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Rotating foam reactors have already shown to give high mass transfer rates compared to stirred tank reactors. For a deeper
insight into the hydrodynamics of these reactors, the hydrodynamics of rotating foam reactors were studied using �-ray
tomography. The two-phase flow through the foam block stirrer is mainly influenced by the solid foam pore size and the liquid
viscosity. For low viscosity, the optimal foam block pore size was identified in the range between 10 and 20 pores per inch
(ppi). With smaller pore size, the gas holdup inside the foam block strongly increases due to bubble entrapment. For higher
viscosity, pore sizes larger than 10 ppi have to be used to achieve a sufficient liquid flow rate through the foam block to avoid
a strong gradient over the reactor height. The effect of the hydrodynamics on the gas–liquid and liquid–solid mass transfer and
the reactor performance are discussed. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 146–154, 2013
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Introduction

Rotating foam reactors

Various packing types for three-phase reactors have been
developed in the recent years. These are mainly based on
highly porous materials. Examples of these developments are
monolithic stirrers or mixers based on fiber structures.1–4

These structures have already been applied in various fields.
Examples are monolith catalyst supports in the automobile
industry. Solid foams have been applied in the construction
sector, because of the combination of light weight and high
mechanical stability and stiffness. The high porosity makes
them attractive for the use as catalyst supports. Flow through
these structures shows a lower pressure drop compared with
pellets or packings of spheres. Among these packings, mono-
liths show the lowest pressure drop. On the other hand, using

solid foams and fiber packings, the struts and fibers act as
static mixers for the fluid streams, which split and recombine
passing the struts. This results in a good mixing of the phases
and similar axial dispersion coefficients compared to conven-
tional packings.5,6

Solid foams have first been applied as catalyst support in
the biotechnology, where low turbulence is needed in combi-
nation with a good supply of nutrition. In the chemical tech-
nology they have been studied and applied industrially as
contactors for stripping and absorption processes. Studies of
the hydrodynamics have been performed for the trickle
bed regime.7,8 The use of solid foams in high gravity rotat-
ing packed bed reactors (HIGEE) has extensively been stud-
ied.9–12 In these reactors, a donut-shaped foam block is
rotated at speeds up to several thousand rotations per minute.
From the stirrer shaft, liquid is sprayed onto the foam struc-
ture. The centrifugal forces drive the liquid outward. At rota-
tional speeds up to 600 rpm, the liquid forms rivulets.13 At
rotational speeds higher than 600–800 rpm, the liquid
streams are broken up into droplets and pass the foam bed

Correspondence concerning this article should be addressed to R. Tschentscher at
r.tschentscher@tue.nl.

VVC 2012 American Institute of Chemical Engineers

146 AIChE JournalJanuary 2013 Vol. 59, No. 1

REACTION ENGINEERING, KINETICS, AND CATALYSIS



as spray. Becuase of the insufficient wetting, these reactor
types have only been used industrially for stripping and
absorption processes.

Previously, we have introduced a rotating foam block stir-
rer,14,15 shown in Figure 1. It shows a design comparable to
HIGEE-reactors but the liquid phase is used as continuum.
The catalyst is immobilized on the solid foam block. In that
sense, the foam block stirrer is comparable to a catalyst
basket having a high bed porosity. There is no need to filter
the catalyst from the reaction mixture. Other problems
related to the use of slurry catalysts, such as attrition of
particles and catalyst wash out do not occur. This allows a
simple reuse of the catalyst. Agglomeration of particles,
especially using high viscosity liquids, is precluded.

The reactor volume can be separated into different sec-
tions, each with specific hydrodynamics and gas holdup (Fig-
ure 1). Visual observations have revealed that in the center
section A bubbles are trapped and broken up. Here, gas
holdups higher than 50 % can be achieved. Using water, the
bubbles show diameters ranging from submillimeters to a
few millimeters. In the foam block section B, bubbles and
liquid flow outward, passing the solid struts. The hydrody-
namics in this reactor part are comparable to a trickle bed
reactor working in the high interaction bubbly flow regime.
The bubbles are transported into the outer reactor section C
between foam block and reactor wall. From there, the disper-
sion is transported back into the center. Baffles disturb the
flow and enhance the mixing.

