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Rapid progress in the development of additive manufacturing technology enables the production of structured
reactor internals of complex geometry. To address mass transport limitations structured internals can be used
in trickle bed reactors (TBRs) as the most frequently used reactor for heterogeneously catalyzed multiphase
reactions. However, reactions in TBRs are frequently limited by gas-liquid mass transfer.

As periodic open cellular structures (POCS) as reactor internals were not addressed regarding g-1 mass
transfer yet, this contribution provides first data on gas-liquid mass transfer for different types of POCS.
Therefore, desorption of dissolved oxygen in water with nitrogen gas and the two-phase pressure drop were
measured. Strut-based Kelvin and diamond unit cell POCS were compared to a sphere random packed bed
as a benchmark. A novel sheet-based unit cell was developed realizing meandering channels demonstrating
a fivefold increase in volumetric mass transfer coefficient compared to the benchmark. To compare the
performance of the setup with literature data, state of the art neural network correlations were used for
comparison. This proof of concept highlights the potential of additively manufactured POCS for intensified
processes in trickle bed reactors, and demonstrates their versatility in application.

1. Introduction characteristics. An increase in the pressure of the gas can improve the

reactor performance but is resulting in higher equipment and operation

In the field of heterogeneously catalyzed multiphase reactions
trickle bed reactors (TBRs) represent a highly relevant reactor type.
Common fields of application are hydrodesulfurization, hydrogenation
and oxidation reactions. For the hydrodynamic description of a TBR,
several phenomena need to be accounted for including flow regime,
pressure drop, phase distribution, wetting of catalyst, gas-liquid (g-1)
and liquid-solid (l-s) mass transfer, axial dispersion, and heat transfer.
Available equations describing the hydrodynamics are often limited to
a narrow process window and are valid for the type of catalyst bed
used, while featuring high uncertainty due to the transient character of
multiphase flow. Studies on the hydrogenation of aromatic compounds
showed that g-1 mass transfer, 1-s mass transfer and pore diffusion often
limit the reaction [1-4].

Low gas solubility in combination with slow diffusion in the lig-
uid phase makes mass transport an important factor in the choice
of catalyst and the design of TBR internals [5]. Studies showed that
fast chemical reactions in combination with low gas solubility are
usually limited by g-1 mass transfer [1-3]. Therefore, there is a need
to develop innovative catalyst structures with enhanced mass transfer
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costs. Therefore, the development of reactor internals leading to an
intensified g-1 mass transfer at low pressures seems promising. Rapid
progress in the development of additive manufacturing technologies
allows for the application of precisely defined geometries adapted to
overcome possible process limitations in chemical reactors.

Different types of internals for TBR bring various advantages and
disadvantages. The most commonly used type of packing in the chem-
ical industry is the random packed bed, as it is simple and inexpensive
to manufacture and initial catalyst loading and subsequent catalyst
changes are easy to carry out.

Periodic open cellular structures (POCSs) on the other hand are
an emerging class of structured catalysts which are designed by the
three dimensional replication of a characteristic unit cell. POCS can be
classified into strut-based and sheet-based [6,7]. These differ in the in-
teraction of fluids with the structure with respect to hydrodynamics and
pressure drop. Due to the low structure porosity, fluid interaction with
strut-based POCS is low resulting in a low pressure drop. Sheet-based
POCS offer the potential for increased interaction with the fluid, as
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sheets oriented horizontal to the main flow direction induce deflection
of the flow.

Strut-based POCS feature low pressure drop [8], high liquid
holdup [8,9] and low maldistribution [10] in multiphase reactions.
At present, additive manufacturing of structured packings is limited
to a few chemically, mechanically and thermally stable materials that
can withstand the often harsh process conditions in the chemical
industry and are expensive to produce and functionalize as catalysts.
A proof of concept on the meter reactor scale has been conducted
for a hydrodesulfurization process, in which the liquid distribution
homogeneity was increased avoiding bypass fluxes [11]. Literature
on g-1 mass transfer for POCS does not appear to be available at
present. In light of these findings, a general discussion is presented
regarding the g-1 mass transfer in random packed beds and open
cellular foams. Furthermore, the transferability of these findings to
POCS is investigated.

Few studies are available on investigating open cell foams struc-
turally similar to POCS in multiphase applications. Here, studies on
pressure drop and flow patterns are available for metal foams in hori-
zontal pipes [12,13]. Gas-liquid distribution in a TBR with co-current
downward flow [14] as well as flow patterns, residence time distribu-
tion, specific surface area, holdup and g-1 mass transfer in co-current
downward flow in milli-reactors have been investigated [15-17]. A
detailed flow regime map comparing cellular foams to conventional
packed beds is available in literature [18]. The transition from trickle-
to pulse-flow regime with cellular foams inserted requires higher gas
and liquid superficial velocity compared to packed beds [18]. The
increase in the cell density of a cellular foam leads to a further elevation
of the flow transition level [18].

The g-1 mass transfer in random packed beds is well understood
for water—air systems at moderate temperature and pressure. The g—
1 mass transfer correlates with the pressure drop of the packing. An
increase in pressure drop results in a higher g-1 mass transfer coefficient
due to intensified mixing [19]. Therefore, the mass transfer coefficients
in g-1 mass transfer applications using strut-based POCS, e.g., cubic,
Kelvin or diamond unit cell structures, are expected to be low, although
the potentially improved liquid distribution yields an increase in g-1
interphase area. The potential solution of this challenge is represented
by the high design flexibility of POCS given by additive manufacturing.
Therefore, we here propose a novel unit cell design inducing high
pressure drop while maintaining other beneficial characteristics of
POCS such as radial dispersion and homogeneous liquid distribution.

