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Abstract: Rotating packed beds (RPBs) enhances mass transfer processes because a centrifugal force which is several -times greater
than gravity is used as the driving force. The complexity of fluid flow across RPBs has made predicting and accurately determining
their hydrodynamic behaviours difficult. The flooding point as a hydrodynamic characteristic is essential for the accurate design and
scale-up of RPBs. However, variations in flooding point definitions and methodologies across the literature highlight the need for
standardized approaches in studying RPB flooding phenomena. This study compared four approaches based on pressure drop
fluctuations and the volume of liquid ejected from the RPB to determine the onset of flooding in RPBs using experimental results from a
pilot-scale counter-current RPB. For rotational speeds of 300 -1500 rpm, gas flow rate of 100-300 Nm®/h, and liquid flow rates of 0.39-
0.75 mh, the pressure drop varied from 314 to 2,100 Pa. Quantitative comparisons of the results based on different flooding point
definitions showed wide variations with the values of the pressure drop at the onset of flooding differing by as much as 325 %. A
quantitative approach based on virtual observations and the ejection of 8 % of the total liquid flow rate from the rotor’s eye is proposed
as the standard method for identifying the onset of flooding in RPBs.
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1. INTRODUCTION

Understanding the hydrodynamic principles is crucial in designing, modelling, and scaling up. It is essential to obtain
fundamental data for developing rules and guidelines for designing and controlling newer separation equipment such as
rotating packed beds (RPB). The RPB is an innovative process intensification equipment that utilises centrifugal force as
opposed to the conventional gravity used in previous separation equipment [1]-[3].

As gas-liquid contacting devices, the centrifugal force in RPBs greatly enhances the interphase contact area and
consequently, mass transfer efficiency, by shredding the liquid flow into films, filaments, and droplets as determined by
the rotation speed of the rotor [4], [5]. Like conventional packed separation columns, hydrodynamic characteristics such as
the loading point and the flooding point are essential in RPB operations. Various RPB hydrodynamic parameters such as
liquid holdup, gas pressure drop, liquid dispersion, and flooding are extensively discussed in the literature [6], [7].
Accurately predicting pressure drops and upper operating limits is key to understanding essential aspects of RPB
hydrodynamics. Despite significant research and industrial applications, the design of RPBs remains case-specific and in
need of improvement [1], [7], [8]. In conventional packed separation columns, flooding occurs when the liquid flow
surpasses the packing material's capacity for gas-liquid contact, leading to ineffective mass transfer. Determining flooding
points is critical for safe and economical operations. Numerous studies have explored the influence of pressure drop in
RPBs using empirical models and measurement techniques such as the fractionation method, visual studies, the use of
Doppler optical probes, and the use of artificial neural networks [9]-[12]. RPBs typically exhibit higher hydraulic
capacities, pressure drops, and flooding capacities compared to conventional packed separation columns (CPSCs),
allowing for the use of high-porosity packings and specific surface areas. This enables RPBs to utilize high-porosity
packings of up to 90 to 95% and high specific surface areas in the range of 2000 to 5000 m%m?® [7], [13], [14]. However,
identifying design factors like loading and flooding points is more challenging in RPBs due to the complexity introduced
by rotation. In RPB operations, two-phase flows are common, including gas and liquid. Dhaneesh & Ranganathan [15]
reported that due to the strong centrifugal acceleration in RPBs, packings with high contact areas are used allowing for the
utilization of the reactor at high flooding limits.