Recently, we have studied the gas–liquid and liquid–solid
mass transfer for these reactors.14,15 It has been found that the
rates of both mass transfer processes are high compared with a
standard stirred tank system consisting of Rushton stirrer and
slurry catalysts. Most importantly, the mass-transfer coeffi-

cients still increase for high power inputs above 5000 Wm�3

while the values using a Rushton stirrer reach a plateau.
In this article, we address the measurement of the gas

holdup using c-ray tomography. Especially the reactor vol-
ume occupied by the solid foam block is of interest as it
covers a large part of the reactor volume. It is also the sec-
tion where the catalyst is deposited. Previously, we have
studied the gas holdup for non-Newtonian and foaming
liquids.16 We found that the surface tension mainly influen-
ces the foaming behavior of the liquid in the outer reactor
sections. The viscosity has a large influence on the hydrody-
namics inside the foam block, especially on the bubble
entrapment inside the foam block pores. Using a carboxy-
methyl cellulose (CMC) solution, we have already investi-
gated the hydrodynamics using higher viscosities, however,
values only up to 67 mPa s were investigated.16 In various
industrial processes, the reactants are used directly without
solvents or in high concentrations, resulting in increased vis-
cosities. Examples for the former are the hydrogenation of
fatty acids, for the latter case the glucose hydrogenation to
sorbitol, where concentrations of 20–50 wt % are common.
Therefore, in this work, we will study the hydrodynamics at
even higher viscosities using glycerol/water mixture and
pure glycerol.

The second parameter to be investigated is the foam block
structure. Solid foams are available in various bed porosities
and pore sizes, resulting in a wide range of specific surface
areas. The foam block structure is the main parameter to
tune the liquid–solid interfacial area, while keeping the bed
porosity high, in our case around 0.9 m3

void m�3
foam. Regarding

the catalyst one tends to use smaller foam pore sizes due
to the increased liquid–solid surface area. This further allows
the deposition of more catalyst per reactor volume at a con-
stant coating thickness. Alternatively, the same amount of
catalyst can be immobilized achieving a thinner coating
layer. This is especially important, when mass transfer limi-
tations inside the catalyst pores are expected. A thinner coat-
ing can then lead to an increased overall activity and a
reduced formation of byproducts. The solid foam cells can
be considered as small continuous stirred tank reactors
(CSTRs), connected by pores. Thus, flow through a finer
pore structure approaches plug-flow behavior, as smaller
cells reduce the back mixing. There are, however, also disad-
vantages connected with having a smaller pore size. The
coating of fine pores does result in an inhomogeneous coat-
ing thickness. Excess liquid after wash coating is difficult to
remove, which can result in blocking of pores. Regarding the
hydrodynamics, a finer pore structure and a higher specific
surface area result in an increased pressure drop of through
flow. In this work, the influence of the pore size is evaluated
using two pore sizes of 10 and 20 pores per linear inch (ppi).

Gas holdup measurements

The gas holdup is an important hydrodynamic parameter,
interlinked to the two-phase pressure drop, the flow regime
and the power input. It is further correlated to the gas–liquid
mass transfer rate, and by that to the reaction rate and selec-
tivity of a chemical process. Additionally, it is an essential
parameter for the reactor design. Various measurement tech-
niques to study the gas holdup are discussed by Boyer
et al.17 Optically transparent materials and small reactor
diameters can be used.18 This increases, however, strongly
the influence of the reactor wall on the bubble dynamics.

Figure 1. Principle of the foam block reactor, (Repro-
duced from Ref. 14, with permission from
Elsevier).

Rotation induces liquid circulation as shown by the arrows.

