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A B S T R A C T

A novel design rotating packed bed is presented, aiming at mitigation of liquid maldistribution commonly en-
countered in rotating packed beds. The design consists of three concentric, perforated rings placed in the
packing, which act as liquid redistribution rings. The effectiveness of the redistribution rings in a rotating packed
bed was experimentally demonstrated, showing that an induced maldistribution of 3×1/16th was mitigated by
at least 90 % within the design operating window. Furthermore, an induced maldistribution of 1/4th of the
reactor was mitigated by at least 70 %, irrespective of whether a random packing is present or not. The proposed
repeated use of redistribution rings therefore enables a more uniform wetting of the whole packing, which
potentially enables a more effective scale-up of rotating packed beds. To assist the design of redistribution rings,
a design equation for the thickness of the liquid layer on the redistribution rings (which determines the operating
window) was developed and shown to be accurate within 10 %.

1. Introduction

Mass transfer steps often limit the productivity of reactors and unit
operations (e.g. mixing, separation) for multiphase processes; enhan-
cing gas-liquid mass transfer rates is therefore an essential part in in-
creasing production rates per equipment volume. This leads to a higher
productivity (or a reduced equipment size) and a more efficient usage
of raw materials and potentially safer plant operation, i.e. for process
intensification [1].

Gas-liquid mass transfer rates can be improved by application of a
centrifugal field [2], most notably in high gravity reactors [3,4], such as
spinning disc reactors [5,6], annular extractors [7] [8], and rotating
packed beds (RPB) [9–,1–14]. Of these intensified reactors, the RPB
reactor is relatively mature [15], [16]; implementations [17,18] range
from various countercurrent stripping processes (e.g. water deaeration
[19–,1–23], dehydration [24], H2S removal [25–,1–27], CO2 capture
[28–,1–30], SO2 removal [31]) to nanoparticle production [32–,1–35]
and distillation [18], [36].

An RPB uses a centrifugal field to increase the gas-liquid and liquid-
solid contacting areas by decreasing the liquid film thickness and the
mean droplet size in the packing [37]. Fig. 1 shows the basic design of a
single block RPB from which a range of configurations have been de-
rived; all designed to solve maldistribution in the RPB and to enhance
the gas-side mass transfer. Liquid enters the RPB in the center via a
liquid distributor and, due to centrifugal forces, flows radially outwards

through the packing (rotor). For counter-current gas-liquid flow, the
gas is forced radially inward through the packing (rotor) by a pressure
difference. The width (W) of the RPB mainly determines the throughput
capacity and the difference between the inner radius (ri) and outer ra-
dius (ro) of the RPB determines the mass transfer capacity.

When increasing the outer radius of the RPB for scale-up, the cross
sectional area increases. This creates a major problem in the angular
distribution of the liquid. Furthermore, gravity induces a maldistribu-
tion in the axial direction. Maldistribution is already encountered in tall
stationary (gravity-driven) packed columns [38], but it is exacerbated
by the centrifugal force in RPBs: preferred paths and dry spots form
[14,39], and efficiency decreases [10]. In literature, various solutions to
this problem have been proposed. The most straightforward solution is
increasing the liquid flow, which increases the wetting of the RPB and
its performance [40,41]. However, the inner radius of the RPB de-
termines the maximum gas and liquid flow through the RPB, above
which flooding will occur [42]. This flooding limitation can be over-
come by using cross-current flow instead of counter-current flow, as is
done in cross-current single block RPBs [11,43]. In this case, however,
the liquid maldistribution still occurs for large RPB outer radii [44].
Moreover, crossflow has a lower contacting efficiency than counter-
current flow. RPBs with split packing enable both redistribution of the
liquid at regular intervals, which limits the formation of dry spots, and
cross-current flow [45–,1–47]. Unfortunately, their mechanical con-
struction is rather complex construction-wise, they mainly improve the
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gas-side resistance controlled mass transfer processes and they can only
operate as single stage [13]. The rotating zigzag bed reactor (RZB) also
allows counter-current flow and has the ability to incorporate incoming
liquid flows at different radii of the RZB [48–,1–50]. However, it does
not easily allow the use of packing (which excludes heterogeneously
catalyzed reactions) and it has a high energy input due to the constant
angular and radial acceleration (at the rotor) and deceleration (at the
stator) of the liquid [51]. A combination of the split-packing RPB and
the RZB, the two-stage counter-current RPB [52], is capable of redis-
tributing the liquid internally, has packing, can be used multistage, and
has cross-current flow, making it a promising improvement of the single
block RPB. However, due to the complex rotor structure and high
manufacturing precision required, this technique is expected to be ra-
ther costly [29]. Furthermore the liquid still loses all its angular and
radial velocity between stages, resulting in the same high energy de-
mand as the RZB. A relative simple RPB, called the high-speed dis-
perser, can operate with and without packing and uses a rotating pil-
lared ring to break up flying droplets to create large gas-liquid
interfacial areas [53–,1–55]. This disperser works best when droplets
are unhindered by other droplets after their breakup, to keep the total
interfacial area per droplet as large as possible, this in turn results in
relative low liquid hold-up and thus ineffective usage of the RPB.