The presence of liquid in RPB packing reduces available area and increases frictional pressure drop. Different methods
for characterizing flooding in RPBs have been proposed, including visual observations and pressure drop fluctuation
methods. Various approaches exist for determining flooding points in RPBs [16], each with its advantages and limitations.
Rao et al., [17] reported that flooding in RPBs (otherwise referred to as the upper operating limit) differs from that in
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CPSCs because of the doughnut shape of the flow area, the presence of the centrifugal field, and the orientation of the rotor.
Additionally, for RPBs, the entire rotor does not get flooded, and the holdup does not increase steeply. According to
Neumann et al., [18], the flooding in RPBs, occurs in the 'eye' of the rotor because it has the lowest centrifugal field and
the highest mass fluxes. Hence, Hendry et al. [7] explained that the pressure drops during flooding in RPBs are inconsistent
because the flooding is accompanied by liquid rejection from the eye of the rotor. In RPB operations, the most common
multiphase flows are the two-phase flows which include gas-liquid flow and, liquid-liquid flows. The presence of a liquid
in an RPB packing is perceived to serve as an extra liquid film which reduces the available area of the packing. The
lowered free area of the packing consequently leads to an increase in the frictional pressure drop [19]. Thus, many
researchers ([7], [20]) hypothesized that the presence of a liquid increases the opposition of the gas flow by blocking some
of the packing pores and thus reducing the porosity of the packing which leads to an increase in pressure drop. An analysis
of previous literature has shown several different methods and approaches (both visual and calculation) for characterizing
flooding in RPBs. The first method is the use of observing the onset of the splash of the liquid in the eye of the rotor [8].
The procedure involves neutralizing two operating variables (rotation speed, liquid flow rate for example) and
manipulating the third one (varying gas flow rate). If the gas flow rate increases beyond the flooding point, the liquid will
accumulate in the center of the rotor. The second method is the use of the pressure drop fluctuation method [21]-[23]. In
this method, the RPB flooding points are inferred from the total pressure drop polynomial curve against angular velocity at
constant gas and liquid flow rates. The procedure is similar to that of the first method described above. However, in this
method, the approach is to begin with a high rotation speed and then reduce it gradually until the flooding point is reached
[22]. Hendry et al., [7] used a slightly different variation of this method by identifying the flooding point as a fast increase
in ejected liquid on decreasing the rotation speed. Flooding was considered to start when the flow rate of ejected liquid
through the gas outlet was up to 8% of the total inlet flow rate. The procedure of Hendry et al. [7] introduced a more
quantitative approach to the determination of the onset of flooding in RPB operations. However, the approach may not be
feasible when dealing with expensive or toxic fluids. In the third method, a combination of the two methods mentioned
above is adopted. The flooding point is identified by increasing the gas flow rate and, in another set of experiments, by
decreasing the rotation speed. In both cases, the flooding point is determined by the physical observation of the liquid
entrainment occurring in the eye and the use of the pressure drop curve [8]. Finally, in the fourth approach by Burns et al.,
[6], the variation in the liquid holdup without and with the gas flow in the RPB was used to determine the flooding point.
Flooding was taken as when the ratio of liquid holdup without gas flow to the liquid holdup with gas flow diverges from 1.
Based on the various approaches and methods of obtaining the flooding points of RPBs as discussed above, [17], [24]
highlighted that there exist various definitions of the flooding point for RPBs. Hendry et al., [7] and Neumann, et al., [8]
reported inconsistencies in the literature on the methods adopted to determine the beginning of flooding in RPBs. Several
divergent definitions have been given by various researchers for the RPB flooding phenomena [7], [21]-[23], [25]. Table 1
is a compilation of some definitions of the flooding point in RPBs as presented in some previous literature.

Table 1: Different definitions of RPB flooding points

s/No. Various Flooding definition References

0] The point where the value of the slope of the plot of logarithmic pressure drops  [26]
against the logarithmic gas flow rate is > 2.

(i) A step increase in pressure drop amounting to 5 Pa per unit decreases rotation [22]
speed as measured per minute.

(iii) The point where the pressure drop across the RPB increases to a maximum then  [21]
abruptly begins to fall.

(iv) The point of minimum pressure drop in the pressure drops against rotation [23]
speed polynomial curve.

(v) The point where the expelled liquid flow rate suddenly exceeds 8 % of the inlet  [7]

liquid flow rate.

