liquid loads u;, Eq. (9).

1 1
uyn = 0.566e5 95 <M>2 (%)4 Ko (1 h(z’ﬂ)3.5 9)

pPv

The dependency of the flood load factor Fyy as function
of the flow parameter Xy (Eq. (1)) related to the operating
condition on flooding point as maximum capacity range of
the investigated packing R500Y is presented in Figure 9, and
additionally for comparison for the structured packing B2-
500Y. The experimental data was taken from the literature
(Mackowiak, 2010). The comparison shows that the basic
performance data for both packings are very similar.

Ultimately, this research substantiates that the synergistic in-
tegration of CFD simulations and the SBD model provides
a robust, rapid, and highly reliable methodology. By leveraging
these high-accuracy CFD results as a primary predictive tool,
the necessity for resource-intensive experimental campaigns is
significantly mitigated, facilitating the streamlined modelling,
optimisation, and scaling of structured packing performance dat
a without the traditional reliance on extensive empirical testing.

A novel simulation-based framework for predicting performance of structured packing

5.5. Turbulence model selection and future
directions

The selection of the k-¢ model for this investigation was
driven by the necessity to balance physical accuracy with
computational feasibility. While the Transition SST model is
superior for resolving the precise physics of boundary layer
detachment, the k- model provides a robust framework for
performing the extensive parametric studies required to estab-
lish macroscopic pressure drop baselines across varied vapour
loads. The validation confirms that, when integrated with
appropriate wall-treatment techniques, the k- model effec-
tively captures the dominant form drag effects induced by
the R500Y packing geometry, the primary driver of resistance
within our studied operational envelope. This approach en-
sures high-fidelity results for industrial-scale hydrodynamic
modelling without the prohibitive computational costs asso-
ciated with resolving the viscous sublayer in highly complex,
multi-channel structures.

Building upon these findings, future work will focus on inte-
grating mass transfer coefficients into the structure-resolved
CFD framework. While this study characterizes the dry pres-
sure drop and internal flow mechanics of the R500Y matrix,
extending the model to include liquid-phase interactions, such
as film thickness distribution and surface renewal rates, will
provide a more holistic understanding of column efficiency.
Additionally, we intend to perform a comparative study us-
ing the Transition SST model on a localized segment of the

R500Y (metal), a =500 m2/m?, £ =0.970 m¥m?3
B2-500Y (metal), a = 500 m%m3, € = 0.960 m3%m?3
airfwater, 277-282 K, 1 bar
dg =0,05/0,22m,H=1,6m
20
S — 10 .
- ) "—--.___
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Figure 9. Capacity diagram for structured packing R 500Y and Montz B2-500 Y.
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packing. This will validate the accuracy of the current k-¢
model in capturing the nuances of boundary layer detach-
ment at the corrugated crests and quantify the influence of
transition-sensitive effects on the overall drag coefficient.

6. CONCLUSIONS

This study successfully introduces a novel predictive frame-
work that couples high-resolution, structure resolved CFD
simulations with the SBD model developed by Mackowiak
(2010) and 2022b. Operating in a systematic three-phase
sequence, hydrodynamic baseline determination, resistance
coefficient estimation, and flooding velocity prediction, this
method achieves a mathematically rigorous transition from
micro-scale local fluid dynamics to macro-scale column ca-
pacity forecasting.

The main findings and contributions of this work are summa-
rized as follows:

1. By utilizing baseline dry pressure drop datasets from CFD
to estimate the packing-resistance factor () and in the
next form factor (y,), the framework analytically gen-
erates complete flooding gas load diagram for different
operating conditions without relying on preliminary labo-
ratory trials (Figure 9).

2. The main step is estimation of dry pressure drop of the
investigated packing using CFD simulation as shown in
Figure 1a and afterwards the resistance factor. At the end,
the flooding load diagram as shown in Figure 9 can be
generated.