In this work, g-1 mass transfer in a TBR using POCS was investigated
for the first time and g-1 mass transfer coefficients were determined ex-
perimentally using the well established desaturation method described
by Goto and Smith [20]. The g-1 mass transfer is influenced by the
wettability of the solid by the liquid phase, but not by catalytic activity
and particle porosity of an possible catalyst in a TBR [5]. Therefore,
the comparison of g-1 mass transfer of different internals can be made
with inert material of similar wettability. For ensuring similar wetta-
bility, ABS and PC were used due to their similar surface free energy.
For better comparability to literature data, random packed beds with
spherical particles were used as a benchmark and strut-based Kelvin
and diamond unit cell POCS are compared in terms of pressure drop
and g-1 mass transfer characteristics in order to identify the potential
of POCS in the field of multiphase applications [8,10,11,21]. Finally, a
novel sheet-based POCS unit cell design for intensified g-1 mass transfer
is introduced, enforcing meandering flow patterns. The functionality of
the novel design is investigated as proof of concept.

2. Methods
2.1. Experimental setup

The mass transfer measurements were carried out using the estab-
lished method according to Goto and Smith [20] via the degassing

Chemical Engineering and Processing - Process Intensification 204 (2024) 109930

of atmospheric oxygen from deionized water with nitrogen in steady
state. Prior to a desaturation experiment, water was saturated with air
at atmospheric pressure in a storage tank. The oxygen concentration
measured after saturation was used as inlet concentration during the
desaturation experiment. The degassing of oxygen-saturated water is
investigated with and without packing.

A scheme of the experimental setup used in this work is given in
Fig. 1. The setup consists of the storage tank for presaturation and for
the liquid feed, gas and liquid dosing, a bubble column for saturation
of inlet gas with water and the trickle bed itself. The trickle bed
was operated in co-current downward mode. The measuring section
includes a transparent PVC pipe with an internal diameter of 35.2 mm
and a maximum packing height of 1000 mm. The oxygen content was
measured using an optical oxygen sensor, PreSens OXYbase, with an
accuracy of +0.1 % of the measured value, and was positioned down-
stream the gas-liquid separation at the reactor outlet. The oxygen
sensor includes an internal temperature sensor. The pressure drop of the
packing, the flow distributor and the retaining sieve was measured via
the WIKA air2guide pressure differential transducer with an accuracy of
+1.5% of the obtained value. Gas volume flow was regulated using a
mass flow controller (Bronkhorst Mass-Stream), while a pump (Gardena
Gartenpumpe 3000/4) conveyed the liquid volume flow, under manual
restriction by means of a needle valve. Owing to the considerable
pumping head, a part of the pumped liquid flow was recirculated back
into the water storage tank, not shown in the diagram for the benefit of
better readability. The flow rate was determined by a rotary flow meter
(Digmesa FHKU G1/4”’) with an accuracy of 11.6% after calibration.
Data acquisition for all sensors involved was automated using a digital
transducer of the type Delphin Technology ExpertKey 100L. To prevent
any interference with the desorption of oxygen by evaporation, the inlet
gas flow was saturated with water using a bubble column with a height
of 1 m. In order to avoid hysteresis effects due to initial wetting of the
bed the Kan prewetting method was used [22]. After prewetting the bed
at the maximum superficial liquid velocity of 0.023 ms~! for a minimum
of 5min, the desired gas and liquid fluxes were set.

An overview on the measured packings and operational parameters
is given in Table 1. For each structure, gas and liquid velocity were
varied. Due to the need for reliable empty bed experiments, the applied
gas and liquid flow rate were limited to three distinct values. Bench-
mark experiments were conducted for all given operational parameter
combinations. Whenever the relative difference between measurements
with empty bed and with packing were small, statistical deviations
led to negative pressure drop and/or mass transfer coefficients. Such
experiments with negative pressure drop or negative g-1 mass transfer
coefficients were excluded. For random packed beds with spherical
particles at high gas and liquid flow rate, the maximum pressure drop
of the sensor was exceeded and therefore not considered for calcula-
tions. Experiments with spheres were repeated several times during
the measurement campaign as a standard experiment to track time
dependent shifts in the acquired data. Empty bed experiments were
repeated at least three times to ensure reliable reference data for each
operational parameter combination. Every set point in the experimental
plan was reproduced at least twice. Due to flooding behavior in the gas—
liquid separation occurring for Kelvin and H internals at 0.49ms~! the
maximum gas superficial velocity was reduced to 0.25ms~! for those
structures. A homogeneous initial liquid distribution was realized with
a liquid distributor placed on top of the measured reactor bed. In order
to check for the independence of the pressure drop and volumetric g-1
mass transfer coefficient from the bed height an bed height variation
was conducted with spherical packed beds and diamond unit cell
structures. No such effects were identified. Therefore, a height variation
for Kelvin and H structure internals was not conducted. The height of
the internal structure has been set to facilitate the measurement of a
global mass transfer that will result in dissolved oxygen concentrations
in the range of the dissolved oxygen sensor under all conditions.



H. Held and H. Freund Chemical Engineering and Processing - Process Intensification 204 (2024) 109930

Water Trickle
Saturation _ X é_ Bed

Liquid Distributor

(PDIRY
./

$oven Measurment
5 Section

hd
¥

Gas Liquid __| {— :—»@

Seperator

N &

Storage Tank / Presaturation T UMP Waste Tank

Fig. 1. Flow chart of the setup used for g-1 mass transfer measurements.

