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ABSTRACT: A rotating packed bed (RPB) is an innovative intensification
technology that improves its separation capabilities in high-gravity
conditions. This process increases efficiency with smaller equipment size
and footprint than conventional packed columns. Although significant
advancements have been made regarding RPBs, most studies only focused
on single or dual rotor configurations in addressing dry pressure drop.
Hence, multiple rotor systems in industrial settings can enhance economic
efficiency by minimizing the necessity for numerous RPBs. This study
investigated the pressure drops and holdup in a three-stage rotor-based RPB
under actual process conditions using natural gas as the feed. A novel
pressure drop correlation was introduced based on the nitrogen removal
process from the natural gas in continuous RPB distillation operations.
Consequently, the correlation between centrifugal acceleration, turbulent,
and momentum effects demonstrated remarkable accuracy within ±15%. This outcome also highlighted the importance of
meticulous design considerations in RPB-based applications due to the complex correlation between centrifugal forces, liquid
holdup, and gas flow rates. The reflux feed ratio, liquid holdup, rotating speed, and F-factor effects were examined to comprehend
the RPB distillation process. Overall, the correlations between the critical parameters offered crucial insights to prevent process
upsets (such as flooding), contributing to advancing RPBs in practical industrial settings.

1. INTRODUCTION
The distillation column is pivotal in refining and chemical
processes for separating components of a mixture based on
their boiling points. Distillation is critical in achieving specific
product purities and process efficiencies, accounting for a
significant proportion (40−60%) of energy consumption in the
industrial sectors.1,2 The internal design of the columns
involving the packing or tray configurations is instrumental in
enhancing mass transfer and facilitating effective gas−liquid
interactions.3 Nonetheless, achieving high separation perform-
ance in situations requiring stringent product purity results in
taller columns with more stages or packing volumes. This
design can be problematic in space-constrained environments,
such as brownfield projects or offshore facilities.
A study by Ramshaw and Mallinson developed the first

rotating packed bed (RPB) in 1981, which was a significant
advancement in process intensification to address these
challenges.4 The study revealed that this innovative technology
involving high-gravity concepts improved mass transfer
efficiency in distillation and absorption processes, reducing
the space required for the equipment. Generally, RPBs consist
of a cylindrical packing material bed rotating around a central
axis. This stage generates a high-gravity environment through
centrifugal force, substantially enhancing the gas−liquid
interaction than traditional packed beds. A commercial-scale

RPB installation by HiGee Environment and Energy
Technologies, Inc. at the Fujian Refining and Petrochemical
Company Ltd., China, documented that the intensified
approach significantly decreased the size of separation units
by 2−3 orders of magnitude.5−7

Figure 1 depicts that the RPB is commonly applied in
absorption and desorption,8−14 distillation,15−19 catalytic
reactions,20,21 wastewater treatment,22−24 and electrolysis.25−27

Several studies have reported that increasing the rotational
speed enhances the mass and heat transfer rate. Certain studies
have also highlighted that the absorption process can be
performed at speeds exceeding 1000 rpm.28−30 In contrast, this
process produces higher power as motor energy is proportional
to the square of motor power.31 Hence, the optimal point for
the process should be identified by determining the right
balance between power and efficiency.
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Despite the superior mass transfer capabilities of RPBs, this
system encounters difficulties with hydrodynamics and
pressure drops under high centrifugal acceleration conditions.
Pressure drops across components inside conventional
distillation columns usually require extra equipment (such as
pumps or compressors) to maintain desired flow rates and
process conditions. Meanwhile, a significant pressure drop in
an RPB requires higher design pressure and rotating
equipment, leading to a higher cost. Since 1988, numerous
studies have advanced the comprehension of pressure drops in
RPBs. A study by Keyvani and Gardner achieved an early
breakthrough by developing a semiempirical correlation for
pressure drops with foam metal packing at different surface
areas and rotational speeds.32 The study denoted that lower
pressure drops were observed in irrigated beds compared to
dry ones.
Another study by Liu et al. examined the influence of

packing material characteristics and gas flow rate on pressure
drop. Likewise, Sandilya et al. discovered minimal pressure
drop effects from the expansion and contraction in single-

rotor-based RPBs.33 Alternatively, Jiao et al. investigated the
gas pressure drop in a crossflow-based RPB,34 while Hendry et
al. analyzed the pressure drop in a horizontal RPB setup using
metal mesh packing.35 Pyka et al. also conducted a recent study
involving new correlations for pressure drop in dual-rotor-
based RPBs from 300 to 900 rpm.36 Similarly, Llerena-Chavez
et al. used computational fluid dynamics (CFD) to assess the
dry pressure drop across RPBs with a single-phase flow model
while introducing a new semiempirical equation.37 Wojtasik-
Malinowska et al. also applied CFD modeling to analyze
pressure drops in RPBs with porous packing to optimize the
system design.38

