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ABSTRACT 
Liquefied Natural Gas (LNG) plays a strategic role in the global energy transition, as it represents 
a less carbon-intensive alternative to coal. Separation of CO₂ from raw natural gas is a critical step 
for meeting LNG specifications and enabling Enhanced Oil Recovery (EOR) in offshore fields. How-
ever, high CO₂ concentrations and formation of a CO₂ ethane azeotrope increase the process 
complexity, often requiring extractive distillation with heavier hydrocarbons. Severe limitations are 
faced in offshore environments due to their weight, volume and high energy consumption. Due to 
that, Process Intensification (PI) seeks to enhance heat and mass transfer efficiency, potentially 
reducing equipment volume and weight. Rotating Packed Beds (RPB) have demonstrated signifi-
cant potential for intensifying LNG purification by using centrifugal forces to drive liquid through a 
porous medium in contact with a gas stream. Experimental measurements of total pressure drop, 
and local liquid holdup are feasible in pilot-scale units, although typically requiring specialized 
equipment and instrumentation. Consequently, modeling approaches based on mass, momentum, 
and energy balances have been widely proposed in the literature to estimate the hydrodynamic 
behavior of RPB systems. While Computational Fluid Dynamics (CFD) models can provide detailed 
insights into equipment behavior, they are often computationally expensive for parametric studies 
and design optimization. In this context, this work proposes a one-dimensional model in cylindrical 
coordinates to analyze fluid flow in an RPB for natural gas/CO₂ separation process. The governing 
equations are formulated and validated against experimental data for pressure drop, interfacial 
velocity, and liquid holdup along the RPB radius. 
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INTRODUCTION 
Liquefied Natural Gas (LNG) plays a strategic role in 

the global energy transition, as it is a less carbon-inten-
sive alternative to coal. The growing need to reduce 
greenhouse gas emissions, coupled with the search for 
greater efficiency in oil exploration, has driven the appli-
cation of Enhanced Oil Recovery (EOR) techniques in off-
shore fields. In these projects, the separation of CO₂ from 
raw natural gas is a critical step, both to meet LNG quality 
specifications and to enable the reinjection of CO₂ as a 
miscible displacement fluid.  

However, many natural gas fields have high levels 
of carbon dioxide (CO₂), which makes commercial 

exploration unfeasible. One problem related to removal 
of CO2 from raw natural gas is the significant hydrocar-
bon losses due to the formation of an azeotrope with 
ethane, which reduces overall efficiency of the process 
and the economic viability of LNG production. One way 
of reducing the loss of light carbon components due to 
the azeotrope formed may be to use a third component 
and subsequent fractionation using a low temperature 
distillation process, such as the use of compounds with 4 
or more carbons, as reported in [1]. 

However, conventional separation methods, such as 
traditional cryogenic distillation columns, have significant 
limitations in offshore environments: high energy con-
sumption, especially in mixtures with a high CO₂ content; 
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weight and volume of the equipment, restrictive factors 
on offshore platforms; operational complexity due to var-
iations in load and gas composition. 

One way of reducing the equipment volume is to in-
tensify heat and mass transfer processes, with the aim of 
improving the efficiency of the mixing and transfer pro-
cesses [2], which can reduce required volumes to a scale 
of 10 to 100 times and are interesting in environments 
with limited space.  

For the case of intensifying the separation of CO2 
from the hydrocarbon stream, the application of a rotat-
ing packed bed (RPB) has demonstrated potential in the 
literature. In this method, a liquid stream is injected into 
the inner surface of the packing, while the packing is ro-
tated, forcing the liquid to travel to the outer surface. A 
gas stream can be injected either at the outer casing 
(counter-current) or at the same location as the liquid in-
let (co-current).  

To understand and estimate separation efficiencies, 
experimental data or/and simulation and modeling of the 
transport phenomena inside the system have been car-
ried out. Measurement of total pressure drop [3–5] and 
local liquid holdup [6, 7] are possible with pilot plant sys-
tems, although requiring specialized equipment. Due to 
that, modelling of the system based on mass, momentum 
and energy balances are proposed in the literature to es-
timate the system’s behavior. For that, simplified models 
[8–12] can be solved to understand locally the process 
dynamics, which can include pressures, flow velocities 
and compositions across the packing. Moreover, Compu-
tational Fluid Dynamics (CFD) models can also be used to 
address different packing geometries [13–15], although 
often requiring more computational resources [16–18], 
but providing an insight in liquid distribution inside the 
packing, since it is difficult to take internal measurements 
during operation. 