Table 1
Overview of packings and operational conditions of the experiments carried out to determine pressure drop and g-1 mass transfer coefficients.
e/ a/ L,/ u/ uy /
- m?>m™3 mm ms™! ms™!
Spheres 0.26 1067 200 0.005 4 x 0.092; 3 x 0.25
0.014 11 x 0.092; 6 x 0.25
0.023 3 x 0.092; 3 x 0.25
300 0.005 2 x 0.092; 3 x 0.29; 6 x 0.49
0.014 2 x 0.092; 2 x 0.29; 2 x 0.49
0.023 2 % 0.092; 1 x 0.29; 2 x 0.49
500 0.005 4 x 0.092; 2 x 0.29; 2 x 0.49
0.014 2 x 0.092
0.023 1 x 0.092
Diamond 0.52 1422 300 0.005 2 x 0.092; 5 x 0.29; 1 x 0.49
0.014 4 % 0.092; 1 x 0.29; 2 x 0.49
0.023 1 x 0.092; 3 x 0.49
500 0.005 3 x 0.49
0.014 1 x 0.092; 3 x 0.29; 3 x 0.49
0.023 2 x 0.29; 1 x 0.49
Kelvin 0.81 1067 300 0.005 3 x0.25
0.014 4 x 0.092; 6 x 0.25
0.023 3 x 0.092; 5 x 0.25
H 0.72 647 90 0.005 2 % 0.092; 2 x 0.25
0.014 2 x 0.092; 2 x 0.25
0.023 2 x 0.092; 2 x 0.25
Empty - - 0 0.005 12 % 0.092; 5 x 0.29; 6 x 0.25; 3 x 0.49
0.014 15 x 0.092; 6 x 0.29; 12 x 0.25; 5 x 0.49
0.023 10 x 0.092; 4 x 0.29; 6 x 0.25; 7 x 0.49

€,: Volume fraction of solid, a: Volume specific g-1 interphase, L,: height of packed bed, u;: Liquid superficial velocity, u,: Gas superficial
velocity, #x: Number of repetitions.
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Table 2
Overview on the geometric parameters of sphere packing and POCS used for the
investigation of g-1 mass transfer.

Name Geometry Porosity Specific
parameters surface area
/mm /- /m?m™3

Spheres d: 3 0.26 1067

Diamond a: 2.8, dg:1 0.52 1422

Kelvin a: 3.24, d;: 0,62 0.81 1067

H a: 12, b: 9.5, ¢: 15, d: 15, w: 1 0.72 647

Table 3

Calculation of specific surface area and porosity of Kelvin and diamond unit cell POCS
based on characteristic geometric parameters.

Kelvin diamond
I a.§05 a L2 i}
o () ) (o) ()
gy () g (B ef(o)
S 2.ﬁ(§)‘(, (ITK+ 2_2) 4(3f>”d (%Jr@‘%‘%)

2.2. Geometrical properties of structured packings and packed beds

In the following, the structures used and manufactured for the g—
1 mass transfer experiments are presented. Table 2 gives an overview
on the measured structures. In the following, the definitions for the
geometry parameters and the calculations for porosity and volume
specific surface area are presented. A summary is given in Table 3.

2.2.1. Random packed bed (spheres)

For better comparability of the conducted experiments to the liter-
ature a random packed bed consisting of massive and polished spheres
made from soda-lime glass (Marienfeld GmbH & Co. KG) with a diameter
of 3mm was used as a benchmark. The height of the packed bed was
varied to 0.2m, 0.3m and 0.5m. The void fraction (porosity, eg) of the
packed bed was calculated based on volume (¥;) and weight (mg) of
the glass beads in a measuring cylinder of comparable diameter to the
measurement setup and the density of soda-lime glass (pg).

mg
rG -V
The volume specific surface area of the spheres (S, ) was calculated
from the porosity and the diameter of the spheres (dy).

@

€g =

6
SU,S = % €5 (2)

The according parameters are given in Table 2.

2.2.2. Strut-based POCS (Kelvin & diamond)

Kelvin and diamond unit cell POCS geometry can be described with
the strut diameter (d,) and the cell size (a). Both unit cells are shown
in Figs. 2(a) and 2(b). Equations for calculation of the porosity (¢) and
specific surface area (S,) of both structures are given by Horneber [23]
and are summarized in Table 3. The geometrical parameters of both
structures are given in Table 2.

The POCS were manufactured with an extrusion-based fused fila-
ment fabrication (FFF) printer Ultimaker 3S from ABS material
(Ultimaker ABS Premium Filament) with a 0.25mm nozzle. Modifica-
tions of the standard building parameters were required as extensive
stringing and unstable builds occurred for small strut diameters. Good
printing results were achieved with brim build plate support, a max-
imum fan speed for cooling the filament after deposition, enabled
filament retraction for moving the nozzle between isolated struts, a
layer height of 0.lmm and a printing speed of 15mms~!. Despite
adequate printing conditions, deviations between the digital and the
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manufactured structure remain. Due to the layer-wise building process,
resulting surface roughness is higher compared to the digital structure.
Other building defects such as stringing can plug the unit cell windows
and therefore influence the hydrodynamics inside the structure. All
strut-based POCS were produced in sections of 100 mm and stacked
subsequently to achieve the overall packing height. All strut-based
POCS were manufactured without an outer wall. A good wall contacting
of the structure was assumed as force was necessary to insert the
structures into the PVC pipe of the setup.

For better comparability, the tunable specific surface area of Kelvin
unit cell POCS was adjusted to the specific surface area of the spherical
particle bed. The surface of the diamond unit cell POCS was adjusted
to the surface of an ideal packed bed of 3 mm spheres. The window
diameter of the POCS was maximized to avoid plugging of windows
during the building process.

2.2.3. Sheet-based POCS (H unit cell)

For a high g-1 mass transfer a strong interaction between gas and
liquid phase as well as a high g-1 interface area is mandatory. According
to the findings of Iliuta et al. the g-1 mass transfer coefficient correlates
with the liquid superficial velocity and the two phase pressure drop of a
packed bed [19]. Both parameters can be increased without the change
in gas and liquid volume flow within a TBR with given diameter by
introducing meandering flow. Due to the necessity of the flow to pass
radial or axial coordinates several times, the available cross section for
the flow is drastically reduced. At the same time, the direction of liquid
flow is frequently turned by 180° leading to friction and increased
turbulence. In co-current downward flow, the meandering pathway
can be designed starting with a 90° or a 180° turn at the inlet of the
structure resulting in radial or axial orientation of flow channels.