In the current work, an alternative solution for the liquid mal-
distribution is presented. The design consists of a variable number of
perforated ‘mesh’ rings inside the RPB which rotate together with the
RPB, as shown in Fig. 2. Liquid flows in from the center and is forced
radially outwards due to the rotational velocity. Overall, the gas flows
from the outside to the inside of the RPB in counter-current mode, but
locally the liquid and gas are in cross-current contact, ensuring the
absence of flooding at higher gas and liquid flows. The redistribution

rings redistribute the liquid inside the bed both angularly and axially,
with limited loss of tangential velocity (and hence energy) between the
rings. The liquid jets ejected from the redistribution rings are expected
to have a similar radial velocity as a jet uninterrupted by the redis-
tribution rings. Therefore, the turbulence intensity is expected to be
similar to conventional RPB designs. The redistribution behavior is
comparable to redistribution plates used in tall columns, therefore these
rings are indicated as redistribution rings in the rest of this work. An
even distribution of the liquid over the RPB will not only improve the
overall mass transfer coefficient due to more complete wetting of the
RPB, but will also ensure a smaller spread in residence times due to a

Nomenclature

AO Ratio between open and closed area
CD Discharge coefficient
p PressurePa
Q Flow m

s
3

r Radiusm
W Width m

rF Liquid layer thickness m
r Axial liquid layer variation m

µ Dynamic viscosity kg
m s

Density kg
m3

Rotational speed
s
1

Subscript

1 At the gas-liquid interface
2 At the liquid-ring interface
3 At the ring-gas interface
B At W=0 (Bottom)
i Inner
o Outer
T At W=Wbed

Fig. 1. Schematic overview of a single block rotating packed bed reactor.

Fig. 2. Schematic overview of the novel reactor presented in this paper.
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more even distribution of the liquid. Although the presence of the re-
distribution rings slightly decreases the volume available for packing,
this small effect is likely offset by a gain in wetted packing volume.
Alongside liquid redistribution in the RPB, the design allows multistage
cross-current gas-liquid flow and application of a packing between the
redistribution rings, with limited increase in reactor complexity.

2. Theory

The relation between rotational speed, liquid flow, radius and the
thickness of the liquid layer on the inside of the redistribution rings can
be estimated using a combination of the Navier-Stokes equations for a
rotating film and for flow through an orifice. In Fig. 3a, a schematic
overview is given for the flow through a single orifice. Point 1 indicates
the boundary between gas and liquid on the inside of the redistribution
ring, point 2 is at the entrance of the orifice and point 3 is at the exit of
the orifice. A constant radial velocity over the entire redistribution ring
area at point 2 is assumed. The radial outflow is therefore determined
by the balance between the pressure generated by centrifugal force on
the liquid film and the pressure drop through the orifices, using the
ratio between the open area and the total area at the radius of point 2.
This simplification implies zero velocity and acceleration in the axial
direction, i.e. the flow towards the orifices is purely radial and the ef-
fect of gravity is negligible, and a constant velocity in the angular di-
rection. Assuming equal pressures at point 1 and 3, it is possible to
estimate the pressure difference between point 1 and 2 as done in Eq.
(1) and the pressure drop between point 2 and 3 as done in Eq. (2)(for
the derivation, see Appendix A).

= +p p Q
W r r

r r
8

1 1 ( )
21 2

2

2 2
2
2

1
2

2
1
2

2
2

(1)

=p p Q
W r r A C8

1 1
O D

3 2

2

2 2
2
2

3
2 2 2 (2)

With px as pressure at point x, rx as radius at point x, Q as liquid
flow, as rotational speed, W as the width of the bed (30mm), CD as
the discharge coefficient and AO as the ratio between area open for flow
and total area at r2. Eqs (1) and (2), when combined and simplified,
result in the liquid layer thickness ( rF), defined as r r2 1, and given in
Eq. (3):

r r r Q
W r A C2F

O D
2 2

2

3

2

(3)

