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� A 2D CFD model is built using a fine grid to resolve the liquid flow in an RPB.
� The model predictions are in reasonable agreement with observations.
� On increasing the MEA concentration, the degree of liquid dispersion decreases.
� High rotational speed decreases the holdup and increases the liquid dispersion.
� At a high contact angle, more liquid droplets are formed but holdup decreases.
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Rotating packed beds (RPBs) have been proposed as an emerging technology to be used for post-
combustion CO2 capture (PCC) from the flue gas. However, due to the complex structure of the packing
in RPBs, characteristics of the liquid flow within RPBs are very difficult to be fully investigated by exper-
imental methods. Therefore, in this paper, a two-dimensional (2D) CFD model has been built for analys-
ing the characteristics of liquid flow within an RPB. The volume of fluid (VOF) multiphase flow model is
implemented to calculate the flow field and capture the interface between the gas and liquid phases in
the RPB. The simulation results show good agreement with the experimental data. The distinct liquid
flow patterns in different regions of an RPB are clearly observed. The simulation results indicate that
increasing the rotational speed dramatically decreases the liquid holdup and increases the degree of
the liquid dispersion. The increasing liquid jet velocity decreases the liquid residence time but slightly
increases the liquid holdup. In addition, the liquid holdup increases and the degree of the liquid disper-
sion decreases with increasing MEA concentration, but the effects are weaker at a higher rotational speed.
With the increasing of the contact angle, both the liquid holdup and the degree of the liquid dispersion
are reduced. This proposed model leads to a much better understanding of the liquid flow characteristics
within RPBs.
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The rotating packed bed (RPB), as a type of process intensifica-
tion (PI) technology, was invented by Ramshaw and Mallinson
(1981) for enhancing the gas–liquid mass transfer in chemical pro-
cesses. A schematic diagram of a typical RPB is shown in Fig. 1. In
the RPB, liquid flow is injected radially from the centre of the bed
and it is split continuously into discrete liquid ligaments, thin films
and tiny droplets by the rotating porous packing. This can dramat-
ically increase the interfacial area and promotes intensive mixing
and mass transfer between the liquid phase and the gas phase that
flows through the RPB (Yan et al., 2014). Applications of RPB
include such as separation process intensification (Chen and Liu,
2002; Chu et al., 2014), reaction process intensification (Chen
et al., 2010), nanoparticles syntheses (Chen et al., 2000), etc. In
recent years, in order to control the global CO2 emission from the
power generation sector, the RPB has been proposed as an emerg-
ing technology to be used for post-combustion CO2 capture (PCC)
from the flue gases (Cheng et al., 2013; Joel et al., 2014; Lin and
Kuo, 2016; Wang et al., 2015; Zhao et al., 2014). It has the potential
to significantly reduce the capital cost, improve the process
dynamics and use high concentrated amine-based solvents, com-
pared with using conventional packed columns (Wang et al.,
2015). However, the fluid mechanics of the RPB is not fully under-
stood, thus accurately predicting the characteristics of the liquid
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Nomenclature

Aint gas-liquid interfacial area, m2

d width of the nozzle, m
Id liquid dispersion index, m�1

k the curvature of the interface
N rotational speed, rpm
~n unit normal vector
r radial position in the RPB, m
�t mean residence time, s
U superficial flow velocity, m/s
u0 liquid jet velocity, m/s
V volume, m3

vr relative velocity, m/s

Greek symbols
a volume fraction
c contact angle, deg
eL liquid holdup
l dynamic viscosity, Pa�s
m kinematic viscosity, m2/s
q density, kg/m3

r surface tension coefficient, N/m
x rotational speed, rad/s

Subscripts
g gas phase
l liquid phase

Fig. 1. Schematic diagram of a typical RPB with a counter-current flow arrange-
ment (1. Liquid inlet; 2. Gas outlet; 3. Gas inlet; 4. Hull; 5. Packing; 6. Liquid
distributor; 7. Rotating shaft; 8. Seal; 9. Liquid outlet; 10. Cavity zone).
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solvent flow and subsequently the mass transfer within the RPB is
difficult and it is critical for design and optimisation of the RPB for
PCC applications.

Research on the mass transfer process in the RPB has been con-
ducted continuously since the invention of the technology through
both theoretical and experimental investigations. Different mod-
elling methods, including theoretical and semi-empirical correla-
tions (Jiao et al., 2010; Munjal et al., 1989; Tung and Mah, 1985),
numerical simulations (Joel et al., 2015, 2014; Kang et al., 2014,
2016; Qian et al., 2009; Yang et al., 2016; Yi et al., 2009; Yu
et al., 2016; Zhang et al., 2016) and artificial intelligence
approaches (Saha, 2009; Zhao et al., 2014), etc. have been pro-
posed. Since the mass transfer within the RPB is heavily influenced
by the hydrodynamic characteristics of the liquid flow, such as the
patterns of the flow, the amount of liquid holdup, the degree of the
liquid dispersion, and the effective interfacial area for mass trans-
fer to take place, a deep understanding of the liquid flow character-
istics within RPBs is essential.

So far, different experimental methods have been employed to
analyse the characteristics of the liquid flow in the RPB. For
instance, Burns and Ramshaw (1996) and Guo et al. (2000)
obtained the flow patterns in the packing region of RPBs experi-
mentally by employing a fixed camera and a synchronously
rotational video camera with the packing. It is generally believed
that there are mainly three flow regimes in the bulk packing region
of the RPB, i.e. the pore flow within the packing voids, the discrete
droplet flow, and the film flow on the packing surface. Distinct liq-
uid maldistribution is also observed. This indicates that the actual
liquid flow within an RPB is very complex and far from being a uni-
form film flow, which was assumed in some existing mass transfer
models for the RPB (Kumar and Rao, 1990; Munjal et al., 1989;
Tung and Mah, 1985). Further, Guo et al. (2000) observed different
flow patterns between the liquid entrance region and the bulk
region of the packing. They have tried to measure the liquid film
thickness on the packing surface of a model RPB. However, due
to the image speed limitations of the video camera employed, liq-
uid droplets and filaments were difficult to be distinguished from
films in the stream across the voids. Yan et al. (2012) employed a
trajectory tracking method to obtain the liquid flow characteristics
in an RPB with random packing. They observed the dynamics of
droplets in RPBs, such as droplet–droplet collisions, droplet-
packing collisions, deformation and breakup of liquid droplets. This
further confirmed the complexity of the flow and they affirmed
that there is a certain proportion of turbulent flow even within
the liquid film flow. However, this method is only suitable for ran-
dom packings. Other experimental techniques, such as the visual
experimental method have been developed by Guo et al. (2014)
through observing the ink marks on paper tapes that were
wrapped around the packing, to investigate the depth of the end-
effect zone of the packing in an RPB.