The implementation of a radially meandering flow is assumed to
lead to a separation of liquid and gas phase in the channels resulting
in the formation of segregated flow and therefore in a reduction of the
wetted surface on downward oriented surfaces. More promising seems
the development of a structure leading to axially oriented meandering
channels.

Meandering flow imposes constraints on the design of sheet-based
POCS. Most obvious, but also most important, is a design that allows
flow in the downward direction without forming dead ends. As fluids
will favor the path of least resistance, bypasses parallel to meandering
channels must be avoided. Furthermore, radial mixing must be ensured
for a homogeneous liquid distribution, because channels with less
liquid will promote increased gas flow, which ultimately can lead to
a diversion of liquid distribution to channels solely filled with either
liquid or gas.

Considering the presented constraints one can imagine some vertical
oriented meandering streamlines in 2D which need to periodically
contact for radial mixing. By filling the empty spaces between the
streamlines with solid a structure is created enforcing meandering flow.
In two dimensions this solid resembles the capital H, therefore we name
this structure “H unit cell”. This H unit cell, visualized in Fig. 3, is
inspired by fractal geometries in chemical engineering as proposed by
Coppens et al. [24,25] for intensification of mass transfer. It can be
seen that each streamline has to pass one axial level of the reactor
three times. Therefore, the available effective cross-sectional area is
approximately one third of the free cross section assuming a differential
wall thickness. The upward and downward velocity can be individually
tuned by adjusting the block width a and the cell width ¢ resulting in
a change of the cross-sectional area for upward or downward flow.

In order to reflect the behavior of the two-dimensional H, it was
translated into a three-dimensional cuboid without top and bottom
plane as well as a dividing plane in the center. Other base planes such
as triangles, hexagons or circles are also possible, but the quadratic
plane is the most easiest one to construct and calculate. The horizontal
positioning of the cuboids is arranged in the form of a net, where
the knots are representing the center of the cuboid. For mixing of
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(a) CAD: Diamond unit cell

(b) CAD: Kelvin unit cell
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(¢) CAD: H unit cell

Fig. 2. Unit cells of the three POCS applied in this work.

Fig. 3. Two dimensional visualization of axial meandering flow with an H-structure. a:
block width, b: block height, c: cell width, d: cell height, w: wall thickness, z: indication
for different residence times at one axial height.

fluid in width and depth, one block has to overlap with four blocks
below. Therefore, the upper layer is moved half of the cell width ¢
in width and depth direction, respectively. However, this arrangement
leads to formation of a bypass channel as shown in Fig. 4 (left). For
closing the potential bypass channel, the quadratic base layer of a
three-dimensional H-block is adapted to a star shape. Each spike covers
exactly one quarter of the formed bypass channel. The resulting star
shape and positioning is displayed in Fig. 4 (right). A CAD drawing
of the unit cell is given in Fig. 2(c). The proposed H unit cell can be
described by two parameters for the block (block width a and block
height b) together with the two parameters for stacking (cell width
¢ and cell height d) as well as the wall thickness w. The resulting
structure appears to diverge from the established norms of reactor
internals, rendering a comparison to other internals untenable.

Due to the novelty of the structure, equations for the calculation
of porosity and specific surface had to be developed. The derivations
are given in the supplemental material. Furthermore, an stl-file of a
representative unit cell as well as cross sections are given for better
understanding of the geometry of the structure. The structure can be
divided into three characteristic sections — channel section, deflection
section and H-bar (Fig. 5(a)) — fulfilling different functions. The chan-
nel section allows fluids to flow up and down in parallel. The downward
channels are cross-shaped, while the upward channels are rectangular.
In the deflection section, the flow is deflected by 180° and flows from
an upward flow rectangle to a downward flow cross and vice versa. In
each deflection section, four fluxes from different H-blocks come into
contact allowing for fluid exchange in the radial direction along the

axial coordinate. The H-bar on the one hand allows the fluid to pass
from one level to the next and on the other hand forms the physical
barrier required for the operation of the deflection zones.

For the manufacturing of the H unit cell the same additive man-
ufacturing device as for the strut-based POCS was used. In order to
make the flow inside of the structure visible, transparent PETG filament
(Ultimaker PETG Filament) was used. The structure was printed in
the direction of the intended flow. Therefore, all areas orthogonal
to the main flow direction need to be supported during the building
process. As support material water soluble PVA Filament (Ultimaker
PVA Premium Filament) was used in dual extrusion mode. The PVA
was later removed by purging the structure with hot water for several
hours, until no foaming of water was observable, which indicated the
complete removal of the PVA. The necessity to flush the structure after
printing limited the minimal cell size. Plugging of channels by stringing
or other building effects must be avoided at all time. Therefore, a
specific surface area equal to that of a spherical packed bed could
not be achieved. Therefore, the H unit cell POCS was designed with
approximately same areas for upward and downward flow as well as
smallest possible combination of b and d, determining the dimensions
of the quadratic channels, with upward oriented flow. A wall thickness
of 1 mm was chosen for mechanical stability. An aspect ratio of 1:2 was
chosen for width:height ratio of the unit cell to introduce frequent 180°
turns and keep characteristics of a channel between the turns. To avoid
bypass flux between the wall of the pipe and the structure, the structure
was printed with an outer wall of the thickness w. Furthermore, a disk
at the bottom of the structure was printed which was sealed between
the flange at the bottom of the test plant replacing the sieve used for
all other types of packing. With this construction the fluids were forced
to run through the H-structure and a bypassing was avoided.

2.3. Pressure drop correlation

The measurement of two-phase pressure drop in a TBR gives in-
formation on the flow regime as well as on the g-1 mass transfer.
Moreover, the pressure drop itself is an important design parameter for
a TBR. Many correlations for the estimation of pressure drop in ran-
dom packed beds are available and reviewed elsewhere [5]. To prove
validity of the data generated by the experimental plant, the measured
pressure drop was compared to the pressure drop predicted with a state-
of-the-art data-driven neural network approach of Iliuta et al. [26], that
is based on the extended Holub model [27]. This model is applicable
in trickle flow regime and is trained on over 4000 experiments from
65 references. Required thermophysical properties such as viscosity,
density and surface tension were taken from literature [28].