The center section (A) shows high gas holdup. In the center

section, fine bubbles are created and transported through

the foam structure (B). From there, the liquid–gas

dispersion flows outward to section (C). Baffles improve

the turbulence while the dispersion circulates back to

section (A). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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For more realistic conditions, tomography methods devel-
oped for the medical industry have been increasingly applied
in the study of chemical reactors on the laboratory scale but
also for pilot scale units.19,20 Recently, Dudukovic and
coworkers21 have evaluated various methods regarding their
application in field tomography.21 These methods allow an
easy visualization of the effect of the reactor design and the
operational conditions on the gas–liquid distribution. How-
ever, so far no method can give fast measurements covering
a large part of the reactor in combination with high local
resolution. As an example, capacitance and resistance to-
mography are fast methods to study dynamic processes.22–25

The spatial resolution is, however, poor compared to other
techniques due to the distribution of the electric field
between two electrodes. X-ray tomography is another fast
technique with a high spatial resolution in the submillimeter
range.26 It provides detailed maps of the gas–liquid holdup
in stirred tanks and trickle bed reactors.7,27–32 The length of
the penetration path limits the sample size to around
200 mm due to the absorption of X-rays in liquids. Addi-
tional calibration is needed due to beam hardening.33

c-ray tomography has already been used to study the gas
holdups in stirred tank reactors to validate CFD measure-
ments.30,31,34–37 Tomographic imaging techniques do not
require any special preparation for the studied reactor system
and give a good spatial resolution in the millimeter range.
Isotopic sources are used having a much higher photon energy
compared to sources used in commercially available X-ray
Computer tomography (CT) systems for medical or non-
destructive testing applications. Reactor walls can be made of
denser material, which allows experiments at high-pressures.
Additionally, isotopic sources offer discrete energy lines
whereby the measurement accuracy can be increased by
excluding scattered gamma photons from the measurement.
This is not possible if X-ray sources are used, which generate
polyenergetic spectra. Typical isotopic sources for tomographic
applications are 241Am (59.5 keV), 22Na (511 keV), 137Cs
(662 keV), or 60Co (1.17 MeV and 1.33 MeV). Depending on
the isotopic source, different material thicknesses can be scanned
and the contrast between the phases can be made visible. One
main disadvantage of isotopic sources is the low photo flux. To
achive a sufficient signal-to-noise ratio, radiation detectors have
to be operated in counting mode. Because of this fact, the mea-
surement time has to be large enough to collect a sufficient
amount of photons at the radiation detector. Thus, a time aver-
aged cross-sectional material distribution can be obtained from a
CT scan. For gas holdup measurements inside the foam block

this is sufficient, as we expect the gas holdup to change with the
radius, but to be constant over the perimeter.

To determine the mean gas holdup, two additionally cali-
bration CT scans have to be accomplished, one in which the
reactor is completely filled with liquid (0% gas fraction) and
one with no liquid inside (100% gas fraction).

In this study, c-ray tomography was applied. Another impor-
tant method is nuclear magnetic resonance imaging. It has been
used extensively to study hydrodynamics in multiphase reac-
tors, such as the occurrence of flooding in trickle bed reactors,
but also moisture transport in concrete materials.38–44

Experimental

Rotating foam reactor

A schematic drawing of the rotating foam reactor is
shown in Figure 2. All scanned reactor parts were built
entirely of nonmetallic compounds to reduce the measure-
ment time. A poly(methyl methacrylate) (PMMA) cylinder
having an inner diameter of 195 mm, a thickness of 3 mm,
and a height of 100 mm was used as reactor mantle. Top
and bottom PMMA plates had a thickness of 30 mm. The re-
actor mantle and the reactor lid were equipped with four baf-
fles with a thickness of 10 mm and a width of 10 mm to
improve the mixing. As foam block stirrers, cylindrical
shaped polypropylene foams with an inner diameter of 50
mm, an outer diameter of 150 mm and a height of 50 mm
were used. The foam pore sizes were 10 and 20 linear ppi.
A polyvinyl chloride (PVC) plate was used to fix the foam
block. The plate was connected to a PVC stirrer shaft. Air
was used as gas phase. As liquid phases water, a glycerol/
water mixture of 80/20 wt % and pure glycerol were investi-
gated. Properties of the liquids are found in Table 1.
All measurements were performed at a temperature of
23�C, which was the temperature during the tomography
experiments.