The redistribution rings should be properly designed in order to
enable maximum wetting of the RPB, while avoiding bypassing of the
gas phase, which can only be achieved by completely covering the re-
distribution ring with a liquid film. Therefore, a thorough

understanding of the liquid hydrodynamics and the influence of design
and operating parameters is needed. This work uses high speed camera
imaging to obtain visual data on the liquid flow inside the RPB, which
also includes the liquid layer thicknesses distribution over the RPB and
the formation of jets and droplets after the redistribution rings. This can
only be done if the packing is not blocking the view, therefore most
experiments are performed without packing. The distribution of local
velocities of the liquid is an important indication for the uniform wet-
ting of the RPB, however, this is difficult to measure directly. Therefore,
the thickness of the liquid layer against the redistribution rings, see
Fig. 3b, is used to calculate the local liquid flow as a function of the
angular position. To confirm the effectiveness of the redistribution
rings, a maldistribution is induced in the inner redistribution ring and
the effect on the local liquid flow in the middle redistribution ring is
studied.

The visual observations of the liquid film layer are performed from
the top, focused at a single axial height. Although no axial profile of the
film thickness is assumed for the derivation of Eq. (3), in reality this
might lead to axial variation in the experimentally determined liquid
layer thickness (and therefore, to an error between experimentally and
theoretically obtained values). This variation can be quantified as fol-
lows. For a liquid in a rotating cylinder, neglecting surface tension, the
shape of the gas-liquid interface can be given as in Eq. (4), which is
based on the work of Lubarda et al. [56]. With r the radius, g the
gravitational acceleration and the rotational speed.

= +z r r
g

h( )
2 ref
2 2

(4)

The axial liquid layer variation ( r), defined as the difference be-
tween the inner radius of the liquid at the top of the bed (r )T and the
bottom of the bed (rB), can be calculated when the boundary conditions

=z r( ) 0B and =z r W( )T are used in combination with the assumption
that rr T (so d 0r

2 ), results in Eq. (5).

= r
r g W2

r T
T

4 2 2

2 (5)

By dividing Eq. (5) by Eq. (3) the maximum relative axial liquid
layer variation is obtained, shown in Fig. 4a. For 300 L/h (the lowest
flow used) the maximum variation in rF is at its highest with values
around 20 %, indicating that there is a large deviation in the water
layer thickness and thus that the experimental results should have a
large bias. Increasing the flow substantially lowers the relative varia-
tion to around 5% for flows of around 600 L/h. Furthermore, the ro-
tational speed has a negligible effect on the maximum relative axial
variation for rotational speed above 600 RPM. Therefore, the axial li-
quid flow variation as depicted in Fig. 4b for a rotational speed of 1100
RPM is in agreement with results obtained with rotational speeds ran-
ging from 600 to 1500 RPM.

Fig. 3. Schematic representation of the liquid
flow through the redistribution ring with (a)
the simplified representation with reference
points used in the calculations and (b) a more
detailed representation showing the formation
of a liquid layer against the redistribution ring
and the subsequent formation of liquid jets.
Note that the schematic is not drawn to scale.
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3. Experimental

The effectiveness of the redistribution rings is tested in a visually
accessible setup as shown in Fig. 5. The setup consists of three redis-
tribution rings around a central shaft (width of 30mm and with radii of
68, 90 and 110mm, respectively) covered by a transparent top plate
held together by 12 bolts. The inner redistribution ring is painted bright
red at the top, to improve contrast during imaging. Fig. 6 shows the
triangular pattern used as mesh in the redistribution rings, the diameter
of the orifice is 0.53mm and the pitch is 7.0 mm. The RPB is fed with
water, colored with methylene blue, in the center by means of a pump
(Powerplus POW67900,± 20 L/h) as can be seen in Fig. 7; the flow is
adjusted with a manual ball valve and measured with a volumetric flow
meter (Brooks MT3809, max flow of 1000 L/h). The liquid enters the
RPB in the center and is forced radially outwards towards the inner
redistribution ring, which acts as a liquid distributor. The rotational
speed is regulated by a motor with a motor control unit (Janke &
Kunkel RE 162,± 10 %), while visual data is obtained with a high
speed camera (AOS L-PRI 1000) with a macro lens (Canon EFS 60mm)
placed directly above the middle redistribution ring in combination
with a high intensity LED light (Veritas Constellation 120E15) placed
direct above the center axis. The rotational speed was varied between
500 and 1200 RPM, while the liquid flow was varied between 300 and
1000 L/h. Pictures were taken with a frequency of 1000 Hz and a
shutter time of 25 μs for a whole number (2–4) of rotations.

The testing of the redistribution rings based on an induced

maldistribution was performed with 4 different systems as can be seen
in Fig. 8, where the yellow bands indicate the blocking of the inner
rings. The different systems are 3×1/16th of the circumference of the
ring (top left in the picture) with a blockage before a bolt, between two
bolts and over one bolt. Exactly the same configuration, but with 1/8th

blocked per position was also used (top right). In the bottom two dif-
ferent configuration with 1/4th induced maldistribution can be found,
bottom left shows blockage over a bolt (non-partitioned) and bottom
right between two bolts (partitioned).