Transferring this model to POCS is not feasible, because their poros-
ity exceeds the range of applicability of the model. Furthermore, a
characteristic length, required for dimensionless description of the
geometry, is not clearly defined for POCS yet [7] and the applied neural
network is not trained on POCS geometries. Therefore, the preceding
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Fig. 4. Stacking of H build cuboids (left) and H star shape (right) in top view. Red square highlights the formation of bypass channels.

experiments with established POCS are compared to the model of
Lammermann et al. [10] developed for the Kelvin, diamond and DiaKel
(hybrid unit cell combining the diamond and Kelvin unit cell) POCS.
The model is based on the concept of relative permeability [29,30].
The static holdup is estimated based on E6tvos correlations for the
materials ABS, Ti6Al4V and stereolithographic resin. Equations for the
correlation of the two-phase pressure drop of the novel H unit cell POCS
were not developed due to the need for liquid holdup measurements,
which were not performed in this work.

2.4. Gas-liquid mass transfer coefficients

The volumetric g-1 mass transfer coefficient of a packing can be
calculated from the difference between empty pipe mass transfer and
mass transfer with packing [20]. Because the inlet concentration was
not always at full saturation with oxygen, the literature equation was
adjusted by solving the mass balance for oxygen in the system.

Vi

( COZ,I,mAt,empty >
o
2.1 out
kia = -In

AR - L, (COZ,I,in,empty )
€0y.1,in

Fig. 6 illustrates the measurement procedure. The inlet concentration
was determined after completion of the saturation process. It was
assumed that all liquid in the storage tank had the same concentration.
The determination of the steady-state outlet concentration, an exponen-
tial function given in Eq. (4), was fitted to the experimental data after
switching to desaturation.

3

€0y gy = X1~ X2 - €XP(=X3 - 1) 4

The parameter estimation for each experiment was conducted with the
function optimize.curve fit of the python module scipy. The exponential
function resembles the data and the steady-state outlet concentration
is given by the parameter x;. The empty bed inlet and outlet con-
centrations were averaged for the calculation of kja values of each
desaturation experiment with packing. The k;a values of each experi-
ment were averaged for same operational conditions and packing type.
The statistical deviation of measured concentrations was considered
with Gaussian error propagation for the calculation of ka values. Small
differences between the empty bed outlet concentration and the outlet
concentration with a bed result in a high uncertainty of the deter-
mined k;a values. Therefore, experiments with an overall mass transfer
approximately below 0.011s~! are neglected. For the applied random
packed bed the liquid-side mass transfer coefficient was estimated with
the model of Larachi et al. [31] for a representative bed height of

300 mm. Necessary diffusion coefficients for oxygen in water were taken
from literature [32]. The estimated values enable a comparison of the
measured mass transfer coefficients to literature results used to train
the applied neural network.

3. Results

In the following, the results on pressure drop of the four different
packings (spheres, diamond, Kelvin, H unit cell) are presented and
compared to literature correlations. Furthermore, the g-1 mass transfer
performance achieved with POCS is compared to the results of the
sphere benchmark. The achieved integral mass transfer is qualitatively
correlated to the pressure drop in the packing. Finally, the theoretical
thoughts on the H unit cell POCS regarding mass transfer identification
introduced by meandering flow are assessed.

The measured height specific pressure drop of the sphere packed
bed and diamond POCS packing and the measured mass transfer co-
efficient showed no systematic deviation while varying the height of
the packings. For packings with low volumetric mass transfer coef-
ficients the height of the packing was increased. This leads to an
increase in the difference between empty bed mass transfer and mass
transfer with packing and consequently to a decreased error in mea-
sured mass transfer coefficients based on the mentioned Gaussian error
propagation.

The overall height specific pressure drop and its fluctuations over
time is indicating that most of the experiments were conducted in
trickle flow regime. For sphere packed beds, the high interaction regime
was likely approached at maximum liquid superficial velocities. Dia-
mond POCS packings at maximum gas and liquid superficial velocity
were likely operated in high interaction regime, indicated by a sudden
increase in g-1 mass transfer coefficient. The elevation of the transition
from trickle to pulse flow regime to higher gas and liquid velocity is
also reported for periodical open foams, which have similar character-
istics as POCS with respect to pressure drop [18]. The identification
and classification of flow regimes inside of the novel H unit cell POCS
remains unknown.

3.1. Pressure drop

The averaged specific pressure drop of the different packings mea-
sured at different liquid superficial velocity as a function of the gas
superficial velocities is displayed in Fig. 7. Furthermore, the corre-
sponding pressure drop calculated based on presented correlations
for spherical packed beds, Kelvin POCS packings and diamond POCS
packings is shown. For high values of the liquid velocity, the range of
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applicability of the applied neural network correlation for the sphere
packed bed was exceeded and therefore not calculated.

As expected from literature results, the pressure drop of the bench-
mark sphere packed bed increases with increasing gas and liquid su-
perficial velocity [5]. For low liquid flow rates, the correlation from
Iliuta et al. [26] is in agreement with the measured pressure drop
proving adequate functionality of the used experimental setup. The
discontinuity of the estimation results at a liquid velocity of 0.014ms™!
and a gas velocity of approx. 0.12ms~! in Fig. 7(b) is attributed either
to solver settings in the iterative solution procedure or to the training
dataset of the applied neural network correlation. The unexpectedly
low pressure drop at medium liquid flux and high gas flux is presumed
as measurement error. Measurements with 0.5 m bed length exceeded
the maximum measurable pressure difference of 24 000 Pam~!, which is
close to the estimated pressure drop.
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Fig. 6. Schematic diagram for the determination of g-1 mass transfer coefficients.
Source: Adapted from [20].