Figure 2. Schematical drawing of the rotating foam
reactor (Reproduced from Ref. 16, with per-
mission from Elsevier).

Side view with heights (a) and top view with baffles on

top (b). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table 1. Properties of the Used Liquids

Liquid Concentration

Liquid
density

(g cm�3)

Dynamic
Viscosity
(mPa s)

Surface
Tension

(mN m�1)

Water – 0.978 1 72.6
Water/glycerol 80/20 wt % 1.207 52 66.4
Glycerol – 1.260 980 63.1

Figure 3. Principle of the c-ray tomography, (Repro-
duced from Ref. 16, with permission from
Elsevier).

The reactor is scanned under operation conditions at dif-

ferent heights. By rotating the object table, the gas

holdup is resolved in 2-D at every height. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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The torque applied at various rotational speeds was measured
using a Viscoklick VK 600.1 torque meter from IKA. From that
the power input per liquid volume was calculated by

PL ¼ 2psx
VL

½W m�3
L � (1)

using the measured torque s, the rotational speed x, and the
liquid volume VL. The relative error due to the fluctuations of
the torque was less than 3%.

Tomography measurements

The principle of the c-ray CT system applied to the stirred
reactor is shown in Figure 3. Technical details of the measure-
ment system are described elsewhere.45 As isotopic source
137Cs with an activity of 180 GBq was used. The isotopic
source was collimated to a 44� wide radiation fan beam and
directed toward the radiation detector arc located approxi-
mately in a distance of 1 m. The detector arc contains 320
seamlessly arranged single detectors with an active area of 2
mm in width and 8 mm in height. The detector arc was verti-
cally collimated to a slit height of about 2 mm by two lead
arcs to reduce both the height of the volume segment to be an-
alyzed and scattered radiation measurements. The reactor was
installed on a rotational desk between c-ray source and the
radiation detector. During a measurement, the object table, the
reactor was placed on, rotated continuously between the fixed
ensemble of source and detectors with a speed of one rotation
per 15 min. Thus, projection data is averaged over 10 rotations
at a foam rotational speed of 200 rpm. It was experimentally
confirmed that this was sufficient to assume a time averaged
holdup measurement. Before the measurement, the zero height
was defined to be the top part of the PVC plate supporting the
foam block stirrer. The absorption due to the plate is stronger
than in the solid foam. That position could easily be identified
by moving the reactor up and downwards and measuring the
absorption online. From that position, the reactor was moved
downwards 6.5 mm, which indicated the first measuring plane
H1. The planes H2 to H6 in Figure 2 were measured by mov-
ing the reactor downwards for distance of 13 mm resulting in
six measurement heights for every operational mode. To deter-
mine the gas holdup, two calibration measurements had to be
performed. For 100% gas holdup, the reactor was scanned
with a dry foam, thus �G ¼ 1. For zero gas holdup, the reactor
was flooded with liquid, so �G ¼ 0. In both cases, the reactor
rotates with a rotational speed of 200 rpm. Subsequently, the
liquid volume was adjusted to 2.0 L and the holdup measure-
ments at rotational speeds between 150 and 300 rpm were

performed. To obtain cross-sectional attenuation coefficient
distributions, the standard algebraic reconstruction technique
was used.46 It utilizes the iterative correction formula

lðtþ1Þ
i;j ¼ lðtÞi;j þ k

ai;j;p;d Ep;d �
Pnx

i¼0

Pny
j¼0 ai;j;p;dl

t
i;j

� �
Pnx

i¼0

Pny
j¼0 a

2
i;j;p;d

(2)

where ny and nx denote the dimensions of the attenuation data
matrix, p and d the number of projections and detectors, E the
attenuation data from measurements, and i and j denote indices
of the corrected image pixel. a denotes the spatial overlap of a
pixel with a given ray, wherein the pixel size was defined to be
2 mm by 2 mm. We used an iteration number t ¼ 10. A
relaxation factor k of 0.01 was applied. This parameter may be
tuned to improve convergence. The gas holdup was calculated
using the reconstructed attenuation data of both calibration
measurements as well as the gas holdup measurements

�G ¼ 1 �
l�G

i;j � l�G¼1
i;j

l�G¼0
i;j � l�G¼1

i;j

½m3
G m�3

GþL� (3)

Representive tomography images of the gas holdup inside
the foam block as well as above the block derived from the
measurements can be found in the Figures 4 and 5.