Finally the effect of the presence of packing was also tested by filling
the volume between the inner and middle redistribution rings with
random blocks of structured foam packing, see Fig. 9. It should be noted
that due to the presence of the redistribution rings the total available
space for packing is decreased by 3.5 %. The blocks of foam had a pore
size of 0.42mm, a solid hold up of 0.06 m m/s f

3 3, an area of 2830m m/i f
2 3,

and dimensions of 9.6× 10.0×2.9 mm. Experiments were performed
without an induced maldistribution and with an induced maldistribu-
tion of a non-partitioned quarter of the ring (Fig. 8c).

4. Data analysis

Obtaining the values of the liquid layer thickness from the high
speed images is automated with a Matlab (R2017a) script. The script
first uses the bright red marker on top of the inner redistribution ring to
determine the location and shapes of the redistribution rings as well as
the scale of the picture (mm/pixel). Subsequently, it determines the

Fig. 4. Calculated axial variation assuming that the water layer is vertical with (a) the maximum relative axial variation in rF as a function of rotational speed and
liquid flow and (b) the variation of the local liquid flow as function of overall liquid flow.

Fig. 5. Schematic overview of the experimental reactor.
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RGB-values (red, green and blue color intensities) along the radius for 5
different angles with a focus between the inner and middle redistribu-
tion ring. Fig. 10 shows that the product of the RGB-values has a
minimum with a sharp transition when liquid is present due to the
predominant dark colors, as is shown in Fig. 11. When comparing a
system with a small liquid hold-up (Fig. 10a) to a system with a large
liquid hold-up (Fig. 10b the transition of the latter is less sharp, due to
the presence of dark liquid droplets and shadow formation. A threshold
value for the product of the RGB-values of 23,000 was used for all
operating conditions, as this value prevents the incorrect inclusion of

arbitrary peaks. Due to the logarithmic scale and the steep changes, the
absolute value for this threshold does not influence the obtained results.
Examples of the resulting liquid layer thicknesses are drawn in the
original image in Fig. 11; the liquid layer thicknesses are shown as the
green lines, while the redistribution rings, as detected by the script, are
shown as white solid lines.

For each set of experiments, with a fixed rotational speed and liquid
flow, the experimentally obtained values of the liquid film thickness
were combined and fitted to a normal distribution for experiments
without an induced maldistribution, a trimodal distribution for

Fig. 6. Overview of the mesh pattern of the redistribution rings (not to scale).

Fig. 7. Overview of the experimental set-up.
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experiments with one fourth partitioned induced maldistribution, or a
bimodal distribution for all other induced maldistributions, to obtain
the average liquid layer thickness as well as its standard deviation. A
typical result can be found in Fig. 12, clearly showing the obtained data
points and normal distribution for experiments without induced mal-
distribution (black) and with an induced maldistribution (red). Fur-
thermore, the discharge coefficient (CD) was calculated for each set of
experiments by fitting the data with Eq. (3) based on a non-linear least
square method.

Results and discussion
Fig. 13 shows an example image of the liquid flow through a re-

distribution ring for a flow of 400 L/h and a rotational speed of 500
RPM, with (a) top view and (b) side view. The liquid is observed to
build up against the redistribution ring (arrow 1), forming a liquid layer
visible by a dark part and a lighter part. The darker part is the liquid
layer at the top of the RPB and the lighter part is the liquid layer at the
bottom of the RPB. This liquid layer is subsequently distributed through
the orifices as liquid jets (arrow 2).

An example of the measured values of the liquid layer thickness
r( )F is shown in Fig. 14 for a rotational speed of 900 RPM and a liquid

flow of 800 L/h, the fitted normal distribution is indicated by the solid
line. The corresponding results for the flow distribution, calculated
using Eq. (3) are given in Fig. 14b. The spread in rF occurs partly due
to the bolts on the redistribution ring that block the angular flow. The
angular acceleration pushes the liquid towards this obstruction and
buildup of liquid towards the bolt is observed, see Fig. 15. This buildup
towards a bolt can be visualized not only by the difference between the
liquid layer on both sides of a bolt, but also by measuring the liquid
layer thickness as a function of the angle, shown in Fig. 16. This shows
that the distribution in rF occurs partly due to the buildup of liquid
towards an obstruction, i.e. a bolt, visible as a virtually linear increase
from 0.5 to 2.5mm in Fig. 16a, and partly due to distribution effects,
visible by the 0.5 mm bandwidth. Fig. 16a also shows the presence of
the four bolts at angles of 36°, 126°, 216° and 306° with an observed
width of around 5mm. These results clearly show that obstruction of
the liquid flow over the inside of the redistribution ring should be
avoided, as it has a relatively big effect on the liquid layer thickness
distribution and as such on the local velocity. Fig. 16b also shows the
angle based liquid layer thickness, but for a liquid layer thicker than the
bolt (11mm and 6.5mm respectively). This data shows that even when
the liquid can flow over the obstructing object, the object still affects
the angular distribution of the liquid, and should therefore be avoided
as much as possible.