3. The predictive workflow was rigorously validated against
high-fidelity, independent CFD simulations configured for
the commercial structured packing R500Y. The numerical
grid successfully captured micro-scale gas-phase shear
interactions and localized momentum transfer vectors,
demonstrating excellent parity with physical pilot-plant
measurements.

4. The described way for generation of the range of flooding
gas velocity and flood load diagram under different oper-
ating condition as presented in Figure 9 and also the all
BPD data using CFD simulation reduces extremely the
time of the experimental investigations using different test
system under distillation and absorption condition and as
result also an experimental effort.

5. The determination of BPD — the basic performance data
was executed via the SBD model, utilising the theoretical
modelling established by Mackowiak (2010) and 2022b.

6. The correlation between the CFD-derived values and the
analytical model is very good; the simulation successfully
captured the intricate gas-phase interactions and momen-
tum transfer within the packing geometry with exceptional
resolution.

7. The systematic nature of this method allows for the pre-
cise optimization of packed bed operations. A very good
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agreement was observed between the experimental mea-
surements and the numerical predictions. This successful
validation demonstrates that the integrated simulation ap-
proach provides a simple, fast, and reliable alternative to
traditional physical testing. By achieving high predictive
accuracy, this method significantly reduces the experi-
mental effort required for the modelling, optimization,
and performance prediction of high-efficiency structured
packings in industrial separation processes.

8. This is the first study to demonstrate that CFD and SBD
can be used to determine both the flooding limits and the
operating window of a column for any packing geometry,
as illustrated in Fig. 9, thereby addressing a key gap in
the published literature summarized in Table 1.

SYMBOLS

a specific packing area, m*/m?®

Ch0 universal flooding-point constant for packing, —

ds column diameter, m

dn hydraulic diameter of packing, m (dn = 4¢/a)

dp particle diameter, m

dr droplet diameter according to Sauter, m

f external force exerted on the fluid, N

Fv gas load factor in relation to full column cross section,
pa0s

Foy flood load factor, m/s

g acceleration due to gravity, m/s’

H height of packed column, m

hE’ﬂ liquid hold-up at flooding point, based on free column
volume, m®/m?

K wall factor (Maékowiak, 2010), K = 1 for structured
packing

k turbulence kinetic energy, m?/s?

L,V liquid and gas mass flow, kg/h

LV liquid and gas molar flow, kmol/h

P pressure, Pa

P rate of production of turbulent kinetic energy,
kg/(ms?)

pT top pressure, mbar

Apo/H  dry pressure drop per 1 m packing height, Pa/m

Ap/H  pressure drop per 1 m packing height for two phase
flow and wetted packed bed, Pa/m

Rey gas-phase Reynolds number, —

t time, s

u,u velocity / velocity vector, m/s

uy linear gas velocity in relation to full column cross
section, m/s

Uy gas or vapour velocity at the flooding point, based
on the cross-sectional area of an empty column, m/s

X flow parameter related to condition at flooding point,

y* dimensionless distance from the wall, —
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Greek symbols

a flow channel angle, °

€ energy dissipation rate, m2/s3

£ void fraction of packing, m®/m?

W, eff, ke molecular, effective and turbulent dynamic viscosity,
kg/(m - s%)

T deviatoric stress tensor, Pa

©p packing form factor (Mackowiak, 2010), —

vy kinematic viscosity of gas or vapour, m?/s

o density, kg/m3

oL, pv densities of liquid and gas phase, kg/m3

P resistance coefficient for single gas flow, —

Dimensionless numbers

dp particle diameter, d, = @
Rev Reynolds number for gas or vapour, Rey = %K
X flow parameter related to condition at flooding point,
L
Xi = (V)ﬂ \/ fT‘L/
* * F
Fq flood load factor, Fyy = \/%
Abbreviations
BPD basic performance data (Mackowiak, 2022b)
CFD computational fluid mechanics
SBD suspended bed of droplets (Mackowiak, 2010)
Subscripts
LV liquid and gas phase,
fl at flooding point,
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