A number of attempts have also be made to measure the liquid
holdup in the RPBs. For example, Basic and Dudukovic (1995) and
Burns et al. (2000) investigated the effects of the operating param-
eters on the liquid holdup by utilizing conductance measurements;
Chen et al. (2004) determined the liquid holdup by measuring the
amount of retained liquid in the RPB; and Yang et al. (2015a)
employed an X-ray CT technique to examine the liquid distribution
and liquid holdup in RPBs. Although experiments can obtain
important information, through long experimental periods, con-
straints in the technology and expensive cost limit these methods
from being extensively employed for engineering design.

With the development of CFD technology, CFD simulations have
become a powerful tool to cover the shortage of experimental
researches on the chemical equipment. On the one hand, CFD can
visually present some detailed flow characteristics on the internals
of the chemical equipment, which is often difficult to obtain
through experimental measurements (Liu et al., 2017). One the
other hand, CFD can be used to perform ‘‘virtual experiments”
under different conditions for obtaining data, which is faster and
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more economical than experimental methods (Raynal and Royon-
Lebeaud, 2007). However, due to the difficulties that arise from the
complex packing structure, the rotational motion and the multi-
scale flow characteristics, only a few CFD simulations of the RPB
have been conducted until now. For instance, Llerena-Chavez and
Larachi (2009) and Yang et al. (2015b) simulated the single gas
phase flow in RPBs using three-dimensional (3D) porous media
models and the dry pressure drop and gas flow maldistribution
in the RPB were investigated. However, without resolving the
packing geometry in the simulation, it is very difficult to obtain
the detailed information on the gas flow that is influenced by the
structure of the packing. As an improvement, Yang et al. (2010)
and Liu et al. (2017) simulated the single phase flow using the
3D wire mesh geometry models, which give a better understanding
of the gas flow in the RPB. However, the significant behaviour of
the discrete liquid is not considered in these CFD simulations.

Recently, the Volume of Fluid (VOF) multiphase flow model has
demonstrated the ability to simulate the behaviour of the discrete
liquid by tracking the gas-liquid interface (Gao et al., 2015;
Nikolopoulos et al., 2009) and it has been employed to investigate
the gas-liquid two-phase flow in RPBs (Guo et al., 2016; Shi et al.,
2013; Yang et al., 2016). However, limited by computational
resources, it is presently impossible to run simulations both taking
into account the time-dependent gas–liquid interaction and the
real geometry of the packing in a detailed 3D model. Therefore,
2D models have been used based on some geometric simplifica-
tions. For example, Shi et al. (2013) employed a 2D VOF model to
analysis the liquid flow characteristics within an RPB. Further,
Guo et al. (2016) employed a VOF-based method and based on
the geometry model of Shi et al. (2013) to investigate the
micromixing efficiency in the RPB. In these models (Guo et al.,
2016; Shi et al., 2013), only the liquid droplets can be observed
in the RPB, which is far different from the observed flow patterns
in the experiments (Burns and Ramshaw, 1996; Guo et al., 2000).
This is due to the computational grid in the vicinity of the packing
surface is not small enough to capture the thin liquid films. Yang
et al. (2016) employed the VOF model to analyse the vacuum
deaeration process in RPBs. However, due to the coarse computa-
tional grids, the gas-liquid interface is difficult to be accurately
captured in the RPB and the liquid was assumed to be evenly fed
into the packing with a very small velocity in the inner periphery
of the RPB rotor, which is very different from the real conditions.
In addition, in the aforementioned VOF-based CFD models (Guo
et al., 2016; Shi et al., 2013; Yang et al., 2016), all the wires used
in the wire mesh packing are assumed to have square cross-
sections which is mainly for reducing the difficulty of generating
the computational grids. However, in reality, wire meshes having
a round cross-section are the most common packing materials.
For the wires that directly knock and split the liquid, the cross-
section shape has a great influence on the liquid flow characteris-
tics in the RPB. In summary, it is difficult to obtain a detailed and
accurate prediction of the liquid flow characteristics in an RPB by
the existing CFD models of RPBs.

In order to achieve a more reliable prediction of the liquid flow
characteristics in an RPB, a new 2D computational framework of an
RPB is built based on the VOF method. This model adopts the real
round cross-section of the wire mesh as the packing characteristics
and a non-uniform grid generation strategy has been employed to
make the model available to capture the liquid films on the packing
surface so that both the formation of the liquid droplet and the for-
mation of the liquid film can be simulated. In addition, the fluid
flow is calculated in a rotational coordinate system that is fixed
on the RPB rotor. The SST k-x model is applied to close the
Navier-Stokes equations. Both low and high concentrations of
aqueous monoethanolamine (MEA) solutions are investigated for
the possible flow patterns in the RPB. The effects of the rotational
speed, liquid jet velocity, liquid viscosity and contact angle have
been simulated to provide and improve the understanding on the
detailed flow patterns, liquid holdup, liquid residence time, and
the degree of liquid dispersion, which are important parameters
for RPB designs.
2. CFD model

2.1. Geometry of the RPB

The RPB simulated is based on the experiments of Yang et al.
(2015a), and Fig. 2(a) shows the main dimensions of the packed
bed. It has a 20 mm height, 42 mm inner diameter and 82 mm
outer diameter, and the specific area is 497 m2/m3 and the void
fraction is 0.95. The liquid is radially injected into the packing from
the centre of the RPB through a liquid distributor, which is
designed as a rectangular crack with the size of 1 mm � 15 mm.
Both the wire mesh packing and nickel foam packing were investi-
gated experimentally. However, only the wire mesh packing is
selected to be investigated in this paper. The wire mesh packing
has a better performance to deal with the high viscosity fluid than
the nickel foam packing (Yang et al., 2015a) and it has a good mass
transfer performance among several different types of packings
(Chen et al., 2006). In addition, it is suitable to deal with large
amounts of flue gas in the PCC process due to the high porosity.
The rotational speed of the bed varied from 500 rpm to
2500 rpm, the liquid flow rate ranges from 1094 ml/s to 2580 ml/
s, and this means that the liquid jet velocity ranges from 1.22 m/
s to 2.87 m/s. The data on the liquid holdup under these operating
conditionals are available from the experiment (Yang et al., 2015a).