In this context, distillation using RPBs has emerged 
as a promising technology to overcome the economic 
barriers to LNG production in offshore wells and to un-
derstand the system behavior, a simpler 1D model in cy-
lindrical coordinates are proposed to analyze the fluid 
flow, heat, and mass transfer in an RPB for the LNG/CO2 
separation process. Based on that, governing equations 
are described for modeling the process, and it is com-
pared with available experimental data for pressure drop, 
interfacial velocity, and liquid holdup. 

MATERIALS AND METHODS 

Rotating packed bed 
Rotating packed beds can be operated in co-current 

or counter-current, with typical rotations between 500 
and 2500 RPM, with the packed bed being made of 
foams, spheres, wire meshes or other geometries and ro-
tated vertically or horizontally. In the counter-current 

approach, liquid is inserted at the inner radius from the 
packing material and is driven to the outer radius due to 
the created gravitational field and gas flows in opposite 
direction. A schematic representation of the system is 
given in Figure 1. By increasing the liquid velocity, as 
compared to stationary packed beds, turbulence is inten-
sified, which improves mass transfer coefficients inside 
the liquid. This effect is made possible by using packing 
elements that can simultaneously combine high surface 
area, promote low pressure drop and efficient liquid dis-
tribution [19]. 

 
Figure 1. Schematic representation of a horizontal 
Rotating Packed Bed (RPB) system operating in a 
counter-current mode. 

Hydrodynamic model 
A counter-current gas-liquid RPB operating horizon-

tally was assumed. For modelling the two-phase (gas, liq-
uid) behavior, mass and r-component momentum bal-
ances are written in cylindrical coordinates, respectively, 
in Equation (1) and (2). Equation (3) was added to ac-
count for the presence of more phases, with all k-th vol-
ume fractions being equal to one. Gravitational force in 
the z-axis were disregarded, following similar ap-
proaches from the literature [20, 21]. 
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𝛼𝛼� represents the volume fraction with subindices k-
th, representing the two phases (k – gas, liquid), 𝑃𝑃 is the 
local pressure [Pa], which followed the ideal gas law, 𝜌𝜌� 
is the density [kg/m3], 𝜇𝜇� is the viscosity [Pa.s] 𝑢𝑢�,� is the 
area averaged radial velocity and 𝑢𝑢�,� is the tangential ve-
locity of the k-th phase [m/s] and 𝑀𝑀�,� represents the mo-
mentum exchange between the phases. Assuming a solid 
body rotation, tangential velocities can be written in 
terms of radius and rotation velocity (𝜔𝜔), as 𝑢𝑢�,� = 𝜔𝜔𝑟𝑟.  
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In the modelling, simplifying hypotheses were as-
sumed, such as steady-state operation, one-dimensional 
flow (velocity varies only in r component), no mass trans-
fer occurs (only the hydrodynamic model is being devel-
oped) and excluded secondary velocity derivatives. The 
model was solved considering initial value problems, 
where conditions were set at the inner radius (Ri) and the 
equations were numerically integrated up to the outer ra-
dius of the packing material (Ro). Integrations were solved 
using the implicit Radau method, which is recommended 
for stiff-problems, available in Scipy library.  

Interaction forces 
During the flow of the gas and liquid phases through 

the voids of the solid packing material, the liquid often 
flows above the solid surface, partially wetting the sur-
face and applying a force between at the solid boundary 
(fLS). Gas flows in the center of the void section, forming 
an interface between liquid and solid. Due to velocities at 
the interface being the same, momentum is transferred 
at the interface due to the drag force between gas and 
liquid (fGL). Also, gas momentum can be transferred di-
rectly to the solid (fGS) through the liquid film, due to the 
tortuosity inside the packing material. As a result, mo-
mentum transfer to the liquid (𝑀𝑀�,�) and gas (𝑀𝑀�,�) are 
written, respectively, by Equations (4) and (5) [20].  