Pressure drop serves as a critical indicator for assessing the energy consumption and resistance within Rotating Packed
Beds (RPBs). Higher pressure drops signify increased fluid flow and consequently higher energy consumption. Therefore,
various aspects of RPBs, including structural design, capacity, selection of internals, and operational costs, are all
interconnected with energy requirements dictated by the pressure drop. Figure 1(a) illustrates a typical RPB pressure drop
profile against the rotor speed, delineating flooding definitions according to multiple authors. For instance, Gladyszewski
et al.,[27] demonstrated that layers of anisotropic packings made of rings made from chrome-nickel foams of various
specific surface areas ranging from 500 to 2800 m“/m? and porosity of 92 % operated in a countercurrent RPB with an
outer casing radius of 230 mm, an inner rotor diameter of 73 mm and an outer rotor diameter of 200 mm, exhibited the
depicted characteristic curve. Similarly, numerous other studies have documented analogous pressure drop profiles against
rotor speed for RPBs [8], [17]. By comparing three-dimensional packings with pall rings and wire mesh packings in RPBs,
Yuan et al. [28] showed that the three-dimensional packings produced expressively lower the pressure drops, which
underscores the dependence of the flooding in RPBs on the packing characteristics.
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Figure 1: A schematic of the definitions of RPB flooding as given by various literature sources

Comprehensive studies that compared the different definitions of RPB flooding towards establishing standard criterion
and definition for the phenomenon are scarce in the literature. This study compares experimental values of the RPB
flooding point based on four reported definitions of RPB flooding. The goal is to identify a standard for this crucial RPB
design parameter by evaluating the strengths and weaknesses of each definition. This comparison aims to provide a
foundation for determining the most accurate option and establishing a consistent method for identifying flooding limits in
RPBs.

2. METHODOLOGY

A pilot-scale RPB (RPB500) from Proceller, Poland, was used to facilitate a counter-current air-water flow system
under ambient conditions. The RPB rotor, with inner and outer radii of 80 mm and 250 mm respectively, and an axial
height of 40 mm, employed a commercial structured packing element made of stainless steel. The packing had a total area
per unit volume of 2400 m™, a porosity of 86%, and an axial height of 40 mm. Water, stored in a 0.6 m* polypropylene
tank, was supplied to the RPB via a magnetic drive pump (lwaki, model MDG-R15P), distributed through a single central
liquid distributor with 32 holes each 1.5 mm in diameter. The liquid flow rate was regulated by a ball valve and measured
with a liquid flow meter (Brooks Instruments, Model 2510). Ambient air, provided by a single-stage side channel blower
(BUTSCH SAMOS, SB 0430 DO0), with a nominal pumping speed of 500 m*/h and a maximum differential pressure of 260
mbar, was measured using a calibrated variable area flow meter (Brooks, MT3809 Series). The pressure drop across the
RPB was gauged using a differential pressure sensor (Rosemount 3051 Pressure Transmitter).

2.2 Experimental Procedure

During each experiment, three process parameters were varied within specific ranges: rotational speed (300-1500 rpm),
gas flow rate (100-300 Nm?®/h), and liquid flow rate (0.39-0.75 m*h). Two methods were employed to monitor RPB
flooding points. The first method, inspired by [8] and [28], involved observing the pressure drop while varying one process
parameter while keeping the other two constant, identifying flooding onset when the first droplets appeared at the liquid
outlet. The second method, based on the quantitative approach of Hendry [3] and Garba et al. [25], observed increasing
acceleration of liquid droplets with rotational speed, leading to fast liquid ejection from the rotor's eye to the gas outlet.
Liquid ejection was collected using a hydrocyclone attached to the gas outlet, with flooding onset determined when the
volume of ejected liquid exceeded 8% of the total liquid flow into the RPB. Each experimental run was repeated at least
three times to ensure reproducibility.