Because of the irregular structure and limited information on
the packing employed in the experiments (Yang et al., 2015a), it
is almost impossible to make an identical packing arrangement
in the CFD model. The annular packing region of the RPB consists
of a woven wire mesh in rolls, which can be reasonably simplified
into a concentric multi-layer wire mesh, and each layer is com-
posed of concentric and coaxial wires (see Fig. 2(a)). A cross-
section, where there are only coaxial wires, is chosen to build up
the 2D calculation domain (see Fig. 2(b)). The influence of the con-
centric wires on the liquid flow has to be ignored, mainly because
in a 2D model the concentric wires would form closed circles that
the liquid cannot flow across. Since the direction of the liquid flow
in most of the packing region is almost radial relative to the pack-
ing, it is expected that the liquid flow characteristics would be sim-
ilar to that when it hits a coaxial wire.

In order to make the 2Dmodel have similar characteristics, such
as void fraction and specific area, compared to the real physical
models, several important parameters have been controlled to gen-
erate the 2D packing geometry. The diameter of the wires is
0.5 mm and the distance between the centres of two adjacent
packing wires in the circumferential direction is 3.5 mm. There
are 21 concentric packing layers in total and the distance between
the centres of two adjacent mesh layers in the radial direction is
1 mm. Under this arrangement, the void fraction of the packing
is 0.94, and the specific area is 469 m�1. These parameters are sim-
ilar to the RPB employed by Yang et al. (2015a). Therefore, the sim-
ulation results of the liquid holdup can be compared with the
experimental results for model validation.
2.2. Computational grid

The computational grid generation is a critical step that influ-
ences the convergence, stability, and accuracy of the simulations.
From the previous study (Burns and Ramshaw, 1996; Guo et al.,
2000; Yan et al., 2014), the liquid film flow is an essential flow



Fig. 2. (a) Schematic diagram of the wire mesh packing; and (b) 2D calculation domain of an RPB and the partial schematic illustration of the packing arrangement and
boundary conditions (1. Center distance between two adjacent wires in the circumferential direction; 2. Diameter of the wire; 3. Center distance between two adjacent mesh
layers).

P. Xie et al. / Chemical Engineering Science 172 (2017) 216–229 219
pattern in the RPB. Moreover, the morphology of small ligaments
and droplets is very sensitive to the boundary layers on the packing
surfaces. Accurately resolving the boundary layer in the neighbour-
hood of the packing surfaces is the basis for accurately predicting
the liquid flow field by using the VOF-based CFD methods. There-
fore, considering the computational accuracy of the liquid flow
field, especially in the vicinity of the packing surfaces, as well as
the overall computing efficiency, the flow domain is discretized
with a non-uniformmesh as shown in Fig. 3. A higher mesh density
is implemented near the packing surface in order to resolve the
flow boundary layer accurately and then the size of the grids grows
gradually. In the region far away from the packing surface, the grid
is quadrilateral dominate. The final grid size is a result of a grid
sensitivity study, which is discussed in more detail in Section 2.7.
In this paper, the geometry and grid of the computational domain
is generated with ICEM CFD 16.1.

2.3. Mathematical model

The simulations are performed based on the following assump-
tions: (i) The gas and liquid fluids are Newtonian and incompress-
ible with no phase change. (ii) The system is under isothermal
condition and the flow is time-dependent. (iii) The surface tension
is constant and uniform at the interface between the two fluids.
The VOF method, proposed by Hirt and Nichols (1981), and the
level-set method, proposed by Osher and Sethian (1988) are two
popular surface-tracking techniques that are used when the track-
ing of the interface is of much interest. However, the level-set
method has a deficiency in the volume or mass non-conservation
in the under-resolved regions during the calculation while the
VOF method is naturally volume-conserved (ANSYS Inc, 2015). In
addition, the coupled level-set and VOF approach has been pro-
vided in ANSYS Fluent, however, when adopting this method, the
convergence of the continuity equation becomes more difficult
than when adopting the VOF method. Therefore, the VOF method
is adopted in this paper. In the VOF model, a single set of momen-
tum equations are shared by the two fluids, and the volume frac-
tion of each of the fluids in each computational cell is tracked
throughout the domain.

When solving for the flow within the RPB, it is advantageous to
employ a moving reference frame that is fixed on the RPB rotor
where the packing remains stationary when viewed from the refer-
ence frame, and this makes it easier to analyse the time-sequenced
microcosmic liquid transformation process in the RPB. The govern-
ing equations of fluid flows in the rotational moving reference
frame can be written as follows:



Fig. 3. Computational grid arrangement in the RPB.
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The continuous equation
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@t
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The momentum conservation equation
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The volume fraction equation

@

@t
ðalqlÞ þ r � ðalqlv

!
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where l represents the liquid phase, t is the time, al is the volume

fraction for liquid phase, and v
!

lr is the relative velocity for liquid
phase.

The volume fraction of the gas phase is calculated based on the
following constraint:

ag ¼ 1� al ð4Þ
When the value al of a computational cell is equal to zero, it

indicates that the cell is full of gas phase, when al = 1, it means
the cell is full of liquid, when 0 < al < 1, the cell contains the gas-
liquid interface. The interface is reconstructed by the Geometric-
Reconstruction scheme (Youngs, 1982), which uses a piecewise-
linear approach to represent the interface between the fluids.