𝑀𝑀�,� = 𝑓𝑓�� − 𝑓𝑓��  (4) 

𝑀𝑀�,� = −𝑓𝑓�� − 𝑓𝑓�� (5) 

To calculate the interaction forces fLS, fGS and fGl, dif-
ferent models are proposed in the literature. For studying 
the hydrodynamic behavior of a descending cocurrent 
gas-liquid flow through a trickle bed reactor, composed 
of packed spheres, Attou et al. (1999) [20] have used 
Equations (6), (7), (8) and (9), assuming that all solid sur-
faces were covered with liquid. For the model it was con-
sidered that the Ergun parameters are: 𝐸𝐸�,�� = 𝐸𝐸�,�� =
𝐸𝐸�,�� = 180 and 𝐸𝐸�,�� = 𝐸𝐸�,�� = 𝐸𝐸�,�� = 1.8 
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Where 𝜖𝜖 is the packed bed porosity, 𝑑𝑑� the diameter 
of the packing material [m], 𝑤𝑤 is the superficial velocity 
[m/s], defined as 𝑤𝑤� = 𝜖𝜖𝑢𝑢�. To account for a partial sur-
face wettability (fe), Lappalainen et al. (2008) [22] modi-
fied to include this effect in the interaction forces, as 
given by Equations (10) and (11). 

𝑀𝑀�,� = 𝑓𝑓�(𝑓𝑓�� − 𝑓𝑓��)  (10) 

𝑀𝑀�,� = −𝑓𝑓�𝑓𝑓�� − (1 − fe)𝑓𝑓�� (11) 

In addition to that, Ergun parameters were changed 
to account for the different tortuosity in the packing. 
Ergun parameters are then modified according to Equa-
tions (12) and (13). 

𝐸𝐸�,� = 72𝑇𝑇� 2  (12) 

𝐸𝐸�,� = 0.4554𝑇𝑇�
 3 (13) 

With specific tortuosity (𝑇𝑇�) for the gas and liquid 
phase, being given respectively, by Equations (14) and 
(15), with 𝑇𝑇0 = 1.58 being obtained for the tortuosity in an 
empty bed and the parameters 𝐴𝐴 = 3.592 and 𝐵𝐵 = 1.14 ob-
tained by optimization. 

𝑇𝑇� = 𝑇𝑇� + 1
2 + 𝛼𝛼��

𝑇𝑇0 + 1
2 − 1�  (14) 

𝑇𝑇� = 𝑇𝑇�𝐴𝐴��
� (15) 

Lu et al. (2018) [23] modified the flow resistance 
model of Kolodziej et al. (2009) [24] to account for a 
packing bed made of wire meshes, resulting in interaction 
forces being given by Equations (16), (17) and (18). 
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In which 𝑓𝑓��� is the corrected Fanning friction factor 
for non-developed laminar flows and 𝑓𝑓� is the Fanning 
friction factor for turbulent flows, 𝜏𝜏 is the bed tortuosity 
factor, 𝜃𝜃 is the angle between the bed axis and flow di-
rection and 𝑑𝑑� is the diameter of the packed wires [m], 
which are given for each phase and detailed elsewhere 
[23]. 

Wetting efficiency 
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For the surface efficiency coverage (𝑓𝑓�), the model 
developed by Lu et al. (2018) [23] used the correlation 
provided by Onda et al. (1968) [25], as detailed in Equa-
tion (19). 

𝑓𝑓� = 1 − 𝑒𝑒�−1.45�
��
�
�
0.75

���
 0.1���

 0.2���
−0.05�  (19) 

 In which 𝑅𝑅𝑅𝑅� = 𝜌𝜌�𝑢𝑢� 𝑎𝑎�𝜇𝜇�⁄  is the Reynolds number of the 
liquid, 𝑊𝑊𝑊𝑊� = 𝜌𝜌�𝑢𝑢� 2 𝑎𝑎�𝜎𝜎⁄  is the Weber number, 𝐹𝐹𝑟𝑟� = 𝑎𝑎�𝑢𝑢� 2 𝑔𝑔�⁄  is 
the Froude number and centrifugal acceleration is given 
by 𝑔𝑔� = 𝑟𝑟𝜔𝜔2. 𝜎𝜎 = 0.072 is the surface tension of the liquid, 
which was assumed as water [N/m] and 𝜎𝜎� = 0.06 is the 
critical surface tension in glass media. 𝑣𝑣� is the liquid ve-
locity [m/s] and 𝑎𝑎� is the specific surface area of the dry 
packing media [1/m].  