Compared to the benchmark experiments, strut-based Kelvin and
diamond unit cell POCS packings show a significantly lower pressure
drop. In general, the measured pressure drop is in the same order
of magnitude as predicted values by the correlation of Limmermann
et al. [8]. The values deviate more than the reported mean average
percentage error of 39.7%. While the setup of Ldmmemann et al. is
comparable to the setup of this work, some differences, e.g. the use of
a later version of the manufacturing unit (Ultimaker 2+ vs 3S), slightly
bigger column diameter (30 mm and 32.5 mm) or the fact that the setup
was not the same as in the work of Limmermann et al. may be possible
explanations for the deviations.

Kelvin unit cell POCS packings were within strut diameter and
cell size range of the referenced work. Therefore, the correlation of
Liammermann et al. is applicable. However, while the correlation of
Liammermann et al. can describe the rise in pressure drop with increas-
ing gas and liquid velocity, the pressure drop of Kelvin unit cell POCS
is systematically overestimated in minimum by a factor of 2. Diamond
POCS packings were out of range, but close to the applied structures of
the reference with approx. 20 % increased strut diameter and approx.
15% reduced cell size, resulting in approx. 40% increased specific
surface area of the maximum measured structure of the reference.
Therefore, the diamond unit cell POCS packings are not in range of
the correlation. However, half of the measured pressure drop data is
predicted satisfactorily in trend as well as in absolute values. Pressure
drop data which are not properly predicted by the correlation are
generally underestimated by the correlation.

Tomographic measurement results of Littwin et al. [21] for the
liquid holdup showed that local accumulation of liquid between POCS
sections and between structure and tube wall can occur. The diameter
of the structures for the tomographic measurements was 100 mm and
therefore not directly comparable with the packings of this work. As
the wall surface compared to the packing volume is higher for smaller
diameters, wall effects are assumed to have a higher influence in the ex-
perimental setup used in this work. This and the characteristic transient
behavior of multiphase flow in TBRs are potential explanations for the
deviation of the data from the literature correlation. The comparison
in Fig. 7 shows that two-phase pressure drop in POCS is not fully
understood yet and demonstrates the limited applicability of available
literature correlations.

The pressure drop of the novel sheet-based H unit cell POCS packing
is the highest for all process conditions. Especially at low gas velocity
the pressure drop in the novel H packing exceeds the pressure drop
of the benchmark 1.5 to 2-fold. This confirms the functionality of the
developed structure regarding the increase in pressure drop caused by
deflection of the flow and by the increase in the velocity due to mean-
dering channels. The gas and liquid upward flow in the channel sections
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Fig. 7. Results of measured pressure drop for different packings over gas superficial velocity compared to calculated pressure drop based on literature correlations for different

liquid fluxes.

of the H unit cell POCS does not allow trickle flow in these channels.
As the structure was manufactured from transparent PETG filament the
resulting H unit cell POCS packing is opaque. By visual analysis using
backlight a flow behavior similar to slug flow was identified as gas
and liquid alternate in the channels over time. Some accumulation of
liquid in the deflection zones where downward to upward flow is taking
place was observed. As a result, no continuous gas or liquid phase is
present overall in the H unit cell structure. The continuous pattern of
alternating gas and liquid zones may have a positive effect on gravity
driven flux. However, this effect was not observed for the investigated
packing height of 90 mm, but is assumed to have a significant influence
for increased packing heights. Stagnant gas, stagnant liquid or the
formation of bypass streams were not observed. The sealing concept
of the structure with an integrated wall as well as with the disk in the
flange were successful.

3.2. Gas-liquid mass transfer

From the correlation of Iliuta et al. [19] for random packed beds a
high g-1 mass transfer coefficient is expected at a high pressure drop,
low liquid holdup (¢; ;) and high liquid superficial velocity.

0.35
kja = 0.0036 - <i : f) ®)
€14 Lp

Considering the continuity equation, the fraction of superficial velocity
and dynamic liquid holdup resembles the average liquid velocity. Based
on the pressure drop results, a high g-1 mass transfer coefficient is
expected for the sphere packing. Although Eq. (5) was determined with
measurements in random packed beds, the assumption of increased g-1

mass transfer coefficients caused from increased pressure drop seems
reasonable for POCS. Therefore, the g-1 mass transfer coefficient of the
H unit cell POCS packing is expected to be higher than the one of the
sphere packed bed. However, the average liquid velocity in the H unit
cell POCS packing is approximately three times higher in the channel
section, due to meandering flow. The averaged volumetric g-1 mass
transfer coefficients measured are displayed in Fig. 8.

For the slowest measured gas velocity, the calculated mass transfer
coefficients for the random packed bed of spheres via neural network
correlations from Larachi et al. [31] are in good agreement with the
measured data. At medium and higher gas superficial velocity the mass
transfer is underestimated by the correlation. This might be caused by
the relatively large distance between the end of the packings and the
dissolved oxygen sensor. Although the influence of this section should
be properly considered by the empty bed mass transfer, the presence
of the internals itself can influence the flow behavior downstream the
packed bed. This influence seems to be more pronounced at high gas
velocities in the experimental setup. This effect should influence the
POCS packings as well, but cannot be validated by literature as the g-1
mass transfer in POCS packings is investigated for the first time.

As expected from the low pressure drop of strut-based POCS, the
measured mass transfer coefficient is low. Therefore, when strut-based
POCS are considered for application in a TBR special attention needs
to be paid to potential mass transfer limitations between gas and liquid
phase. Significant differences between the two strut-based POCS were
not observed, although the mass transfer coefficient of diamond unit
cell POCS packings is expected to be higher based on the pressure drop
results. The operation close to the lower detection limit of the plant is
assumed to be a reason for this. For the measured diamond unit cell
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POCS packing the assumed flow regime transition at highest gas and
liquid velocity is reflected in the mass transfer coefficient.