Liquid holdup is a crucial parameter in the performance of
an RPB, which can significantly impact the mass transfer
efficiency. The liquid is propelled outward due to centrifugal
acceleration, creating a thin film on the packing surface.
Therefore, this process significantly affects the liquid holdup. A
study by Burns et al. extensively researched the factors affecting
liquid holdup and validated their model with experimental
results.39 Consequently, the study was widely utilized by other

Figure 1. RPB-related research and development categories.

Figure 2. Block diagram for the overall test setup of the cryogenic nitrogen removal process (Cryonru).
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researchers.31,39 Other studies have also pointed out the
importance of liquid holdup in RPBs, demonstrating its
influence on micromixing efficiency, mass transfer rates, and
overall system performance.23,40−42

Most studies have focused on the performance of RPBs at
typical operating temperatures and lower operating pressures,
which frequently involve single or dual rotor stages. Never-
theless, more stages are required when the feed gas contains
more contaminants or higher purity levels are desired,
increasing the number of rotors. Thus, this study investigated
the pressure drop across a three-stage rotor setup used to
remove nitrogen from natural gas in a cryogenic process for
liquefied natural gas (LNG) production.

2. MATERIALS AND METHODS
2.1. Experimental Setup. Figures 2 and 3 illustrate the

high-pressure and cryogenic pilot plant employed in this study
for simulating a continuous process at the Cryonru facility. The
advanced system consisted of various critical components, such
as molecular sieve (mol-sieve) dehydration vessels, feed
coolers, a cryogenic RPB distillation unit, a condenser, a
reboiler, a reflux vessel, a reflux pump, a flash vessel, and a
vaporizer. This stainless steel setup was meticulously
interconnected through a piping network to ensure seamless
process integration.

The mass transfer experiments focused on nitrogen removal
from a binary nitrogen-methane mixture. Initially, the feed
gases sourced from cylinders or tanks were directed to the mol-
sieve dehydration unit. In subsequent low-temperature
operations, the moisture was reduced to only 0.1 ppm to
avoid excessive humidity, producing hydrate formation and
clogging issues. After dehydration, the gases were compressed
from 10 to 40 bar and mixed to create a homogeneous blend of
gases using a recycle line. This mixture was cooled to at least
−130 °C using feed coolers and then subjected to a pressure
reduction to 15 bar.
The Cryonru setup was designed to mimic a traditional

distillation column and featured the cryogenic RPB distillation
unit as its primary component. This RPB setup contained
upper (condenser, reflux vessel, and reflux pump) and lower
(reboiler and flash vessel) sections. The upper and lower
products of both sections then produced LNG and nitrogen
with minimal methane content, respectively. Moreover, the
RPB, piping, and all integrated equipment were insulated with
low-temperature thermal insulation materials and metal
jacketing to maintain the required operating temperature
while minimizing heat loss. This feature was essential to ensure
that the LNG remained liquid in the LNG storage vessel.
The facility was equipped with gas chromatography (GC)

and an online sampling line directly connected to the GC for
real-time feed gas, nitrogen-enriched products, and LNG

Figure 3. Cryonru process configuration for the low-temperature distillation process.
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analysis. A programmable logic controller (PLC) was also
employed as an interface for the process control and
instrumentation system to regulate pressure, temperature,
level, and flow within the processing unit. Several variables
were then systematically varied during testing, including the
rotational speed of the RPB (300−900 rpm) and operational
pressure (12−15 bar). The nitrogen concentration in the feed
gas was also adjusted to thoroughly evaluate the nitrogen
separation performance under different high-gravity conditions
using cryogenic RPB distillation. Particularly, the RPB
possessed wire mesh packing (0.85 porosity), diameter and
height of 1 m, respectively, and variable speed control for
precise operational adjustments.
2.2. Pressure Drop Analysis. This study assessed the RPB