Lappalainen et al. (2008)[22] fitted a correlation 
from literature data for 𝑅𝑅𝑅𝑅�,𝐺𝐺𝐺𝐺� = 𝜌𝜌� 2𝑔𝑔𝑑𝑑� 3𝜖𝜖3 (𝜇𝜇�(1− 𝜖𝜖)2)⁄  be-

ing the Galileo number, 𝐹𝐹𝐹𝐹� = 𝑢𝑢� �𝑔𝑔𝑑𝑑�⁄  being the Froude 

number and 𝐸𝐸ö = 𝜌𝜌�𝑔𝑔𝑑𝑑� 2𝜖𝜖2 (𝜎𝜎(1− 𝜖𝜖)2)⁄  being the modified 
Eötvos number, resulting in Equation (20).  

𝑓𝑓� = 0.335𝑅𝑅𝑒𝑒�0.185𝐸𝐸ö−0.188𝐺𝐺𝐺𝐺�0.027 �1 + 𝐹𝐹𝑟𝑟��
−0.014 (20) 

RESULTS AND DISCUSSION 
For the model verification, experimental and simula-

tion results obtained in the literature were compared with 
the current implementations using the three interaction 
forces of Attou et al. (1999) [20], Lappalainen et al. 
(2008) [22] and Lu et al. (2018) [23], with necessary pa-
rameters extracted from the sources. Attou et al. (1999) 
[20] and Lappalainen et al. (2008) [22] were developed 
for modelling the hydrodynamic behavior in a trickle bed 
reactor, composed of packed solid spheres, and Lu et al. 
(2018) [23] focused in modelling the flow inside a porous 
foam media. Comparisons were made in terms of pres-
sure drop through the rotating media, liquid holdup, gas 
and liquid velocities. Experimental data from Sandilya et 
al. (2001), with parameters highlighted in Table 1, were 
used in the developed model, while varying two gas flow 
rates (2000 and 6000 cm3/s) and two rotations (950 and 
1410). Another setup case from Lu et al. (2018) [23] was 
also tested using the different interaction forces. 

Pressure drop 
By comparing the pressure results obtained by the 

proposed model for gas flow rates in the range of 2000 
cm3/s and 6000 cm3/s, as observed respectively in Fig-
ures 2 and 3. It is possible to note similar estimations for 
the pressure by using the interaction model of Lap-
palainen et al. (2008) [22] and Lu et al. (2018) [23], at the 
gas flow rate of 2000 cm3/s, which are somewhat close 
to the experimental data of Sandilya et al. (2001) [26], 
while Attou et al. (1999) [20] overpredicts pressure drop, 

with a relative difference of more than 72 % (950 rpm), 
which could be explained by considering that the whole 
solid surface is covered by liquid, resulting in a slightly 
higher pressure drop. When a higher gas flow rates of 
6000 cm3/s are used, the three interaction force models 
predict higher values for pressure losses and the force 
models proposed in Lu et al. (2018) [23] and Lappalainen 
et al. (2008) [22] results in a value closer to the experi-
mental data, with a maximum relative difference of 33 % 
(950 rpm). However, it is observed that higher rotation 
speeds increase pressure drop. 

Table 1: Specification of the packing material used in 
the experimental setup and flow rates. 

Var Description []  [] 
𝑅𝑅� Inner radius (mm)   
𝑅𝑅� Outer radius (mm)   
ℎ Bed height (mm)    
𝑑𝑑� Diameter pore (mm)   
𝑎𝑎� Specific media area 

(/m)     

𝜖𝜖 Porosity (-)   

𝑄𝑄� Gas flow rate (cm/s) 
 


 

 

𝑄𝑄� Liquid flow rate (cm/s)    

𝜔𝜔 Rotation speed (rpm)  
 

 
 

 
By comparing the pressure results obtained by the 

proposed model for lower gas flow rates (2.0 cm3/s), as 
observed in Figure 4, it is possible to note that the three 
different interaction force models give a similar behavior 
for the different imposed rotations and result in differ-
ences lower than 0.2% with the correlation proposed in 
Sandilya et al. (2001) [26]. Moreover, it is observed that 
higher pressure losses as higher rotation speeds are em-
ployed and results are similar for the estimation from 
Equation (21), which is the correlation proposed by 
Sandilya et al. (2001) [26].  