3. RESULTS AND DISCUSSION

3.1 RPB Flooding Point as Determined by Pressure drop Variations

Pressure measurements and the effect of rotation speed on wet pressure drop were plotted and presented in Figure 2.
The characteristic pressure drop curve of RPBs was consistently observed across all the combinations of operating
conditions studied. At constant gas and liquid flow rates, a rapid pressure drop decrease was observed as rotation speed
decreased from the maximum of 1400 rpm, with a decrease of about 28% per 200 rpm decrease in speed. Conversely, at
constant rotation speed and liquid flow rate, a 35% average pressure drop increase was observed for each 50 Nm®h gas
flow rate increase. Generally, rotation speeds below 600 rpm yielded a rapid decrease in pressure drop, while speeds above
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600 rpm led to a rapid increase. The decrease in pressure drop with decreasing rotation speed was attributed to a reduced
need for overcoming rotation-induced pressure drop and decreased forced rotation of air in the rotor. A minimum pressure
drop was reached at 600 to 400 rpm, beyond which only very small pressure drop changes were observed. Increases in
pressure drops at lower rotational speeds were linked to increased liquid holdup, film thickness, liquid entrainment, and
flooding, potentially blocking packing pores and increasing gas velocity, resulting in frictional pressure drop. (Burns et al.
[6] explained this phenomenon as a consequence of increased liquid holdup and film thickness with reduced rotational
speed of the rotor, which leads to less free space in the packing which increases the pressure drop. Conversely, at lower
speeds, liquid accumulation and flooding increased pressure drop. Conversely, at lower rotational speeds greater than 400
rpm, two main factors contribute to the increased pressure drop: increased liquid entrainment, and flooding. The
accumulation of liquid can potentially block the packing pores, reducing the cross-sectional area for flow and increasing
gas velocity, resulting in a frictional pressure drop in the packing.
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Figure 2: Effect of rotor speed on pressure drop at gas varying gas flow rates from 100 to 250 Nm*h for (a) L= 0.39 m%h

(b) L= 0.6 m*h (c) L= 0.72 m*h indicating points of RPB flooding according to the definitions of Lockett [21], Singh et
al,, [22] and, Rajan et al., [23]

Figure 2 illustrates that increasing either gas or liquid flow rate at a constant rotation speed results in a higher pressure

drop. Elevating the gas flow rate heightens pressure drop due to friction with packing components, gas compression, and
pressure gradient-induced changes in the gas flow direction. Similarly, augmented liquid flow rates raise pressure drop by
blocking packing pores, inducing inertial Coriolis forces on the moving gas within the packing, forming regions where gas
rotates along a straight or curved axis (free vortices), and accumulating liquid in the rotor's eye.
Three distinct definitions of RPB flooding proposed by [21], [22], and, [23] were employed to determine the pressure drop
at flooding (refer to Figure 2). A comparison of these definitions revealed significant disparities in values of the pressure
drop at flooding, ranging from 12% to 59%. This indicates that unlike in conventional separation columns, pressure drop
readings alone are insufficient indicators of flooding points in RPBs.

3.2 RPB Flooding Point as Determined by the Quantity of Ejected Liquid

Figure 3 presents contour plots of flooding experiments based on the methodology of [7], showing plots for the lowest
and highest liquid flow rates utilized. Flooding, defined as liquid entrainment equal to or exceeding 8% of the total liquid
inlet flow rate, is depicted in red-shaded regions on the contour plots, while blue-shaded areas represent operational
regions without flooding or liquid entrainment. The shading intensity indicates the percentage of flooding. The boundary
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between colours represents loading points, where the gas pressure gradient from the outer packing counteracts the liquid
force from the inner packing, often characterized by a visible liquid accumulation in the RPB eye. At constant gas and
liquid flow rates, flooding in packed separation columns initiates due to instability arising from the interaction between
pressure gradient, liquid holdup, and wave-type instability. Consequently, across all liquid flow rates studied, low rotation
speeds lead to flooding due to low centrifugal forces, governed by gas flow rate and liquid instability in the rotor's eye. At
a low liquid flow rate of 0.39 m*h, flooding occurs at low rotation speeds (<200 rpm) and medium to high rotation speeds
(900-1400 rpm) for a relatively high gas flow rate range of 160-250 Nm®h. Conversely, at higher liquid flow rates of 0.6
and 0.72 m*/h, flooding occurs at the same low rotation speed range but at a lower gas flow rate of approximately 115
Nm?h. Additionally, no flooding is observed at the two higher liquid flow rates when operated at rotation speeds
exceeding 300 rpm across all gas flow rate ranges.
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Figure 3: Contour plots showing combination of operating conditions at which flooding is absent (blue coloured area ), and
operating conditions at which flooding and entrainment are recorded (red coloured area) for various liquid flow rates