The fluid properties, such as density q and dynamic viscosity l,
take volume-averaged values as follows:

q ¼ alql þ ð1� alÞqg ð5Þ

l ¼ alll þ ð1� alÞlg ð6Þ
The surface tension has a significant impact on the liquid dis-

persion. The current work employs the CSF (Continuum Surface
Force) model proposed by Brackbill et al. (1992) to account for
the effect of the surface tension, i.e. the surface tension force is
transformed to a volume force source term Fvol in the momentum
equations. The localised volume force Fvol can be estimated using
the following relationship:

Fvol ¼ r qkral

0:5ðql þ qgÞ
ð7Þ

where r is the surface tension coefficient, k is the gas-liquid inter-
face curvature and it is defined in terms of the divergence of the
unit normal ñ and it is given as
k ¼ r � ~n ð8Þ
where ñ = n=jnj and n ¼ ral.
The effect of the contact angle between the fluid and the wall is

established within the framework of the CSF model (Brackbill et al.,
1992) by changing the unit surface normal at the grid next to the
wall, which is calculated by the following equation:
~n ¼ ~nw cos hw þ ~mw sin hw ð9Þ
where ~nw and ~mw are the unit vectors normal and tangential to the
wall, respectively, and hw is the contact angle.

The employment of an appropriate turbulence model is essen-
tial for achieving an accurate simulation and different turbulence
models have respective adaptability. The two-phase flow in an
RPB can be turbulent depending on the packings and the rate of
the fluid flow. However, the presence of the packings can have a
significant damping effect on the turbulence. The liquid film flow
within the boundary layers of the packing surfaces develops from
being laminar flow to being fully developed turbulence flow
depending the location and thickness of the film and thus can be
partially turbulent (Yan et al., 2014), and the Reynolds number
based on the size of the pore/wire is usually low. However, in
the vicinity of the liquid entrance region and in the cavity region,
the Reynolds number is higher. Shi et al. (2013) selected the most
elaborate type of turbulence model: the Reynolds stress model
(RSM) for the closure of the Reynolds-averaged Navier-Stokes
equations. However, in this model, five and seven additional equa-
tions should be solved in a 2D and 3D calculation domain, respec-
tively. This substantially increases the calculation time and
requires more computational memory. Therefore, several two-
equation eddy-viscosity turbulence models, including the stan-
dard, shear-stress transport (SST) k-x models and the standard,
RNG, realizable k-e models with enhanced wall functions, have
been tested for seeking the potential to simulate the liquid flow
in the RPB. According to the simulation results, when adopting
the standard or SST k-x model, the liquid holdup is within only
5% from that obtained using the RSM model. When adopting the
standard k-e model and its variations, the liquid holdup is always
less than when adopting the RSM or k-x models with an error of
about 10%. The SST k-x model in ANSYS Fluent incorporates mod-
ifications for low-Reynolds number effects. Therefore, the SST k-x
model (Menter, 1994) is adopted in this paper. It is worth mention-
ing that the turbulence modelling in packed materials is currently
still a topic of ongoing research.
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2.4. Boundary conditions

The computational domain and the locations to which the flow
boundary conditions are applied are shown in Fig. 2(b). The liquid
inlet is specified by a fixed jet velocity with the volume fraction
of the liquid phase being set to unity. The jet velocity ranges from
1.22 m/s to 2.87 m/s, which corresponds to the experimental set-
tings (Yang et al., 2015a). The turbulent intensity is specified as
1%, and the hydraulic diameter is specified as the nozzle width,
1 mm. Many investigations indicate that the gas has little effect
on the main liquid flow pattern (Guo et al., 2000) and liquid holdup
(Chen et al., 2004; Lin et al., 2000). Therefore, the effect of the gas
flow on the liquid flow characteristics is not investigated in this
paper. Thus, the volume fraction of the liquid phase and the fluid
velocity are set to zero on the rest of the inner boundary. As intro-
duced in Section 2.3, the computational domain is fixed on a rota-
tional coordinate system; therefore, the liquid nozzle rotates in
the opposite direction relative to the rotational coordinate system
and the movement of the nozzle is realized by a user-defined func-
tion (UDF). In the UDF, the position of the liquid nozzle is defined as
a function of time and it is updated at each time step during the
transient calculation. This nozzle setup method has been verified
by comparing the predicted flow patterns and liquid holdup with
the sliding mesh method as adopted in the previous research (Shi
et al., 2013). The comparison results indicate that the two nozzle
setupmethods have the same effects whilemoving the nozzle using
the UDF method reduces the complexity of the modelling and pre-
sents more flexibility when changing the width of the liquid nozzle
without rebuilding the geometry and regenerating the grid.

In the outer periphery of the computational domain, the wall
condition is set to simulate the casing wall of the RPB and ten
evenly distributed pressure outlets with a depth of 3 mm are set
to drain the liquid. The contact angle between the liquid and the
wall is set at 150� so as to represent a hydrophobic material, thus
the collected liquid can freely move along the wall and quickly
drain from the nearest liquid outlet. In addition, there is a gap
between the casing wall and the packing region. Therefore, the
wall has almost no influence on the flow pattern and the liquid
holdup in the packing region, where we pay most of our attention.
For the surface of the packing, the no-slip boundary condition and
wall adhesion is specified. However, a given packing surface may
have different contact angles depending on the liquid properties,
and for a given liquid, the contact angle also varies with different
packing surfaces (Singh et al., 2016). In addition, the contact angle
of the packing surface corresponding to different solvents is not
available in the literature. Therefore, in this paper, a value of 30�
is specified as the contact angle of the packing surface in the initial
simulations. Further, considering the importance of the contact
angle on the flow pattern and liquid holdup, the effect of varying
the contact angle is investigated in this paper. The computational
domain with a rotational speed of the reference frame in the range
of 500–1500 rpm is used to investigate the effect of the rotational
speed of the PRB on the flow.
Table 1
Physical properties of the solvents used for the CFD simulations.a

Solvent Density/(kg/m3)