Results and Discussion

Effect of pore size

In the case of a rotating foam reactor and using water as
working fluid, the Power number is constant in the range of
rotational speeds investigated. A similar power input means

Figure 4. Tomographic images of the air/water mixture
at the heights H2 and H6.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Tomographic images of water, a glycerol/
water mixture and glycerol at height H2; rota-
tional speed 200 and 300 rpm; gas phase air;
foam pore sizes 20 ppi and 10 ppi.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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that the pressure drop over the bed is comparable and the
liquid velocity is reduced compared to larger pores. In gen-
eral, the energy dissipation consists of three parts: (i) flow
through the foam block, section B; (ii) backflow to the reac-
tor center, section C to A; (iii) turbulence in the outer reac-
tor volume, section C. In Figure 8b, the inflow velocity of
liquid is shown, assuming that the energy applied to the sys-
tem is entirely consumed by the flow through the foam
block. The two-phase pressure drop was calculated using the
solid foam properties given in Table 2.16 Because of energy
dissipation in the remaining reactor volume, especially at the
baffles, the actual velocity is lower than that value. The cen-
trifugal forces on the liquid in the foam block is, however,
the main driving force for liquid flow. Using a solid foam
block, the power input would be very low. Figure 8b gives,
thus, a reasonable estimate of the order of magnitude of the
liquid circulation velocity. Using a 20 ppi foam block, Fig-
ure 8b shows a theoretical liquid inflow velocity, which is
two third of the value for the 10 ppi foam block. Further,
the penetration of bubbles through the smaller pores is hin-
dered and the bubbles are easier trapped inside the solid
foam cells. This effect leads to a high gas holdup in the Fig-
ures 5 and 6. Holdup values exceeding 0.5 m3

G m3
GþL are

found. Such a high holdup results eventually in coalescence
of bubbles. After stopping the stirrer, bubbles leaving the
foam block on top with sizes of more than 10 mm have
been observed, while the foam cell size is around 3 mm.
This results in dry sections of the foam block, which do not
contribute to the mass transfer and reaction rate. Further, the
cross-sectional area available for the liquid flow is reduced.
This reduced the cross-sectional area for liquid flow through
the foam block and the flow rate. As a result, the gas holdup
in the reactor section C between foam block stirrer and

reactor mantle is also reduced (Figure 7a). Visual observa-
tions have shown that the bubble size for both pore sizes is
less than 2 mm for a rotational speed of 200 rpm. Using
higher rotational speeds for the 10 ppi foam block larger
bubbles of up to 5 mm are formed by coalescence at higher
gas holdups. For the 20 ppi foam, the bubble size is still less
than 2 mm even at high rotational speeds of 300 rpm. In the
outer section C, using water, the flow can be characterized
as turbulent. As the Reynolds number is larger than 1.2�104,
the Power number is independent of the rotational speed and
depends only on reactor design and the liquid density. Both
foam block stirrers have the same dimensions. As a result,
the Power number is constant over the entire range of meas-
ured rotational speeds, as shown in Figure 8a.47 Additional
energy is dissipated by the flow through the foam pores.
The radial forces are excerted on the same liquid volume
due to a similar bed porosity and comparable gas holdups.
The energy dissipation per bed volume is, therefore, also
comparable.