Fig. 17 shows the obtained values of rF as a function of the rota-
tional speed (a) and the liquid flow rate (b), the predicted values from
Eq. (3) are indicated by the dotted lines. The standard deviation for a
set of measurements is indicated by the vertical error bars; the re-
plicates are shown as separate data points. Note that in most cases the
replicates fully overlap, except for liquid flows of 1000 L/h. A liquid
flow of 1000 L/h corresponds to the maximum range of the employed
flow meter, hence an accurate measurement at this value is not pos-
sible. Therefore, these values will not be taken into consideration for
further calculations. The value of rF decreases with rotational speed,
due to the increased centrifugal pressure, and increases with increasing
liquid flow. The experimental values for rF show a good agreement
with the ones calculated with Eq. (3), the error is around 10 % up to a

rF of 10mm, as can be seen in Fig. 18. However, at thicknesses above
10mm the error is much larger (around 20 %), this error could be the
result of the wavy flow of liquid, or possibly the formation of gas
bubbles by the impinging water jets, which both introduces a bias in the
measured rF . These gas bubbles would increase the liquid layer
thickness without increasing the centrifugal pressure that drives the
liquid flow. The formation of gas bubbles can be seen Fig. 19, where a
large gas bubble escapes at the surface of the liquid layer.

Fig. 20 shows the fitted discharge coefficient as a function of the
liquid layer thickness. No clear correlation is present, although it seems
that with increasing liquid flow the dependency of the discharge coef-
ficient changes from increasing with rF (or decreasing rotational
speed) at 300−400 L/h, via constant at 500−600 L/h, to decreasing
with rF (or increasing rotational speed) at 700−900 L/h. This is
possibly caused by a change in hydrodynamic regime, as is observed for
perforated plates in tubes [57]. Further detailed analysis of the three
dimensional flow in the liquid film and through the orifices is required

Fig. 8. Experimental blocking (yellow) of the rings to induce maldistribution
with (a) 3× 1/16th blocked (i.e. 3×22.5°), (b) 3×1/8th blocked (i.e.
3×45°), (c) 1/4th blocked non-partitioned (i.e. 90°) and (d) 1/4th blocked
partitioned (i.e. 90°) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

Fig. 9. Close-up picture of the solid foam packing used during the experiments.
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to establish an accurate description of the hydrodynamic regime; this is
outside the scope of the current work.

From the visualization of the liquid flow in the RPB, the operating
window can be established. Since in the setup no gas flow is present,
this operating window represents the limiting case for a negligible low
gas pressure drop, which would normally increase the liquid layer
thickness. The limits of the operating window are determined by: a
minimal liquid layer thickness at which gas cannot flow radially
through the redistribution ring (to prevent gas bypassing), a maximal
liquid layer thickness at which gas can still flow through the RPB an-
gularly without flooding, and a minimal rotational speed at which the
change in the liquid layer thickness over the width of the RPB is less

than 10 %. It is important to note that the presence of a thick liquid
layer decreases the effective packing volume used, since there is no gas-
liquid contact in the layer. The balance between the beneficial effect of
the redistribution and the negative effect of increased liquid hold-up on
the mass transfer rate needs to be determined by mass transfer mea-
surements. The current work focusses on the hydrodynamic operating
window.

The minimal liquid layer thickness depends on the gas pressure
difference between the gas conducts on both sides of the ring, see the
design in Fig. 2, the maximum liquid layer thickness depends on a
combination of the gas pressure difference and the gas flow interaction
with the liquid layer, and the minimum rotational speed depends on the
liquid layer thickness and thus the liquid flow. Further design para-
meters, which are fixed in the setup, are: the radius of the distribution
rings, the distance between two redistribution rings, the width of the
redistribution rings, the size and shape of an orifice, the number of
orifices, and the pattern and pitch of the orifices.