operations at pressures higher above atmospheric pressure and
cryogenic temperatures, which were topics not previously
addressed in previous studies. Therefore, the nitrogen removal
process for producing LNG was focused on using a cryogenic
experimental setup with an RPB. A critical component of the
experimental procedure also involved the cooling down phase,
encompassing the entire system (including the cryogenic RPB
distillation). This step was carefully controlled to prevent rapid
cooling, which could cause thermal expansion with potential
hydrocarbon leakage at the joints and freezing issues during
the low-temperature processes.
The pressure was an essential parameter in the distillation

process (similar to traditional distillation methods), which
ensured that the optimal condensation and reboiling rates
reached the desired separation efficiency. Thus, the pressure
drop across the RPB was mainly monitored as part of the
experimental protocol. This pressure drop was also primarily
affected by the turbulent fluid behavior, centrifugal effects from
rotational accelerations, and momentum effects (described in
this study using a semiempirical equation). Additionally, the
pressure drop caused by the angular velocity of the rotor due
to centrifugal acceleration was significant in the overall
pressure dynamics of the RPB. Therefore, this discovery was
supported by other studies and incorporated into the
correlations of this study.
The observations indicated that the gas phase pressure drop

was more pronounced than the liquid phase. This outcome was
attributed to the lower liquid holdup produced by the
centrifugal force, rendering the gas flow rate a more critical
factor than the liquid flow rate. Thus, a new correlation was
developed to account for the pressure drop caused by
turbulence inside the RPB. The effects of centrifugal
acceleration were also integrated into this correlation, which
was regulated by a variable frequency drive to control the
speed of the rotor. Considering that the momentum effect was
integrated following a study by Sandilya et al.,43 this effect was
incorporated into new equations to account for the impact of
solid slip between the fluid and internal packing on pressure
drop. The equation for the total pressure drop (ΔPtotal) is
expressed as follows:

P P P Ptotal t c m= + +

where ΔPt is the pressure drop due to turbulence, ΔPc is the
pressure drop due to centrifugal acceleration, and ΔPm is the
pressure drop due to momentum. Hence, the equation for ΔPt
is formulated as follows:
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Meanwhile, the ΔPc of fluids in an RPB consisted of the rotor
and internal packing. Hence, the equation for ΔPc is expressed
as follows:
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where the value of K is determined from the regression of the
experimental result (1.31529). Likewise, the equation for ΔPm
is formulated as follows:
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Consequently, eq 1 is denoted as follows:
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2.3. Error Analysis. The proposed semiempirical model is
evaluated using the absolute average relative deviation percent
[AARD (%)] and correlation coefficients (R2) as follows:44
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where n denotes the number of data points from the
experiment, Pi

exp and picalc denote the pressure drops from the
experiment and calculation, respectively, and p̅ denotes the
average pressure drop from the experiment.

3. RESULTS AND DISCUSSION
3.1. Pressure Drop. Figure 4 displays the parity plot

comparing experimental and calculated pressure drops,
demonstrating a close agreement within ±15% AARD and
95.5% R2. The results validated the effectiveness of the newly

Figure 4. Parity plot for the experimental and calculated pressure
drop.
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developed correlation, which was specifically tailored for a
three-stage rotor system. Thus, the proposed correlation in this
study was robust in predicting pressure drops for RPBs. Figure
5 portrays that the correlation offers a more accurate forecast

of the pressure drop across the RPB at varying rotational speed
compared to the models proposed by Kelleher and Fair (see eq
7)45 and Singh et al. (see eq 8)46 as follows:
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This study revealed that the pressure drop increased directly
to centrifugal acceleration, consistent with the correlation
findings from Kelleher and Fair45 and Singh et al.46 All three
correlations presented a strong agreement below 300 rpm.
Conversely, pressure drops significantly above 600 rpm,
following theoretical predictions. This study also discovered
that the correlation between centrifugal and fluid friction
factors within porous media in Singh et al.’s study tended to
overestimate pressure drops (particularly above 500 rpm).46

Furthermore, the difference became more pronounced at
higher speeds. Alternatively, the correlation from Kelleher and
Fair tended to underestimate pressure drops at rotational
speeds above 350 rpm (precisely above 600 rpm).45 The
observation was based on correlations determined from
cyclohexane or n-heptane experiments conducted under
specific conditions [operating pressures = 166 and 414 kPa
(total reflux conditions)].45