Δ𝑃𝑃��� = 150(1 − 𝜖𝜖)2𝜇𝜇
𝑑𝑑�
2𝜖𝜖3

 �
𝑄𝑄�

2𝜋𝜋ℎ � ln �
𝑅𝑅�
𝑅𝑅�
�  

+
1.75(1 − 𝜖𝜖)𝜌𝜌�

𝑑𝑑�𝜖𝜖3
�
𝑄𝑄�

2𝜋𝜋ℎ �
2

� 1
𝑅𝑅�
− 1
𝑅𝑅�
� 

+ 1
2𝜌𝜌�𝜔𝜔

2(𝑅𝑅� 2 − 𝑅𝑅� 2) 

(21) 



 

Zerwas et al. / LAPSE:2026.0376 Syst Control Trans 5:1366-1373 (2026) 1370  

 
Figure 2. Relative pressures across the packing media, 
with atmospheric pressure condition being placed at the 
outer radius, for a gas flow rate of 2000 cm3/s and liquid 
flow rate of 14.3 cm3/s, and pressure obtained with the 
experimental data from Sandilya et al. (2001) [26]. 
 

 
Figure 3. Relative pressures across the packing media, 
with atmospheric pressure condition being placed at the 
outer radius, for a gas flow rate of 6000 cm3/s and liquid 
flow rate of 14.3 cm3/s, and pressure obtained with the 
experimental data from Sandilya et al. (2001) [26]. 
 

 
Figure 4. Relative pressures across the packing media, 
with atmospheric pressure condition being placed at the 
outer radius, for a gas flow rate of 2.0 cm3/s and liquid 
flow rate of 17.5 cm3/s, and pressure obtained with the 
correlation from Sandilya et al. (2001) [26]. 
 

Liquid holdup 
Using a packed bed with inner radius of 35 mm and 

outer radius of 160 mm, with specific surface area of 786 
1/m and porosity of 0.953, with rotations varying from 25 
to 170 rad/s, Burns et al. (2000)[28] evaluated the liquid 
retained (𝜖𝜖�) in the porous foam media and correlated that 
based on the rotation and the superficial liquid velocity, 
as observed in Equation (22).  

ϵl = 0.034 �𝑟𝑟𝜔𝜔
2

100�
−0,38

� 𝑤𝑤�0.01�
0.62

 (22) 

 
Figure 5. Comparison of liquid holdup obtained for three 
force interaction models across the packing media for the 
packed bed configuration used by Lu et al. (2018) [23], 
and experimental correlation obtained by Burns et al. 
(2000)[28]. 

By using similar packed bed configuration and pro-
cess parameters, the three force models were compared 
with the correlation in Equation (22), as shown in Figure 
5. It is possible to observe that for this case, that the in-
teraction proposed by Attou et al. (1999) [20] resulted in 
higher liquid holdup, with a relative difference of 186% 
(1200 rpm), Lu et al. (2018) [23] predicted lower liquid 
holdups, with a relative difference of 81% (1200 rpm), and 
the model proposed by Lappalainen et al. (2008) [22] fell 
in the middle between the two models, with a relative dif-
ference of 33% (1200 rpm).  

However, when higher gas flow rates are employed, 
such as the ones used in the experiment of Sandilya et al. 
(2001) with gas flow rate of 6000 cm3/s, it is possible to 
observe lower liquid retentions obtained by using the 
model of Lu et al. (2018) [23], with close behavior than 
the other two interaction models, with a relative differ-
ence of 125% (950 rpm), as observed in Figure 6. More-
over, it is noticed that for all cases, higher rotations of the 
RPB ended up decreasing the liquid holdup and as the 
liquid traveled inside the packed media to the outer ra-
dius, lower local liquid retention is also observed, possi-
bly due to the increase in surface area. 
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Figure 6. Comparison of liquid holdup obtained for three 
force interaction models across the packing media for the 
packed bed configuration used by Sandilya et al. (2001) 
[26] with gas flow rate of 6000 cm3/s and liquid flow rate 
of 14.3 cm3/s and experimental correlation obtained by 
Burns et al. (2000)[28]. 