Assuming the liquid velocities shown in Figure 8 for
300 rpm, the Reynolds number inside the foam block based on
the strut diameter is around 420 for the 10 ppi foam and 180
for the 20 ppi foam (Table 3). The flow can be described in the
laminar regime, but not vortex free. For Reynolds numbers
higher than 50, the flow past cylinders forms Karman vortex
streets.48

We can summarize, that the reduction of the solid foam
pore size results in a reduced liquid circulation velocity. The
mixing of gas and liquid in the center section is reduced and
fewer bubbles are transported through the foam block to the
outer reactor section. A large number of these bubbles enter-
ing the foam block is trapped inside the solid foam cells,
which increases the pressure drop even more.

Figure 6. Radial gas holdup profiles for a polypropyl-
ene foam with a pore size of 10 ppi (a) and
20 ppi (b) at the positions H1 to H4 for water;
rotational speed 200 and 400 rpm; gas phase
is air.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Gas holdup profiles in the outer reactor section
between foam block and reactor wall at the
heights H1 to H5 for water using 10 ppi and
20 ppi foam pore size (a) and glycerol and glyc-
erol/water (80/20 vol %) using a 10 ppi foam (b).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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We can now relate this to the mass transfer performance.
The gas–liquid mass transfer depends on the gas holdup, the
bubble size, and further on the refreshment rate of the gas
liquid interface. All three parameters are directly related to
the velocity of liquid circulation. Using a 20 ppi foam block,
the low liquid inflow velocity reduce the mixing and the gas
holdup in the center section around the stirrer shaft. This
results in both lower kGL- and aGL-values. A slow liquid
flow through the foam block passing the trapped bubbles
results additionally in lower kGL-values. In the outer section,
the gas holdup and therewith the aGL-value is reduced as
well (Figure 7a). The kGL value in that section should be
similar to the 10 ppi foam, as long as bubble coalescence in
the foam block pores is not significant. Consequently, we
find that the gas–liquid mass transfer is reduced with smaller
pore size, which is in agreement with values obtained for the
absorption of oxygen into water.14

The liquid–solid mass transfer rate depends on the
geometric surface area of the foam block and on the relative
velocity between liquid and solid. A smaller pore size results
in higher liquid–solid interfacial area. Considering the foam
block structure only, a 10 ppi foam has a specific surface
area of around 500–600 m2 m3, while using a 20 ppi foam
the value is 900–1000 m2 m3 (Table 2). This is, however,
counterbalanced by the reduced liquid velocities, shown in
Figure 8b. In earlier measurements, we found that the
kLSaLS-value is around one third higher using a 20 ppi foam
block compared to a 10 ppi foam block. The higher pressure
drop does not completely counterbalance the interfacial area
and a smaller pore size is beneficial. Even smaller pore sizes
would result to even lower liquid circulation. Next to the
increased bubble entrapment, also practical difficulties con-
cerning catalyst deposition would arise. Smaller pore sizes
are, therefore, only beneficial, if the gas–liquid mass transfer
is sufficiently high and the process is liquid–solid mass
transfer limited, catalyst pore diffusion limited or kinetically
limited.

Effect of viscosity

To study the influence of viscosity using a Newtonian liq-
uid, the gas holdup for water was compared to a 80:20 wt %
mixture of glycerol and water and pure glycerol. The proper-
ties of the measured liquids are listed in Table 1. The values
agree well with literature data.49–51 The viscosity increases
strongly with the glycerol concentration. The surface tension
is also reduced compared to pure water. As already dis-
cussed in the previous section, using water in combination
with a 10 ppi foam, the liquid velocity through the foam
block pores is in the range of 0.2–0.6 ms�1. As the liquid
flows into the center section above the foam block, it is
mixed with gas. The produced bubbles are then transported
through the foam. Regarding the gas holdup, at low rota-
tional speeds of 200 rpm, strong differences can be found
depending on the viscosity. Using the 80:20 wt % mixture
of glycerol and water, the viscosity is increased 80 times.
This results in a strong reduction of the liquid circulation
velocity through the foam block. Theoretical values less than
50% compared to water are found in Figure 8. In the center
section between foam block and stirrer shaft, still a high
average gas holdup is found, which is similar to water. This
can be explained by two effects. First, the liquid inflow into
this section is still high enough to achieve a sufficient forma-
tion and break up of bubbles. Additionally, the reduced
surface tension improves the bubble breakup. In this case of
glycerol/water, the gas holdup in the center section is
strongly reduced moving from height H4 to H2 (Figure 9a).
As a comparison, for water the holdup is relatively uniform
over the heights H2 to H4 (Figure 6a). Further, the gas
holdup inside the foam block is reduced. This can be inter-
preted that significantly larger bubbles are formed, compared
to water. These accumulate in the top part of this section
close to the stirrer shaft and gas–liquid interface, which was
also observed visually. A similar profile has been obtained
investigating the gas holdup of non-Newtonian liquids with a
comparable viscosity.16 The volumetric flow rate into the
foam block is too slow to transport the bubbles.