Water 998.2
30 wt% MEA (Amundsen et al., 2009) 1003.4
50 wt% MEA (Amundsen et al., 2009) 1011.7
70 wt% MEA (Amundsen et al., 2009) 1015.5
90 wt% MEA (Amundsen et al., 2009) 1008.4
60 wt% glycerol (Yang et al., 2015a) 1140
70 wt% glycerol (Yang et al., 2015a) 1172.95
80 wt% glycerol (Yang et al., 2015a) 1213.6

a The properties of the aqueous MEA solutions are at 40 �C.
2.5. Solvent properties

Aqueous monoethanolamine (MEA) solution is one of the typi-
cal absorbents for CO2 capture. Previous investigations showed
that increasing the concentration of the MEA solution can greatly
increase the CO2 absorption capacity (Jassim et al., 2007) and
reduce the absorbent’s regeneration energy (Abu-Zahra et al.,
2007). The RPB has the advantage to cope with a highly concen-
trated MEA solution than packed columns because of the strong
centrifugal field (Chen et al., 2005) that can significantly increase
the specific surface area of the solvent, but the effect of the liquid
concentration on the liquid flow characteristics in RPBs has never
been investigated through CFD modelling. Therefore, simulations
are performed with a variety of aqueous MEA solutions. In addi-
tion, for the model validation, water and glycerol are also adopted.
The properties of the solvents used for the CFD simulations are
shown in Table 1. The MEA is assumed to operate at a constant
temperature of 40 �C, which is close to the real operation condi-
tions of a CO2 absorber employed for PCC.

2.6. Solution procedure

Transient simulations are performed using the ANSYS Fluent
16.1 code that incorporates the in-house developed UDF in a dou-
ble precision mode. The pressure-velocity coupling is resolved by
the PISO algorithm, and the PRESTO scheme is employed for the
pressure discretization. The Geo-Reconstruct method is applied
for the spatial discretization of the volume fraction equation, the
second-order upwind scheme is employed for solving the momen-
tum equations and turbulence equations. In addition, for the con-
vergence criteria, the residuals of the mass balance equations are
taken to be less than 1 � 10�4 and the residuals of all the other
equations are less than 1 � 10�5. Different time step sizes have
been tested to check the effect of the time step size on the results.
As a result, the time step size is set as 1 � 10�5 s when the rota-
tional speed is between 500 and 750 rpm (include 750 rpm) and
5 � 10�6 s when the rotational speed is between 750 and
1500 rpm. In addition, the maximum number of iterations of 30
are performed per time step in order to achieve the calculation
convergence. The instantaneous liquid holdup is monitored for
each simulation to make sure it achieves the pseudo steady state
and the average liquid holdup in each simulation is calculated
based on the instantaneous liquid holdup after the simulation
achieving the pseudo steady state.

2.7. Grid independence

A grid independence study is conducted to determine a reason-
able computational grid. Four different grids consisting of 0.13,
0.43, 0.64 and 0.87 million quadrilateral-dominated cells have
been employed to investigate the effect of the mesh on the CFD
solutions. The grid is refined at the vicinity of the packing surface.
When increasing the grid numbers in the packing surface, the
Viscosity/(Pa�s) Surface tension/(N/m)

0.001003 0.0728
0.00167 0.05352
0.00339 0.05069
0.00696 0.04888
0.0102 0.04725
0.00938 0.0669
0.0185 0.0665
0.0558 0.0657
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regions, which are away from the packing surface, can correspond-
ingly be refined according to the meshing strategy employed. As
shown in Fig. 4, solutions for the liquid holdup and the liquid dis-
persion index (explained in Section 3.4.1) at a demanding condi-
tion are almost the same as when using a grid with no less than
0.43 M cells, which may be regarded as a reasonable fine grid to
predict the overall liquid flow characteristics. Therefore, for the
simulations of the liquid holdup and the liquid dispersion index,
the grid with 0.43 M cells is used as a trade-off between computing
time and simulation precision. However, a refined grid can achieve
a clearer observation of the detailed liquid flow pattern. Therefore,
for investigating the liquid flow pattern, the 0.87 M grid is chosen.

3. Results and discussion

3.1. Model validation

The CFD predicted liquid holdup has been compared with the
experimental results measured by Yang et al. (2015a) and with
the correlation proposed by Burns et al. (2000) as follows:

eL ¼ 0:039
g
g0

� ��0:5 U
U0

� �0:6 m
m0

� �0:22

ð10Þ

where g0 ¼ 100 m=s2, U0 ¼ 0:01 m=s and m0 ¼ 10�6 m2=s are
characteristic values.

This correlation has been adopted by many researchers for val-
idation (Yang et al., 2016) and process modelling (Joel et al., 2015,
2014; Kang et al., 2014, 2016) of RPBs. The simulation results in
this paper show that the effect of the rotational speed (Fig. 5(a)),
the liquid jet velocity (Fig. 5(b)) and the liquid viscosity (Fig. 5(c))
on the liquid holdup is similar to those obtained by Yang et al.
(2015a) experimentally and the Burns correlation. It is noted that
the liquid holdup from the simulation is closer to the experiments
than the widely accepted Burns correlation. This may be because
the conductivity measurement method adopted in the experi-
ments (Burns et al., 2000) cannot take into consideration of the free
droplets, which take up an important percentage of liquid in the
packing region of typical RPBs. However, the liquid holdup from
the simulation is still lower than the liquid holdup obtained by
the X-ray technique in general. On the one hand, this is because
the liquid may accumulate at the intersections of the two crossed
wires but this cannot be considerate in this 2D model. On the other
hand, because the concentric wires are ignored in the 2D model,
the specific area (469 m�1) of the packing in the model is slightly
less than that of the real packing (497 m�1) although the void frac-
tion of the packing (0.94) in the 2D model is similar to that in the
experiments (0.95). Therefore, there is less packing surface to be
wetted by the liquid. In general, this model can reflect the effects
of the above-mentioned influencing factors on the liquid holdup,
compared to the experimental data obtained by Yang et al.
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(2015a). Although the simulation is performed in a 2D domain
rather than a real 3D domain and there are some limitations due
to the simplification of the real geometry, we take the view that
the 2D CFD model can still effectively predict the liquid flow char-
acteristics in the RPB. Nevertheless, with the increase in the com-
puter power in the future, performing full 3D simulation of the
RPB can obtain more detailed and more accurate results.
3.2. Liquid flow pattern in the RPB