Compared to the other packings, the novel H unit cell POCS packing
achieves the highest mass transfer coefficients. A clear trend to higher
mass transfer rates with increased liquid velocity is given. However,
for the gas superficial velocity no clear effect on the mass transfer rate
is given. This can be caused by new flow regimes due to meandering
flow. Deflection sections, where fluids are deflected from downward to
upward flow, have to be filled with liquid to some degree preventing
the formation of a continuous gas phase typical in trickle flow regime
in classical TBR packings. Already at a low gas superficial velocity
of 0.005ms™! kja-values from 0.07s! to 0.37s™! can be achieved in
a liquid superficial velocity range from 0.005ms~! to 0.023ms™!, re-
spectively. In the best case at the lowest gas and liquid superficial
velocity the H unit cell POCS features a factor 5 higher k,a-value than
the benchmark. These results underline the potential of tailor-made
structures for process intensification where g-1 mass transfer is a critical
aspect.

3.3. Correlation of g-1 mass transfer and pressure drop

TBR design is commonly based on a trade-off, as intensified mass
transfer is usually paid by increased pressure drop. The evaluation of
required pressure drop per achieved mass transfer is given in Fig. 9.
A general trend to a higher kja-value at high pressure drop is visible.
The desirable regime for a high mass transfer at low costs in terms
of pressure drop can be found for a high slope between a data point
and the origin of the diagram. The H unit cell POCS packing and the
sphere packed bed achieved the highest mass transfer rates, while the H
unit cell POCS packing achieved the maximal transfer coefficient over

all experiments. Furthermore, the highest ratio of mass transfer per
invested pressure drop is achieved for the H-packing within the data of
reasonable accuracy. Mass transfer coefficients below approx. 0.011s~!,
highlighted in red, were not considered due to the high uncertainty of
the measured data. Within the investigated range of volumetric flow
rate it seems that the minimum achievable pressure drop in the H unit
cell POCS packing is 3- to 4-fold higher than the minimal pressure
drop of the benchmark. This is presumably caused by the increase in
interstitial fluid velocity due to meandering flow and the increased
pressure drop in analogy to Eq. (5).

Since liquid holdup was not determined in the experiments, mass
transfer coefficients could not be estimated according to Eq. (5). Ac-
cording to the correlation, a lower liquid velocity at the same pressure
drop should result in a lower mass transfer coefficient. In average,
a trend towards this behavior can be anticipated, although a sharp
classification of the data points is not given.

Of course, the increase in mass transfer comes at the cost of higher
pressure drop. Higher pressure drop increases both, operation costs for
compressors as well as capital invest in equipment with higher pressure
ratings. However, if available space is a limiting factor, the H unit cell
enables the realization of more compact reactors (or separation devices)
compared to the application of spherical packed beds. Packed beds with
g-1 mass transfer equal to the H unit cell POCS require smaller particles
leading to additional challenges with homogeneous liquid distribution
and packed bed fixation in the reactor.

Due to the high mass transfer rates facilitated by the H unit cell
POCS in this proof of concept study the further investigations on
flow regimes, liquid distribution, hold-up and heat transfer as well
as additional comprehensive measurements of pressure drop and g-1
mass transfer are required to generate further insights on the novel
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sheet-based POCS. Regarding the manufacturing of H unit cell POCS
an assembly by stacking and welding or soldering of metal base body
is possible, enabling high heat conductivity in the structure as well
as good mechanical stability of the structure. Moreover, modifica-
tions to the structure, such as the incorporation of tubes for thermal
fluids, facilitate enhanced functionality and enables further process
intensification.

4. Conclusion

In this work, pressure drop and gas-liquid mass transfer coefficients
were measured for additively manufactured strut-based POCS (Kelvin
and diamond unit cell), novel sheet-based POCS (H unit cell) and
conventional random packed beds of spherical particles (spheres) as a
benchmark. The experiments were conducted in a co-current downward
flow trickle bed based on stripping experiments of water saturated with
atmospheric oxygen by nitrogen at ambient pressure and temperature.
The results from the benchmark experiments are in good agreement
with literature correlations, which can be seen as a proof for the
reliability of the measurement setup and the applied method. Pressure
drop in strut-based POCS is yet not fully understood and comparability
of data to existing literature correlations was shown to be limited. The
presented results can be used for the development of correlations of g—
1 mass transfer rates with pressure drop in POCS. However, additional
liquid holdup measurements are required for adequate description. The
characteristic low pressure drop in strut-based POCS was confirmed
and was shown to result in low overall gas-liquid mass transfer co-
efficients in analogy to random packed beds. Based on these results, a
novel sheet-based POCS (H unit cell) was designed to generate a high
pressure drop by enforcement of meandering flow patterns. A pressure
drop of 45000Pam~! was realized resulting in a kja-value of 0.52s7!
proving the concept of enforced meandering flow for mass transfer
intensification. Adapting POCS for g-1 mass transfer applications by
changing the design of the unit cell highlights the potential of additive
manufacturing for the chemical industry. Compared to the benchmark
of spherical particles at low liquid and gas superficial velocity the k;a-
value of the H unit cell POCS packing was increased by a factor of 5.
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This makes the application of the novel H unit cell POCS attractive for
g-1 mass transfer limited reactions or absorption processes, especially
in applications which require compact design.

Symbols

AR reactor cross sectional area in axial direction/m?

A cross sectional area in axial direction
(appendix)/m?

L, length of packing/m.

Sy volume specific surface area/m-—1

S outer surface (appendix)/m?

U; circumference in axial direction (appendix)/m.