Figure 8. Power number depending on Stirrer Reynolds number (a) and theoretical velocity of liquid through the
foam structure depending on the power input (b).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 2. Foam Block Characteristics

ppi
Number

Foam Pore
Diameter*

(mm)

Foam Cell
Diameter*

(mm)

Strut
Thickness*

(mm)

Specific
Surface Area†

[m2
LS m�3

Bed]

10 2–4 4–7 0.6 580
20 1–2 2–4 0.3 960

*Measured.
†Calculated using correlations of Fourie and Du Plessis.53

Table 3. Reynolds Numbers Based on the Stirrer and Strut
Diameter

Liquid ppi Restirrer at 300 rpm Restrut at 300 rpm

Water 10 105 413
Water 20 105 175
Water/glycerol 10 2600 1.9
Glycerol 10 150 0.026
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The use of pure glycerol results in an even lower liquid
circulation. Figure 8b shows that the velocity through the
solid foam cells is in the order of centimeters per second.
This low circulation velocity results in a low liquid inflow
into the center section and a low gas holdup in the section
between stirrer shaft and foam block. Thus, the gas holdup
inside the foam block is low, even in the top part of the
foam block (H4 in Figure 9a).

At a rotational speed of 300 rpm, the average gas holdup
increases with the rotational speed for all liquids and the gas
holdup in the center section around the stirrer shaft and
the foam block becomes more uniform. The holdup profile
for the glycerol/water mixture becomes similar to water
(Figures 6a and 9b). For pure glycerol, the profile shows a
lower uniformity over the radius (Figure 9b). Comparing
different reactor heights, a gradient is still visible.

Figure 8a shows that for the glycerol/water mixture, the
Power number is still independent of the Reynolds number, the
latter being in the range of 103. The flow dynamics in the outer
reactor section between foam block and reactor mantle can still
be described as turbulent, but already close to the transition re-
gime between laminar and turbulent flow. For glycerol, the
Reynolds number has values between 50 and 200. This is
clearly in the laminar regime and, thus, the Power number
becomes dependent on the Reynolds number (Figure 8a).

Regarding the gas holdup in the outer section between
foam block and reactor wall, a trend similar to the reactor
volume around the stirrer shaft is found. For the pure water
system, the gas holdup is uniform over the heights H1 to
H5. With increasing viscosity, the gradient develops. For
pure glycerol, the gas holdup at height H5 even exceeds the
holdup for water. This suggests that the bubbles in this reac-
tor section are mainly produced at the baffles at the reactor

lid. They are not transported through the foam block but
remain in the reactor section above the foam block.

Concerning the mass transfer rates, this has several conse-
quences. As the viscosity increases, the Reynolds number is
reduced. Further the diffusion coefficient and the kGL value
are reduced. Additionally, as already discussed, the gas
liquid mass transfer becomes more and more localized to the
top part of the reactor. The lower reactor part is, therefore,
not significantly contributing to the gas–liquid mass transfer.
At higher viscosity, the gas–liquid mass transfer inside the
foam block occurs mainly between immobilized bubbles and
the passing liquid. With a low liquid velocity and a high vis-
cosity, the kGL-value is reduced, consequently.