Solvents with 30 wt% MEA are typically recommended to be
used in conventional packed bed absorbers. However, the RPB
can cope with much higher MEA concentrations. In this paper,
the 50 wt% aqueous MEA solution is used to demonstrate the liquid
flow patterns in the RPB. The CFD model predicted four typical liq-
uid flow patterns in two different packing regions and under two
rotational speeds of the RPB are shown in Fig. 6. As can be seen
in Fig. 6, or Fig. 2(b), the packing space is unevenly distributed in
the whole packing region. The arrangement of the wires in the
CFD model is similar to the inherent nature of the random wire
mesh packing, since the wire mesh is compactly arranged in rolls,
which forms regular but an uneven distribution around the bed.
The distribution of the wires in different circumferential regions
of the packing has more or less effect on the liquid flow pattern,
however distinct flow patterns still can be observed in different
packing regions around the bed, which are mainly determined by
the radial positions and the operation conditions. The packing
region close to the liquid inlet is usually defined as the entrance
region, which is the region of about 10 mm in radius in the inner
Fig. 6. Typical liquid flow patterns in differe
side of the dashed lines as indicated in Fig. 6. The rest of the pack-
ing region is usually defined as the bulk region. Also, different flow
patterns between the two regions have been confirmed by Guo
et al. (2000), Yan et al. (2012) and Guo et al. (2014) through differ-
ent experimental methods, which indicate the feasibility of the
CFD model to investigate the liquid flow pattern in the RPB.
3.2.1. Flow pattern in the entrance region
As shown in Fig. 6, when the liquid is injected into the packing

region from the liquid inlet, the rotational packing splits the liquid
continuously. Most of the liquid is sheared into the liquid liga-
ments but still moves almost along the radial direction, which is
mainly due to the existence of the initial momentum in the radial
direction. A small percentage of the liquid becomes liquid films and
it adheres to the packing wires and rotates with the packing. As for
the liquid ligaments in the entrance region, the radial velocity of
the liquid decreases from the initial jet velocity to a lower velocity.
This is mainly due to the loss of the liquid initial momentum when
the liquid strikes the packing. However, the tangential velocity of
the liquid gradually increases from zero to approach the packing’s
tangential velocity under the action of the drag force from the
packing. As a result, the ratio of the tangential velocity to the radial
velocity of the liquid ligaments gradually increases, and the liquid
ligaments are all captured by the packing at the end of the entrance
region.
3.2.2. Flow pattern in the bulk region
Within the bulk region, at a relatively low rotational speed, such

as 500 rpm, where the average centrifugal acceleration in the bed
nt regions (50 wt% MEA, u0 = 2.87 m/s).
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is about 80 m/s2, the liquid flow pattern is a pore-dominated flow,
as shown in Fig. 6(a1) and (a2). This is because the surface tension
makes the liquid prefer to coalesce and the relative velocity
between the liquid and the packing is not large enough to make
it separate. As a result, the liquid exists in the form of liquid groups
and travels in the pores of the packing. While at a higher rotational
speed, such as 1000 rpm, where the average centrifugal accelera-
tion in the bed is about 320 m/s2, the liquid flow pattern becomes
a droplet-dominated flow, as shown in Fig. 6(b1) and (b2).

The typical transportation process of a droplet in the bulk
region of the packing is shown in Fig. 7. It shows that the liquid
moves relative to the rotating packing at 1000 rpm within seven
milliseconds. Initially, the observation is focused on the droplet
within the dashed circles in Fig. 7(a) at time t0. Then the droplet
moves, disperses and mixes with other liquid as time goes on.
The liquid elements, which originated from the same droplet
within the red dashed circle in Fig. 7(a), are marked by the dashed
circles in the rest of the figures. As can be observed, when the liq-
uid droplet hits the packing surface and one part of the liquid
attaches to the packing surface and becomes a liquid film, and
the other part of the liquid moves into the next layer of the packing
space. The percentage of the free moving liquid relative to the cap-
tured liquid by the packing surface depends on the voidage of the
packing, that is, a higher voidage leads to a higher percentage of
free moving liquid to the next layer. As for the captured liquid by
the packing surface, when the liquid leaves the surface of the wires,
the stretched liquid droplets always breakup and generate some
satellite droplets (see Fig. 7(d) and (h)). This is because the surface
tension of the liquid makes it have the trend to form liquid droplets
rather than liquid ligaments. At the same time, the droplet–droplet
collisions occur in the packing space, see Fig. 7(e)–(f), and the small
droplets collide and merge into big droplets. These steps repeat
until the liquid moves out of the packing region and the droplets
become smaller and smaller and the liquid surfaces continuously
update.
3.3. Liquid holdup and liquid residence time in the RPB

The liquid holdup (eL), defined as the liquid volume per unit
packing volume, and the mean residence time (�t) of the liquid
are two essential parameters for an RPB (Burns et al., 2000; Guo
et al., 2000; Yang et al., 2015a) and the two parameters are closely
Fig. 7. Transient development of the liquid phase
related. The mean residence time of liquid can be determined
based on the liquid holdup using the following equation (Burns
et al., 2000):

�t � eL
U
ðr0 � r1Þ ð11Þ

where r0 and r1 are radial positions of the outer and inner packing
and U is the superficial liquid flow velocity and can be calculated by

U ¼ u0d
2pr

ð12Þ

where u0 is the liquid jet velocity, d is the width of the nozzle and
r ¼ ðr0 þ r1Þ=2.
3.3.1. Effect of rotational speed on liquid holdup
Fig. 8 shows the effect of the rotational speed (x) on the liquid

holdup at two different liquid jet velocities where the 50 wt%
aqueous MEA solution is used. The figure illustrates that the liquid
holdup decreases with the increasing rotational speed from 500 to
1500 rpm for both liquid jet velocities of 1.53 and 2.87 m/s. The
liquid gains the tangential velocity from the packing continuously,
and it almost synchronously rotates with the packing in the bulk
region. Therefore when increasing the rotational speed, the liquid
can obtain a higher tangential velocity, thus resulting in a higher
centrifugal acceleration as well as a higher radial velocity relative
to the packing. Therefore, the residence time of the liquid
decreases as well as the liquid holdup decreases.