Gas velocity 
Radial gas velocities inside the packing bed were 

extracted for the configuration used by Sandilya et al. 
(2001) [26] with gas flow rate of 6000 cm3/s with the 
three interaction force models, as shown in Figure 7. It is 
possible to observe an increase in gas velocity (ug) as it 
travels to the center of the packed bed, an independent 
behavior of the rotation, as reported also in the literature.  

 
Figure 7. Comparison of radial gas velocities obtained for 
three force interaction models across the packing media 
for the packed bed configuration used by Sandilya et al. 
(2001) [26] with gas flow rate of 6000 cm3/s and liquid 
flow rate of 14.3 cm3/s. 

Liquid velocity 
Radial liquid velocities inside the packing bed were 

extracted for the three tested force models using the 
packed bed configuration of Lu et al. (2018) [23] with re-
sults shown in Figure 8. It is observed that the force 
model proposed by Attou et al. (1999) [20] predicts lower 
interstitial liquid velocities and tends to reduce the veloc-
ity as liquid travels to the outer radius of the RPB. For Lu 

et al. (2018) [23], higher velocities are observed, but with 
an increase in velocity as liquid travels the outward of the 
packing material. For Lappalainen et al. (2008) [22], lower 
and constant velocity were observed.  

 
Figure 8. Comparison of radial liquid velocities obtained 
for three force interaction models across the packing 
media for the packed bed configuration used by Lu et al. 
(2018) [23]. 

When higher gas flow rates (6000 cm3/s) are used, 
with configuration used by Sandilya et al. (2001) with the 
three interaction force models, as shown in Figure 9, liq-
uid velocities for Attou et al. (1999) [20] and Lappalainen 
et al. (2008) [22] have similar values, whereas for Lu et 
al. (2018) [23], higher liquid velocities are observed, 
which still increases as liquid is driven outward from the 
packed bed. 

 
Figure 9. Comparison of radial liquid velocities obtained 
for three force interaction models across the packing 
media for the packed bed configuration used by Sandilya 
et al. (2001) [26] with gas flow rate of 6000 cm3/s and 
liquid flow rate of 14.3 cm3/s. 

CONCLUSIONS AND OUTLOOKS 
Based on the mass and momentum balance pre-

sented in this study, pressure, velocity and volume frac-
tions were obtained for a gas-liquid RPB working at coun-
ter-current condition. To model the interaction between 
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the gas-liquid system with the solid packing material, 
three interaction force models were analyzed for differ-
ent operating conditions and compared to available ex-
perimental data. 

For the pressure losses across the bed material and 
operating at lower gas flow rates, similar predicted values 
were obtained for the different force models. However, 
for higher gas flow rates, differences were observed, 
with Lu et al. (2018) [23] and Lappalainen et al. (2008) 
[22] models obtaining closer values to the correlation.  

For the liquid holdup estimation, it is observed that 
Lu et al. (2018) [23] model predicts closer values to the 
Burns et al. (2000)[28] correlation. When using the three 
force models, slightly differences were observed for gas 
velocities. Moreover, rotation did not have an effect in al-
tering the gas velocities across the packed media, as re-
ported also in the literature.  

For liquid velocities, higher values were observed 
for the model proposed by Lu et al. (2018) [23], with 
lower values observed for the Attou et al. (1999) [20] 
model. When gas flow rates increase, similar behavior oc-
curs for the liquid velocity.  

Although the force model proposed by Attou et al. 
(1999) [20] and Lappalainen et al. (2008) [22] were fo-
cused in the flow behavior inside a sphere packed reac-
tor, it could be observed good agreement with the exper-
imental data for rotating packed beds with higher poros-
ity medias, such as the one developed by Lu et al. (2018) 
[23], which used force models focused in flow around 
wire meshes.  

Based on the presented study, it is possible to see 
that the hydrodynamic model for the RPB flow was suc-
cessfully implemented, and further comparisons with ex-
perimental data and CFD simulations results are ex-
pected to occur. Moreover, it is possible to further de-
velop the model to account for mass and heat transfer in 
the distillation of LNG/CO2 streams, to obtain character-
istic sizes and operational conditions for the equipment.  
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