Figures 3 (a) and (b) illustrate the minimal impact of liquid flow rate on RPB pressure drop. Transitioning from 0.6 to
0.72 m*/h resulted in nearly identical contour plots, with the pressure drop difference between these two conditions being
less than 10%. Li et al. [29] emphasized that increased pressure drop is primarily attributed to packing surface drenching
and liquid obstructing packing pores to gas flow. Hence, RPB pressure drop correlates with rotation speed and gas flow
rate, underscoring the marginal influence of liquid flow rates.

3.3 Comparison of Pressure Drop at RPB Flooding Point across Different Definitions
At a low liquid flow rate of 0.39 m%h and a high gas flow rate of 250 Nm*h, which induced flooding at both low and
high rotation speeds, Table 2 presents a comparison of pressure drop values at the onset of flooding, as obtained using
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various definitions depicted in Figure 2. Pressure drop values based on the RPB flooding definition by Rajan et al. [23],
relying on minimum pressure drop, are utilized for the comparisons.

Table 2: Comparison of pressure drop at the onset of RPB flooding as obtained based on various definitions

References Pressure drop at the onset of Deviation from minimum (%o)
flooding (kPa)

[22] 0.526 54

[21] 0.399 17

[23] 0.341 -

[7] 1.449 325

Table 2 demonstrates notable discrepancies in pressure drop at flooding, spanning from 17% to 325%. The highest
pressure drop was recorded following the methodology outlined in Hendry et al. [7]. The observation was caused by the
increased liquid accumulation within packing pores and the rotor eye. These variations underscore the limitations of
relying solely on pressure drop as a predictor of flooding points in RPBs, as advocated by some researchers. The intricate
fluid flow dynamics through RPB packings contribute to these disparities. Thus, employing a qualitative approach, which
considers visual inspection of liquid retention in the rotor eye, liquid holdup in the packing, and liquid ejection from the
gas outlet, emerges as a more dependable method for determining RPB flooding points. While qualitative assessments
suffice for most cases, incorporating gas pressure measurements serves as a supplementary safety measure, especially
when dealing with hazardous or expensive fluids. The gas pressure measurement in such a method is needed to serve as a
guide and for safety purposes. However as observed by Garba et al. [30], the use of such a method to obtain RPB flooding
points may be challenging when toxic or costly fluids are involved.

4. CONCLUSION

This study rigorously investigated flooding behavior, a fundamental hydrodynamic aspect of RPBs, by examining the
influence of key operational parameters. The influence of the three major operating parameters of the RPB was explored.
Two of the most commonly used approaches to determine flooding in RPBs were used to ascertain the pressure drop
variations and consequently, the onset of flooding. For process parameters covering a rotational speed of 300-1500 rpm,
gas flow rate of 100-300 Nm®/h, and a liquid flow rate of 0.39-0.75m%h, the pressure drop varied from 314 to 2,100 Pa. A
wide variation in the values of the pressure drop at the onset of flooding was as high as 325%. A quantitative approach
based on both virtual observations and the ejection of 8 % of the total liquid flow rate from the eye of the rotor is proposed
as the standard method of identifying the onset of flooding in RPBs. The proposed method complements visual
observations and pressure drop measurements
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