In addition, on increasing the rotational speed, the liquid can
gain more kinetic energy from the packing, and the liquid can be
split into smaller liquid droplets and fragments (compare Fig. 6
(a1) and (b1) or compare Fig. 6(a2) and (b2)). Therefore, the per-
centage of liquid that flies into the void of the packing free from
the drag force from the packing increases, which also contributes
to the increasing average radial velocity. As shown in Fig. 8, on
increasing the rotational speed from 500 to 1000 rpm, where the
liquid flow is dominated by the pore flow, the liquid holdup
decreases by about 50%. While, when increasing the rotational
speed from 1000 rpm to 1500 rpm, the liquid holdup decreases
by only about 20% and this may be because the droplets are diffi-
cult to be captured by the packing when the rotational speed is
higher than 1000 rpm, where the liquid flow is dominated by the
droplet flow and the droplets become smaller and smaller.
(50 wt% MEA, N = 1000 rpm, u0 = 1.53 m/s).
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From Fig. 7(e) to (h), it can be observed that some of the liquid is
retained in the packing surface and does not move with time, and
this is due to the adhesion force between the liquid and the pack-
ing surface. In this state, the centrifugal force and the adhesion
force are in balance. When the rotational speed increases, then
the retained liquid obtains a higher centrifugal force, and when
the adhesion force cannot meet the centrifugal force, then the
Fig. 10. Effect of the liquid jet velo
retained liquid moves away from the packing surface. Therefore,
the percentage of the retained liquid decreases with increasing
rotational speed, which also leads to the decrease in the liquid
holdup.
3.3.2. Effect of liquid jet velocity on liquid holdup and residence time
The effect of the liquid jet velocity on the liquid holdup is

shown in Fig. 9. It is clear that the liquid holdup increases with
the increasing liquid jet velocity, while, the increase rate of the liq-
uid holdup is very small. This is because the average liquid radial
velocity increases with increasing the liquid jet velocity. Specifi-
cally, a higher liquid jet velocity directly increases the liquid radial
velocity in the entrance region. In addition, with an increase in the
liquid flow rate, the frequency of the liquid-liquid collisions and
liquid-packing collisions increases, therefore small droplets and
thin films are easier to coalescence and form big droplets, which
increases the escape frequency of the liquid from the packing sur-
face. Due to the same reason, the liquid residence time decreases
with the increasing liquid jet velocity, as shown in Fig. 9. As for
the flow pattern, on comparing Fig. 10(a) and (b), with an increase
in the liquid jet velocity, the radial distance of the entrance region
increases and the circumferential liquid maldistribution is more
severe.
3.3.3. Effect of MEA concentration on liquid holdup and liquid
residence time

The effect of the MEA concentration on the liquid holdup is
shown in Fig. 11, which shows that the liquid holdup increases
with the increasing MEA concentration from 30 wt% to 90 wt%.
This is mainly because the liquid viscosity noticeably increases
with the increasing concentration of the MEA. As shown in
Fig. 12, most of the liquid is partially in contact with the packing
surface where the viscous force plays a major role. With the
increasing of the liquid viscosity, the liquid deformation rate
reduces and this causes the residence time of the liquid that is par-
tially attached onto the packing surface to increase. In addition, the
thickness of the boundary layer increases with the increasing liq-
uid viscosity and this leads to the liquid volume that is attached
to the packing surface to increase. Thus, the liquid holdup
increases with an increasing liquid viscosity. From another per-
spective, the drag force is the driving force for the liquid movement
in the tangential direction, but it is resistant to the liquid move-
ment in the radial direction. As a result, with increasing the liquid
viscosity, the liquid is easier to attach onto the packing surface and
follow the rotation of the packing, which leads to a better circum-
ferential liquid distribution (compare Fig. 12(a) and Fig. 12(b) or
city on the liquid flow pattern.
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compare Fig. 12(c) and (d)). Also, this contributes to the increasing
of the liquid holdup.

However, as shown in Fig. 11, the effect of theMEA concentration
on the liquid holdup is weaker at a higher rotational speed. This is
because at a higher rotational speed, the freemoving liquid droplets
increases and the amount of the liquid films attached to the packing
surface reduces and thus the influence of the viscous resistance
force on the liquid becomes weaker. Such as, at 500 rpm, the flow
pattern is pore-dominated flow, and much liquid is in contact with
the packing surface, thus the liquid viscosity has a stronger influ-
ence on the liquid holdup than that at 1000 rpmor 1500 rpm,where
the liquid is in the droplet-dominated flow pattern.
Fig. 12. Effect of MEA concentration on the liquid flow p
When keeping the liquid jet velocity as constant, the mean res-
idence time of the liquid (�t) is proportional to the liquid holdup
based on Eq. (12). Therefore, the effect of the MEA concentration
on �t is the same as the effect of the MEA concentration on the liq-
uid holdup and the value of �t can be obtained from the right Y-axis
of Fig. 11.
3.3.4. Effect of contact angle on liquid holdup and liquid residence time
The contact angle is an important parameter for gas-liquid-solid

systems and different packing materials and/or different surface
treatments lead to different contact angles. Stainless steel is hydro-
philic but some materials used in the RPB packing are hydrophobic
(Zheng et al., 2016). In order to cover a wide range of materials, the
effect of the contact angles from 0 deg, where complete wetting
occurs (Yuan and Lee, 2013), to 150 deg on the liquid holdup and
flow pattern is investigated. The increasing of the contact angle
means the wettability of the packing by the liquid is not as good.
Fig. 13 shows that the liquid holdup is reduced with the increasing
of the contact angle. When the contact angle is less than 90 deg,
the material is hydrophilic (see Fig. 14(a)). At a certain rotational
speed, with an increase in the contact angle, the percentage of
the liquid that is attached to the packing surface decreases. More-
over, on increasing the contact angle, the flow pattern transforma-
tion, i.e. from the pore-dominated flow to the droplet-dominated
flow, occurs at a lower rotational speed. When the contact angle
is larger than 90 deg, the material is hydrophobic (see Fig. 14(b)).
Therefore, when the liquid-packing collision occurs, the liquid is
almost impossible to be attached on to the packing surface. Fur-
ther, with the increasing of the contact angle, more small droplets
are generated. This phenomenon also has been observed in the
experimental work of Zheng et al. (2016). Because the packing
attern at different rotational speeds (u0 = 1.53 m/s).
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has no viscous resistance on the flying liquid droplets, a large per-
centage of liquid droplets means a higher average radial velocity
and this decreases the liquid holdup. The value of �t is marked on
the right Y-axis of Fig. 13.