Similar conclusions can be drawn for the liquid–solid
mass transfer. The kLS-value is reduced with the diffusion
coefficient using higher viscosity, and further by the reduced
velocity of liquid passing the foam block struts.52

Comparing the Reynolds numbers based on the strut diam-
eter in Table 3, we find that already for the glycerol/water
mixture the Reynolds number is two orders of magnitude
lower compared to water. The flow passing the struts is,
thus, laminar and vortex free and no mass transfer enhance-
ment due to the flow around the struts is found. To improve
the liquid flow at higher viscosities, a larger pore size needs
to be used. This would increase the liquid circulation rate
and the Reynolds number inside the foam pores, but would
also reduce the liquid–solid interfacial area.

Concluding Remarks

c-ray tomography measurements give a detailed picture of
the local gas holdup, from which conclusions can be drawn
on the hydrodynamics and the mass transfer of rotationg
foam reactors.

The foam block stirrer investigated is especially interesting

for liquids having a viscosity of less than 50 mPas. The flow

passing the struts can be characterized as laminar, but show-

ing vortices, which results in high liquid–solid mass transfer

rates. At lower pore sizes, the liquid–solid interfacial area

increases, but reduces liquid circulation. This leads to bubble

entrapment in the foam block and a reduced gas holdup in the

remaining reactor volume, especially in the center section

around the stirrer shaft. Using medium foam block pore sizes

of 10 to 20 ppi, the trade off between these phenomena results

in a high liquid flow velocity through the pores in the order of

decimeters per second. Using higher viscosity, the liquid cir-

culation through the foam block is strongly reduced. The flow

passing the struts is vortex free and the bubble formation rate

is strongly reduced. Significant gas holdups are found only in

the upper reactor part. To use the entire reactor volume effi-

ciently, the rotational speed can be increased. This would

increase the liquid circulation and a more homogeneous gas

holdup over the height. Other adjustments can be done on the

design of the reactor and foam block. For higher viscosities,

the foam block pore size can be increased to reduce the pres-

sure drop and increase the liquid circulation. An important

point is the design of foam block and reactor. As the bottom

part does not sufficiently take part in the mass transfer pro-

cess, the foam block thickness in this part should be reduced,

for example, using a conical foam block shape. Further, the

distance between foam block and reactor bottom should be

increased to allow the liquid also circulate below the foam

block and not only above. The baffle design can be optimized

to improve the liquid flow into the center section.

Figure 9. Radial gas holdup profiles for a polypropyl-
ene foam at positions H1 to H4 for a mixture
of glycerol and water (80/20 vol %) (a) and
glycerol (b); rotational speed 200 and 300
rpm; gas phase air.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Notation

ai,j,p,d ¼ spatial overlap between pixel and array
aGL ¼ specific gas–liquid interfacial area, m2

GL m�3
L

kGL ¼ gas–liquid mass-transfer coefficient, m s�1

aLS ¼ specific liquid–solid interfacial area, m2
LS m�3

L

kLS ¼ liquid–solid mass-transfer coefficient, m s�1

Dstirrer ¼ stirrer diameter, m
Dstrut ¼ average foam strut diameter, m

E ¼ attenuation
P ¼ power input, W
PL ¼ power input per liquid volume, W m�3

L

Po ¼ P
qx3d5 ¼ Power number, W m�3

L

Restirrer ¼ quLDstirrer

l ¼ stirrer Reynolds number

Restrut ¼ quLDstrut

l ¼ strut Reynolds number
rpm ¼ rotational speed, min�1

t ¼ iteration step
uL ¼ superficial liquid velocity, m s�1

VL ¼ liquid volume, m3

Greek letters

�G ¼ gas holdup, m3
G m�3

GþL

k ¼ relaxation factor
l ¼ dynamic viscosity, Pa s

li,j ¼ attenuation coefficient
q ¼ density, g cm�3

s ¼ applied torque, N m
x ¼ rotational speed, s�1

Indices

d ¼ number of detectors
i, j ¼ indices of the corrected image pixel
p ¼ number of projections
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