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The scale up of a rotor-stator spinning disc reactor by stacking single stage rotor-
stator units in series is demonstrated. The gas-liquid mass transfer per stage is equal
to the mass transfer in a single stage spinning disc reactor. The pressure drop per
stage increases with increasing rotational disc speed and liquid flow rate. The pressure
drop is more than a factor 2 higher for gas-liquid flow than for liquid flow only, and
is up to 0.64 bar at 459 rad s�1. The high mass and heat transfer coefficients in the
(multistage) rotor-stator spinning disc reactor make it especially suitable for reactions
with dangerous reactants, highly exothermic reactions and reactions where selectivity
issues can be solved by high mass transfer rates. Additionally, the multistage rotor-sta-
tor spinning disc reactor mimics plug flow behavior, which is beneficial for most proc-
esses. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 247–255, 2012

Keywords: spinning disc reactor, rotor-stator, mass transfer, multi-phase flow, reactor
analysis

Introduction

The productivity of reactors for multiphase processes is
often limited by the rate of the mass transfer steps, from the
gas to the liquid and from the liquid to the solid (catalyst).
A higher mass transfer rate can thus lead to a higher produc-
tivity, or to a smaller reactor with the same productivity.
Additionally, the mass transfer rates can influence the selec-
tivity of reactions.

The gas–liquid mass transfer coefficient (kGLaGL) is the
product of the gas-liquid interfacial area (aGL) and the gas-
liquid mass transfer coefficient (kGL). The former is com-
monly increased by increasing the surface area where liquid
has to flow over, e.g., in a falling film reactor or in a (struc-
tured) packing, or by decreasing the gas bubble size, which
is e.g., done by a stirrer. The gas-liquid mass transfer coeffi-
cient often depends on the energy dissipation rate and can
thus be increased by increasing the flow rate, e.g., in a
packed bed reactor, or by dissipating energy into the reactor
directly, e.g., by using a stirrer.

The rotor-stator spinning disc reactor is a new type of mul-
tiphase reactor, which shows high mass transfer rates com-
pared with conventional equipment1–3 (Meeuwse et al., sub-
mitted). The rotor-stator spinning disc reactor consists of a
rotating disc, enclosed in a cylindrical housing. The distance
between the rotor and the reactor wall is small, commonly 1
mm. A high velocity gradient is present in the gap between
the rotor and the stator, which acts as a shear force which
breaks up gas bubbles, leading to a high gas-liquid interfacial
area. The high energy input in the system, due to the rotation
of the disc, leads to small turbulent eddies, with a high veloc-
ity, that increase the gas-liquid and liquid-solid mass transfer
coefficients. Two different configurations of the rotor-stator
spinning disc reactor have been investigated. In the first case,
gas is injected through an orifice in the bottom stator, near the
rim of the rotor; liquid is injected from the top of the reactor1

(Meeuwse et al., submitted). In the second case, gas and liq-
uid are fed together to the spinning disc reactor.2

Meeuwse et al.1 describe the gas-liquid mass transfer in
case of a single gas inlet in the bottom stator. The gas
bubbles are sheared off at the gas inlet, due to the velocity
gradient; the gas bubble size decreases with increasing rota-
tional disc speed, leading to an increase in gas-liquid mass
transfer.1 The volumetric gas-liquid mass transfer coefficient
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increases with increasing rotor radius, up to 2.5 m3
L m�3

R s�1,
at a rotational disc speed of 209 rad s�1, using a rotor with
0.135 m radius and 1 mm rotor-stator distance (Meeuwse
et al., submitted). The energy dissipation rate, however,
increases more than the mass transfer rate; scaling up by
stacking multiple rotor-stator units in series is therefore,
from energetic point of view, preferred over scaling up in
rotor size. For scaling up by numbering up the reactor con-
figuration with the gas inlet in the bottom stator, however, a
complicated gas (re)distribution system may be needed.