3.4. Liquid dispersion

3.4.1. Definition of the liquid dispersion index (Id)
The reaction between CO2 and MEA is fast and the absorption of

CO2 is usually mass transfer limited (Jassim et al., 2007), and
Fig. 14. Effect of the contact angle on the liquid flow
therefore the enhancement of the CO2 absorption in an RPB mainly
depends on the liquid dispersion to increase the interfacial area.
Highly dispersed liquid can generate a large gas-liquid interface
and increase the surface renewal rate of the liquid due to the
higher turbulence. The degree of liquid dispersion is usually
assessed based on the droplet size and film thickness. However,
due to the complex packing structure and the high frequent inter-
actions between the liquid and the packing surface, different liquid
shapes, such as liquid droplets, liquid films, liquid ligaments and
liquid groups, co-exist in the packing region. Therefore, it is extre-
mely difficult to assess the overall degree of liquid dispersion
based on the common parameters such as droplet size and/or film
thickness. In this paper, a liquid dispersion index (Id) is defined as
follows in order to assess the degree of liquid dispersion:

Id ¼ Aint

V l
ð13Þ

where Aint is the gas-liquid interfacial area in the packing region,
and Vl is the liquid volume in the packing region. In the VOF model,
the liquid volume fraction (al) of 0.5 is used to define the gas-liquid
interface (Lan et al., 2010). The liquid dispersion index (Id) is similar
to the specific surface area of the liquid in the packing region of the
RPB but it only considers the gas-liquid interfacial area, which is
effective for the gas-liquid mass transfer. The liquid-solid interfacial
area is not considered in this parameter.

3.4.2. Effect of MEA concentration and rotational speed on Id
As shown in Fig. 15, the liquid dispersion index (Id) decreases

with the increasing of the MEA concentration from 30 wt% to
pattern (50% MEA, N = 500 rpm, u0 = 1.53 m/s).
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90 wt%. This is because, with the increasing of the liquid viscosity,
the film thickness increases and the size of other discrete liquid,
such as the liquid droplets and the liquid ligaments, may increase
as well because the discrete liquid particles are mainly derived
from the separation of liquid films from the packing surface. Mean-
while, at a constant rotational speed, the relative velocity between
the liquid and the packing is smaller at a higher MEA concentration
due to the effect of viscous damping. Therefore, the liquid breakup
is more difficult to occur. In addition, it demonstrates that with the
increasing of the rotational speed, Id is remarkably increased, espe-
cially from 500 rpm to 1000 rpm, where the flow pattern trans-
forms from being a pore-dominated flow to a droplet-dominated
flow (Comparing Fig. 12(a) and Fig. 12(c) or Fig. 12(b) and Fig. 12
(d)).
3.4.3. Effect of contact angle on Id
The effect of the contact angle on the liquid dispersion index (Id)

at 500 rpm and 1000 rpm is shown in Fig. 16, where it can be seen
that when the contact angle is less than 90 deg, that is, when the
packing material is hydrophilic, Id markedly decreases with the
increasing of the contact angle. This is because the liquid is less
likely to cover the packing surface and stretches into thin films
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Fig. 16. Effect of the contact angle on the liquid dispersion index at two different
rotational speeds.
at a higher contact angle. When the contact angle is larger than
90 deg, that is, as for the hydrophobicity packing material, the con-
tact angle has less effect on the Id compared to the hydrophilic
materials and this may be due to the liquid mainly existing in
the droplet form and almost no liquid film covers the packing sur-
face. However, with the increasing of the contact angle, a larger
percentage of small droplets are generated and this phenomenon
is more dominated at lower rotational speeds. Therefore, the
increased surface area due to the increasing percentage of small
droplets compensates the decreased surface area due to less liquid
film being formed. Therefore, the decreasing rate of Id with increas-
ing contact angle under a lower rotational speed is lower than
under a higher rotational speed.

4. Conclusions

A 2D CFD model has been built to investigate the liquid beha-
viour in an RPB. The model has been verified through comparing
the results obtained with the available experimental data (Yang
et al., 2015a) and the Burns correlation (Burns et al., 2000). The
results show that the 2D CFD model is effective in analysing the
liquid flow characteristics in the RPB. Both the overall and local liq-
uid flow patterns in the RPB have been analysed and distinct flow
patterns have been observed in different packing regions. In the
entrance region, the liquid flow is ligament-dominated flow; in
the bulk region, the flow pattern is pore-dominated flow at low
rotational speeds (500–1000 rpm) and droplet-dominated flow at
high rotational speeds (1000–1500 rpm). The results show that
the size of the entrance region increases with increasing the liquid
jet velocity. With the increasing rotational speed, whilst the degree
of liquid dispersion increases, the liquid holdup and residence time
decrease. This is because more liquid is in droplet form and there is
a thinner film flow. However, under the simulation conditions, the
liquid holdup slightly increases with the increasing liquid jet veloc-
ity. When a high concentration MEA is employed, the liquid disper-
sion decreases but the liquid holdup and residence time increases
and the effect is weak at a relatively high rotational speed. The liq-
uid holdup and flow pattern are sensitive to the contact angle. Lar-
ger contact angles can generate more liquid droplets while smaller
contact angles can generate more liquid films. The simulation
results indicate that this CFD modelling method has the capability
of analysing the detailed liquid flow patterns, the liquid holdup,
the liquid residence time as well as the degree of liquid dispersion
in an RPB. Because of the acceptable computational accuracy and
much smaller amount of computations compared to a 3D model,
this method has the potential to be used to analyse the hydrody-
namics of an industrial scale RPB.
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