Typically, flooding in packed columns is a significant
operational constraint caused by the excessive accumulation
of the liquid phase. This phenomenon significantly hinders gas
flow and reduces mass transfer efficiency, notably increasing
the pressure drop or reducing it in a column throughput.
Hence, the functionality of the column at this juncture is
severely compromised, resulting in operational instability. On
the contrary, flooding in RPBs presents unique challenges. This
phenomenon occurs when centrifugal forces cannot distribute
the liquid phase evenly, producing accumulation at the packing
and the eye of the rotor. Previous studies denoted that this
scenario was commonly associated with either excessive liquid
presence or inadequate drainage, which was potentially due to
excessive centrifugal acceleration (particularly at the eye of the

rotor).47 Consequently, the interaction between vapor and
liquid was significantly obstructed, reducing separation
efficiency.
Figure 6 illustrates the correlation between liquid load and

pressure drop. A higher liquid load from 0.7 to 0.9 m3/h m2

demonstrated only a marginal increase in pressure drop, with a
peak at approximately 0.45 bar. This outcome suggested a
nonlinear correlation between liquid load and pressure drop,
indicating additional factors influencing flooding (see eqs 9
and 10).41,47

U
Q
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Q
r r

superficial velocity:
( )2

2
1
2= =

(9)

F F Ufactor: = (10)

The F-factor for indicating gas velocities or densities was
also identified as a critical parameter. Thus, a threshold F-
factor value of 1.5 m/s (kg/m3)1/2 observed in this study
implied a high risk of flooding in the RPB. This threshold was
crucial for predicting when flooding conditions could occur.
Figure 7 displays how rotational speed variations affect the

system, specifically at 0.35 and 0.8 m3/h m2 liquid loads.
Consequently, a higher rotational speed (700 rpm) caused a
pressure drop of less than 0.3 bar for a lower liquid load of 0.3
m3/h m2. When the liquid flow rate increased to 0.8 m3/h m2,
the F-factor and pressure drop increased dramatically with
higher rotational speed. Nevertheless, these were still lower
than the predetermined threshold for this study.

Figure 5. Pressure drop from the experimental and calculated
pressure drop.

Figure 6. Effect of the F-factor on the pressure drop at different liquid
loading.

Figure 7. Effect of the rotational speed on the F-factor and pressure
drop.
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Overall, the correlations between liquid load, rotational
speed, and the F-factor in RPB operations were complex and
significantly impacted the efficiency and stability of the system.
The results enhanced comprehension of flooding dynamics in
RPBs and established vital benchmarks for operational
parameters to mitigate flooding risks.
3.2. Reflux Feed Ratio. This study investigated how the

reflux feed ratio (RFR) in a distillation column affected
separation efficiency, energy utilization, and overall column
design. Figure 8 depicts a significant increase in pressure drop

in the RPB as the reflux feed ratio increases. The pressure
drops at a reflux feed ratio of 2 increased significantly once the
rotational speed exceeded 600 rpm. This phenomenon was
potentially caused by higher liquid flowing back to the RPB
and the rotor eye, leading to increased turbulence at higher
speeds. Specifically, the rotor eye was a crucial area for liquid−
gas interaction and was prone to flooding during high liquid
and intense gas−liquid traffic conditions.
A substantial risk of liquid entrainment could occur within

the gas stream at high reflux feed ratios, contributing to
increased pressure drops. The pressure drops highlighted
minor sensitivity to reflux feed ratio variations at rotational
speeds below 500 rpm. Figure 9 further elucidates the

correlation between F-factor, pressure drop, and reflux feed
ratio. Consequently, increasing the reflux feed ratio from 1 to 3
significantly increased the pressure drop (particularly at lower
F-factors). This outcome was attributed to the excessive liquid
recycling and subsequent liquid entrainment in the gas phase.
The influence of the reflux feed ratio on pressure drop

diminished at higher F-factors, suggesting a higher stabilized

system behavior. Although the pressure drop at a reflux feed
ratio of 1 was comparatively lower than at reflux feed ratios of
2 and 3, this pressure drop increased with a higher F-factor.
These observations underscored the complex correlation
between centrifugal acceleration and liquid−gas dynamics in
the RPB, stressing the importance of a thorough study to
improve rotor design for mitigating flooding risks at targeted
reflux feed ratios. Therefore, attaining an optimal reflux feed
ratio was crucial for distillation processes to achieve high
separation efficiency.