\ volume flux of liquid/m? s7! .

a unit cell size of strut-based POCS/ width of an
H-block/m.

b half height of an H-block/m.

empty bed dissolved oxygen concentration at
reactor inlet/mol m~3

dissolved oxygen concentration at reactor
inlet/mol m~3 .

empty bed dissolved oxygen concentration at
reactor outlet/mol m~3

cOz,l,in,empty
€0,,Lin

COZ,l,out,empty

Coy,lout dissolved oxygen concentration at reactor out-
let/mol m—3

c cell width of an H unit cell/m.

dg diameter of spheres/m.

dg strut diameter of a POCS/m.

dy window diameter/m.

d half height of an H unit cell/m.

kja volumetric gas-liquid mass transfer
coefficient/s™!

I strut length of a POCS/m.

mg mass of glass spheres/kg.

t time of the experiment/s.

u, gas superficial velocity/m s~!

ul liquid superficial velocity/m s~

w wall thickness of an H unit cell/m.

X; parameters for exponential fit/—.

Greek symbols
€ volume fraction of solid/-.

N
€ void fraction/-.

AP pressure drop/Pa~! .

CRediT authorship contribution statement

Hendrik Held: Writing — original draft, Visualization, Validation,
Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Hannsjorg Freund: Writing — review & editing, Su-
pervision, Resources, Methodology, Funding acquisition, Formal anal-
ysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.



H. Held and H. Freund

Declaration of Generative AI and Al-assisted technologies in the
writing process

Statement: During the preparation of this work the authors used
DeepL Write in order to improve the language and ChatGPT in order
to count and limit the word number in the abstract. After using this
tool/service, the authors reviewed and edited the content as needed
and take full responsibility for the content of the publication.

Acknowledgments

The authors kindly acknowledge Adrian Feiler, Franziska Sohngen,
Gayathri Venkatharathnam and Nils Kolberg for their commissioning
of the experimental plant, the conduction of measurements and the
additive manufacturing of POCS.

Appendix A. Calculation of volumetric surface area and porosity
of the novel H unit cell

The H unit cell can be organized into three sections, displayed in
Fig. 5(a). The first one is the channel section, which can be described
by crosses and squares according to Fig. 5(b). The flow direction in
the crosses is downward and upwards in the squares. The crosses can
be described by a quarter section of the cross due to symmetry. This
quarter consists of two rectangles, a square in the center and two
triangles at the outside. Therefore the area of a cross is given by:

Across,charl. =4. Across,square +8- Across,chan.,recr. +8- Across,chan.,tri. (A'l)
Across,xquare = (05 : (C - a))2 (A2)
Across.chanrect. =05 (c—a)-(@a=05-c—w) (A.3)
Across,chan,,m, =025-05-(c—a) - \/E cw)-(c—a—-2-w) (A.4)
The area of the four squares is given by:

A =4-(a—05-c—-2-w)? (A.5)

square

In the deflection section the structure consists of a star area, where the
actual deflection takes place, and a cross area, which guides the fluids
from one layer to the subsequent one. The star area is given by eight
triangles already described above and a square.

A=A (A.6)

star star,square +38- Across,chan..tri.

A =(@-2 w) (A.7)

star,square
The cross area in the deflection section is slightly bigger than the cross

area in the channel zone, as only half of the spikes blocking the channel
formation are present.

Acraxx,defl. =4 Across,square +8- Acraxx,defl.,rect. +8- Across,defl.,tri. (AS)
Across,defl.,rect. =05-(c-a)-(@a-05-¢) (A.9)
Across,defl.,tri. =0.125- (C - a)2 (A].O)

In the H-bar section of the structure, the void cross section is given by
a deflection section cross area.

Acrass,defl. = Across,HBar (A]-l)

Subsequently, the wall areas are given by the difference of the void
area and the base area of the unit cell.

Awal},chan. = C2 -2 Acrass,chan. - A:quare (A]-Z)

2
Awall,defl. =c - Asmr - Across,defl. (A-13)
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2
Awal/,HBar =c - Across,def/, (A14)

The overall length of each section in a unit cell can be calculated
according to Fig. 5(a) with two channel, four deflection and two H-bar
sections.

lchan. =2- (2 -b— d) (A].S)
ljes. =4+ (d—b=05-w) (A.16)
lyppar =2 w0 (A.17)

The porosity of the H-structure (e¢;) can be calculated based on the
volume of the unit cell and the volume of the solid.

_ 2-¢%-d - 2 (li ' Awal/,i)

A.18
2.¢2-d ( )

€y i € [chan.,defl., H Bar]

For the calculation of the volume specific surface area of the struc-
ture, surfaces parallel to the main direction of flow and the surface
orthogonal to the main flow direction will be considered separately.
The surface area is dependent on the different sections of the unit cell.
The surface in parallel to flow direction is given by the product of the
circumferences times the height of the section.

S|| =4- U:quare +2- Ucro::,cham) . lchanA + (Ustar + Ucross,defIA) . ldefl.
+ Ucross,HBar . lHBar
(A.19)
The surfaces can be calculated according to the definitions in Fig. 5.

Ucross,chan, =8 (a —-05 - ¢c—w+

(A.20)
\/(0.5~(c—a)—\/E-w)2+(c—a—2-w)2+2-w)

U, =4-(a-05-c-2-w) (A.21)

square

Uggr =4 - <2-a—c+2- \/(0.5-(c—a)—\/i-w)2+(c—a—2.w)2>
(A.22)
Ucross,def[, = Ucross,HBar =4 (2 ra—c+ \/5 : (C - a)) (A23)

The surfaces orthogonal to the main flow direction are at the interfaces
between H-bar and deflection as well as deflection and channel section.

S, =4 Agesi HBar 4 Achan.desi (A.24)
Adefl.,HBar = Asmr (A25)
Athan.,de/'l. =4. (w2 +2-w-(@-05-c-2-w)) (A.26)

Therefore, the volume specific surface area is given by the sum of all
orthogonal and parallel surfaces per volume of the unit cell.
NE

= — A.27
2-¢c2-d ( )

v,H
Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.cep.2024.109930.
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