The minimal liquid layer thickness is determined by the relative
axial variation over the width of the reactor, which in turn is based on
the rotational speed and the liquid flow, and the maximal liquid layer
thickness is determined by the location of the inner redistribution ring.
When using the constraint that the maximal relative axial variation can
vary by a maximum of 10 % over the width of the RPB, this leads to the
operating window as found in Fig. 21 indicated by the grey area. In case
of a significant gas pressure drop (more than 1000 Pa), the lower
boundary shifts upwards and the upper boundary shifts downwards,
effectively moving the operating window to higher rotational speeds
and liquid flows in order to overcome the additional backpressure from
the gas phase.

Induced maldistribution
Figs. 22 and 23 show examples of the obtained liquid layer thickness

distribution for the induced maldistribution experiments (indicated in
red) for a low average rF (around 4mm) and a high rF (around
12mm), respectively. There are two extremes of redistribution

Fig. 10. Product of the RGB-values along the radius of the RPB with the used threshold for comparison. Visible are (a) a small liquid hold-up and (b) a large liquid
hold-up.

Fig. 11. Results of the automatization script with the redistribution rings (white lines) and the obtained thicknesses (green lines) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 12. Typical results for the fitting of a normal distribution (black) and bi-
modal distribution (red) to experimental data. Experiments were performed
with a flow of 900 L/h and a rotational speed of 1100 RPM (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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efficiency: a perfect redistribution with all liquid distributed evenly
over the total circumference of the ring, yielding one exact liquid layer
thickness (indicated by the black dotted lines), and no redistribution,
with no liquid behind the induced maldistribution ( rF =0) and all
liquid spread evenly over the remaining accessible circumference of the
ring (indicated by the red dotted line). The redistribution mentioned
per experiment is the ratio between these two extremes, with 0%
meaning no redistribution and 100 % meaning perfect redistribution.
This value is calculated according to Eq. (6), with µ1 and µ2 as the

calculated means from the bimodal distribution and µno redistriubution as
the theoretical mean when no redistribution occurs.

=Redistribution efficiency
µ µ

µ
1

| |

no redistriubution

1 2

(6)

Figs. 22a and 23a show the results for an induced maldistribution of
3×1/16th (corresponding to Fig. 8a), with overall a slightly broader
distribution but the same average rF compared with the default sce-
nario. The redistribution efficiency for other process conditions, as
found in Table 1, show a high efficiency for higher liquid flows (around
88 %) and a mediocre efficiency for low liquid flows (around 60 %).
The low values for the redistribution efficiencies at small liquid layer
thicknesses can be attributed to scattering in the experimental data
which prevents a proper fitting of a bimodal distribution, as shown in
Fig. 24. This is therefore considered an artifact of the current method in
determining the redistribution efficiency for low liquid layer thickness
conditions and does not necessarily reflect a low redistribution effi-
ciency, as can be seen in Fig. 24. Figs. 22b and 23b show the results for
an induced maldistribution of 3×1/8th (corresponding to Fig. 8b),
where again the overall fit is comparable, but the distribution in rF is
broader than the case without induced maldistribution. When looking
at different process conditions, again in Table 1, the redistribution ef-
ficiency is high (around 88 %) except for the efficiency at 800 RPM and
300 L/h, where the data analysis yields a very small peak at a high rF
(3 mm, normal peak at 1.4mm) which according to Eq. (6) results in a
low redistribution efficiency.

For the more extreme case of an induced maldistribution of a
quarter of the ring, the two different configurations (corresponding to
Fig. 8c and d) show very different results depending on whether or not
the maldistribution coincides with the partitioning of the RPB. Due to

Fig. 13. Examples of the formation of a liquid layer against the redistribution ring and the subsequent formation of jets from a top view (a) and from a side view (b) at
400 L/h and 500 RPM, with (1) the liquid layer and (2) the liquid jets.

Fig. 14. Liquid layer thickness distribution (a) and local liquid flow distribution (b) at 900 RPM and 800 L/h.

Fig. 15. A visual example of the effect of the bolt on the distribution of the
liquid.
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the presence of bolts in the measured layer, the liquid is blocked from
freely flowing in the angular direction, as was shown in Fig. 16. This
causes partitioning of the reactor in quarters when the liquid layer
thickness is below 7.6mm, which is the diameter of the bolts. The area
behind the maldistribution for the partitioned quarter receives only a
very small amount of liquid from the previous redistribution ring.
Therefore the liquid layer can only be formed when the liquid flows
over the bolts, which only occurs at rF values above 7.6 mm. Figs. 22c

and 23c show examples for when the induced 1/4th maldistribution
does not coincide with a partitioned quarter of the redistribution ring
(Fig. 8c). In this case, the results are comparable to the induced mal-
distribution of 3×1/16th and 3× 1/8th of the redistribution ring, with
similar average rF values but a larger spread. At different operating
conditions, found in Table 1, the redistribution efficiency range varies
between around 60 % to 100 %, indicating that even with a mal-
distribution of a quarter of the reactor the redistribution rings are
capable of redistributing the liquid rather well. Finally, Figs. 22d and
23c show results when the induced 1/4th maldistribution coincides with
the partitioned quarter of the redistribution ring. For lower rF three
different layers are formed, one in the quarter behind the induced
maldistribution (lowest average rF), one in the two quarters before the
induced maldistribution, and one in the quarter after the induced
maldistribution (in the rotational direction). The first layer is very thin

Fig. 16. Liquid layer thickness as a function of the angle for a thin liquid layer (a) and a thick liquid layer (b).