3.3. Liquid Holdup. Figure 10 portrays the effect of gas
flow rate, pressure drop, and calculated liquid holdup following
the correlation reported by Burns et al. as follows:39
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where g0 = 100 m/s2 and U0 = 1 cm/s. The pressure drop and
liquid holdup became lower when the rotational speed
increased from 300 to 700 rpm at the constant gas flow rate,
which was in agreement with previous studies.48,49 Meanwhile,
a 3.9941 kg/min gas flow rate at 300 rpm produced a minimal
pressure drop of 0.2 bar and liquid holdup of 0.005.
Conversely, a significant increase in the pressure drop (1.08
bar) and liquid holdup (0.0088) was recorded when the gas
flow rate increased to 7.0567 kg/min. This finding was
potentially due to small liquid entrainment in the gas stream as
the flow rate and rotational speed increased.
A higher gas flow rate of 8.2 kg/min slightly reduced the

pressure drop and liquid holdup. This outcome was attributed
to stabilizing the rotation within the rotor packing, resulting in
reduced turbulence and liquid entrainment in the gas outlet
stream. On the contrary, increasing the rotational speed to 700
rpm gradually raised pressure drop and liquid holdup with only
marginal increments. This phenomenon could be caused by
higher liquid entrainment in the gas stream at higher liquid
holdup and gas flow rates, contributing to a higher pressure
drop. An increase in rotation speed from 300 to 700 rpm at a
constant gas flow rate of 4 kg/min also resulted in lower liquid
holdup and pressure drop (specifically at 6 to 7 kg/min gas
flow rate). This observation indicated that improved gas−
liquid contact promoted better interaction between gas and
liquid phases, reducing pressure drop and liquid holdup.

Figure 8. Effects of reflux feed ratio and rotational speed.

Figure 9. Effects of reflux feed ratio and F-factor.

Figure 10. Effects of gas flow, liquid holdup, and pressure drop at
different speeds.
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Overall, the flood limit should be avoided to prevent
turbulent conditions within the RPB from affecting separation
efficiency. The results highlighted the importance of careful
design considerations in RPB applications due to the complex
interplay of centrifugal forces, liquid holdup, and gas flow rates.
Therefore, finding this equilibrium was crucial for maximizing
the capabilities of RPB in separation processes to achieve
better efficiency.

4. CONCLUSIONS
The study entailed the construction of a cryogenic pilot facility
that utilized a low-temperature RPB distillation system to
extract liquefied natural gas (LNG) at a minimum temperature
of −161 °C and a maximum pressure of 15 bar. A 15% increase
in accuracy was attained during the formulation of novel
pressure drop correlations that accounted for momentum,
centrifugal acceleration, and turbulence. Liquid holdup was
found to be diminished with increased rpm, while pressure
drop and holdup were found to be positively correlated with
gas flow rate. This results in liquid interaction in the RPB.
Moreover, fluctuations in the reflux feed ratio were noted in
this investigation, which led to the conclusion that an
escalation in rotational velocity is commensurate with an
increase in pressure drop. This increase became significant
when the rotational speed exceeded 600 rpm at a 2.0 reflux
feed ratio. As a consequence of the subsequent escalation in
flooding risk brought about by the rotor’s excessive liquid
levels, nitrogen removal efficiency was diminished. However,
the F-factor results provided evidence that the potential for
flooding was significantly reduced compared to the threshold.
For industrial applications in particular, additional research is
necessary to determine the upper and lower flooding limits of
low-temperature RPB distillation.
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■ NOMENCLATURE
A′, B, B′ constants
A surface area, m2

G volumetric gas flow rate, m3/s
F F-factor, (kg/m3)1/2
K empirical parameter for centrifugal term
Q volumetric flow rate, m3/s
Z axial height of the RPB, m
a effective interfacial area, m2/m3

d wire diameter of wire mesh packing, mm
ṁ mass rate of flow, kg/s
g gravitational constant, 9.806 m/s2
ΔPtotal total pressure drop, Pa
ΔPt turbulent pressure drop, Pa
ΔPc centrifugal pressure drop, Pa
ΔPm momentum pressure drop, Pa
Pcal pressure drop from calculation, bar
Pexp pressure drop from experiment, bar
r radius, m
r1 packing inner radius, m
r2 packing outer radius, m
V0 axial-average tangential velocity of gas, m/s
Vr axial-averaged interstitial velocity of gas, m/s
U superficial velocity, m/s
U0 characteristic flow rate per unit, m/s

■ GREEK LETTERS
ω rotating speed, rpm
ε porosity of packing, m3/m3

ϵ liquid holdup (m3/m3)
ρ density, kg/m3

ρg density of gas, kg/m3

ρL density of liquid, kg/m3

■ ABBREVIATIONS
RPB rotating packed bed
rpm rotational per minute
LNG liquefied natural gas
R2 correlation coefficients
AARD average relative deviation
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