Fig. 17. Effect of rotational speed (a) and liquid flow (b) on rF .

Fig. 18. Parity plot of the experimental and calculated liquid layer thicknesses
with the dotted lines indicating a 10 % deviation.

Fig. 19. Entrainment of a bubble by the liquid flow.
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because no liquid enters from the previous redistribution ring (due to
the induced maldistribution), nor from the angular direction (due to the
bolts). The liquid layer thickness in the quarter after the induced mal-
distribution is higher because all the flow that is not introduced in the
first quarter flows in here. For higher average values of rF the effect of
partitioning is much less severe, due to the liquid being able to flow
over the bolts. This is demonstrated in Table 1, where for low rF values
the redistribution efficiency is extremely low with values around 10 %,
while these values increases to around 80 % for higher values, in-
dicating that at those values the redistribution rings work as intended.

5. Effect of packing

Fig. 25a shows an example of the comparison of the distribution in
rF between the packed RPB (black) with the unpacked RPB (red); the
mean value of rF for the packed situation is 4.82 % smaller than the
unpacked situation. For different operating conditions the difference in
mean rF can be found in Table 2. For practically all operating condi-
tions the change in the liquid layer thickness is negative, indicating that
the values for rF are lower when packing is present. This can be ex-
plained by looking at Fig. 26, which shows the comparison between an
unpacked (a) and a packed (b) RPB at a rotational speed of 700 RPM
and a liquid flow of 700 L/h. Only the top part of the liquid layer is
visible in the image of the packed RPB, due to the presence of packing,
while in the image of the unpacked RPB the liquid layer over the whole
width of the bed is visible, which introduces a positive bias in the au-
tomatic determination of rF for the unpacked RPB. The top part of the
liquid layer has the lowest liquid layer thickness (due to gravity) and
therefore the visible part, which is the top part, will always be thinner
than that for the unpacked bed (where the entire width of the RPB is
visible). Some outliers are present in Table 2, but they occur due to the
bias at small rF as discussed in the previous paragraph.

Fig. 25b shows an example of the comparison of the distribution in
rF between the packed RPB with no induced maldistribution (black)
and the packed RPB with an induced maldistribution of a non-parti-
tioned quarter of the ring (red, Fig. 8c). The redistribution efficiency

Fig. 20. Deviation in the discharge coefficient based on the liquid layer
thickness.

Fig. 21. Operating window for the visual RPB with a maximal relative axial
variation of 10 % over the width of the RPB.

Fig. 22. Comparison of rF for the four different induced maldistribution configurations, including the redistribution for a low value of rF .
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was again calculated based on Eq. (6), and the results can be found in
Table 3. The values for the rotational speeds of 1100 and 1200 RPM in
combination with the flow of 300 L/h are distorted by scattering of
data, similar to Fig. 24. The remaining redistribution efficiencies are all
high (75 % - 97 %), indicating that the presence of packing does not
inhibit the function of the redistribution rings and thus the found cor-
relations hold for both the unpacked and the packed RPB’s.

6. Conclusions

A novel design rotating packed bed is presented, aiming at mitiga-
tion of liquid maldistribution commonly encountered in RPBs. The
design consists of several concentric, perforated rings placed in the
packing, which act as liquid redistribution rings. The effectiveness of
these redistribution rings in an RPB was experimentally established
based on the angular and axial distribution of liquid against the

Fig. 23. Comparison of rF for the four different induced maldistribution configurations, including the redistribution for a high value of rF .

Table 1
Comparison of the redistribution efficiency of (1/16th) 3 times a sixteenth, (1/8th) 3 times an eighth, (1/4th P) a partitioned fourth induced maldistribution and (1/4th

NP) no maldistribution configurations.

Rotational speed [RPM]

500 600 700 800 900 1000 1100 1200

Liquid flow [L/h] 1/16th 300 92.62 % 96.22 % 41.88 % 60.07 % 67.03 % 44.75 % 20.53 % 47.84 %
700 97.27% 99.22 % 88.25 % 98.42 % 96.90 % 67.82 %
1000 89.67 % 89.14 % 77.89 %

1/8th 300 71.54 % 72.96 % 100 % 38.36 % 96.26 % 71.25 % 66.42 % 73.97 %
700 97.60 % 95.11 % 100 % 94.11 % 92.66 % 94.35 %
1000 95.03 % 96.20 % 97.24 %

1/4th NP 300 90.77 % 81.59 % 58.53 % 69.23 % 66.18 % 81.64 % 80.88 % 96.67 %
700 94.93 % 97.96 % 90.63 % 100 % 99.62 % 98.69 %
1000 90.17 % 83.20 % 52.47 %

1/4th P 300 24.53 % 1.46 % 14.96 % 12.46 % 50.70 % 31.86 % 11.96 % 65.49 %
700 97.42 % 69.23 % 35.27 % 26.26 % 22.71 % 14.37 %
1000 18.09 % 85.63 % 89.99 %

Fig. 24. Example of scattering of the data.
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redistribution rings. Visual analysis of the thickness of the liquid layer
on the inside of the redistribution ring was performed. The distribution
of the liquid layer thickness is a measure for the local liquid flowrate,
and thus for the uniformity of the liquid flow.

A design equation for the liquid film thickness, based on a simplified
flow field, was developed. A good fit (deviations smaller than 10 % up
to a rF of 10mm) between the experimental data and the predicted

values was found, making the design equation a useful tool for de-
signing redistribution rings for rotating packed beds. The angular var-
iation in rF that occurs is mainly caused by the buildup of liquid to-
wards an obstruction in the angular direction, i.e. a bolt, and only
partially due to actual variations in the liquid layer. Eq. (3) can
therefore be used in the design of RPBs with larger diameters. Note that
the scale-up in the axial direction is limited by the axial variation in

Fig. 25. Distribution graph and comparison of the rF for (a) an unpacked and packed RPB without an induced maldistribution and (b) for a packed bed without and
with an induced maldistribution of an non-partitioned quarter of the redistribution ring at 700 L/h and 1100 RPM.

Table 2
Change in rF between unpacked and packed RPB at different operating conditions.

Rotational speed [RPM]

500 600 700 800 900 1000 1100 1200

Liquid flow [L/h] 300 −3.01 % −0.46 % −8.77 % −5.21 % −27.13 % −16.74 % −29.80 % −18.76 %
700 −21.30 % −7.58 % −11.39 % −9.82 % −4.82 % −4.25 %
1000 −20.78 % −7.07 % 2.11 %

Fig. 26. Comparison of the liquid layer thickness without (a) and with (a) packing present at 700 L/h and 700 RPM.

Table 3
Overview of the redistribution efficiency of a non-partitioned quarter of the redistribution ring at different operating conditions.

Rotational speed [RPM]

500 600 700 800 900 1000 1100 1200

Liquid flow [L/h] 300 92.76 % 87.14 % 77.41 % 80.54 % 77.41 % 79.95 % 6.51 % −26.76 %
700 86.81 % 90.95 % 84.37 % 83.06 % 94.62 % 88.71 %
1000 90.76 % 95.85 % 97.23 %
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rF , which can be estimated by Eqs (3) and (5).
Experiments with induced liquid maldistributions were performed

to confirm that the redistribution rings work as intended. The results
show that the redistribution rings are capable of largely mitigating in-
duced maldistributions up to 1/4th of the ring, as long as the liquid can
freely flow around the redistribution ring. Due to the design in the
current prototype, partitioning of the liquid in the RPB in angular di-
rection can occur, which should clearly be avoided in future designs.
Further, it was experimentally established that the presence of packing
does not significantly influence the liquid layer or the redistribution
effect.

Therefore, the proposed redistribution rings for RPBs results in a
more uniform wetting of the bed, enables a more effective use of the
entire volume of the packing, and allows for stacking of RPB rotor units.
The presented correlations enable an effective design and scale-up of
rotating packed beds.
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Appendix A. Elaboration on the formula to obtain the liquid layer thickness

Starting from the Navier-Stokes equation in cylindrical coordinates:
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Simplification by assuming: steady state, gravity only in z-direction, no speed in z-direction and a constant speed in the -direction:
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The velocity in the radial direction should follow from the flow and the area, furthermore the assumption is made of no slip in the -direction:
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By integrating over points 1 and 2 from Fig. 3, this results in:
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The second part, based on the formula for a flow through a hole from the Navier-Stokes equation:
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With the two areas and the velocity given by:

=A r W22 2

J.A. Hacking, et al. Chemical Engineering & Processing: Process Intensification 149 (2020) 107861

13



=A r W V C2 F D3 3

=v Q
Ax

x

x

Resulting in the final formula:
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