In the other configuration used, gas and liquid are both
fed to the top of the reactor,2 as shown schematically in
Figure 1. The gas-liquid dispersion which enters the reactor
separates, on top of the rotor a liquid film will form, with
the gas phase present between this liquid film and the top
stator; this is called the film flow region. Small gas bubbles
are sheared off near the rim of the rotor. The rest of the re-
actor, the dispersed flow region, is thus filled with small gas
bubbles dispersed in the liquid. The volumetric mass transfer
coefficient multiplied by the reactor volume (kGLaGLVR) in
this configuration is up to a factor 2 higher than in the case
of the single gas inlet in the bottom stator. This is mainly
because the whole reactor volume is used, contrary to the
case with the gas inlet in the stator, where only the region
between the rotor and the bottom stator contributes to the
mass transfer. Near the center of the reactor the gas bubbles
coalesce to larger bubbles, a gas-liquid dispersion leaves the
reactor via the exit in the bottom. If the gas-liquid dispersion
leaving the dispersed flow region is added to a next stage, it
is therefore expected that the same flow regime, i.e., the film
flow and the dispersed flow, is obtained. Scaling up this con-
cept to a multistage spinning disc reactor is thus less compli-
cated, since no gas redistribution system is needed.

The scale up of a reactor is an important step toward an
industrial process. The reactor volume has to be increased,
either to increase the residence in the reactor, or to increase
the production capacity. In this study, the rotor-stator spin-
ning disc reactor is scaled up by stacking multiple (up to 3)
rotor-stator stages in series, where the rotors are mounted on
a common axis. It is expected that the same flow behavior is
obtained as in the single stage rotor-stator spinning disc re-
actor. A gas-liquid dispersion is fed to the reactor, which im-
mediately separates in the film flow and the gas phase on
top. At the exit of the reactor the gas bubbles coalesce to
larger gas bubbles, and a similar gas-liquid dispersion is
formed as which is fed. It is thus highly probable that the
same behavior will be present when fed to the next stage.
The strategy to scale up by using rotor-stator stages in series
is, for most reactions, preferred above scaling up in rotor
size, since the mass transfer per unit of energy dissipation is
higher. Additionally, in a multiple rotor-stator spinning disc
reactor the liquid and the gas will mimic plug behavior. If
necessary, the stages in the multistage spinning disc reactor
can operate under different reaction conditions, e.g., temper-
atures and catalysts, and it can thus be used for multi-step
synthesis. This study shows that the scale up by stacking
multiple rotor-stator stages in series is a viable method to
increase the residence time and/or the production capacity in
the rotor-stator spinning disc reactor.

This study describes the multistage rotor-stator spinning
disc reactor, with 2 or 3 rotor-stator stages, where the gas

and the liquid are fed together to the first stage. It is com-
pared with the single stage unit, to investigate whether the
same flow regime, with the film flow region and the dis-
persed flow region, is obtained. This is done by quantifying
the mass transfer rate in the dispersed flow region and com-
paring this to a single stage unit. Additionally, the energy
dissipation rate and the pressure drop of this multistage
rotor-stator spinning disc reactor are described. The last sec-
tion summarizes the main advantages and disadvantages of
the multistage spinning disc reactor and compares it with
reactors commonly used in industry and gives a few exam-
ples of potential applications.

Experimental

Experimental setup

Figure 2 shows a schematic representation of the multi-
stage spinning disc reactor, which is made of stainless steel.
It consists of an axis (radius 0.017 m) with 3 rotors attached
to it, which has a maximum rotational disc speed of 470 rad
s�1. The radius of the rotors is 0.066 m, the inner reactor ra-
dius is 0.076 m, the radial distance between the rotor and
the reactor wall is thus 0.01 m. The height of a stage is 8
mm, the thickness of the discs is 6 mm. The rotor-stator dis-
tance is thus 1 mm on both sides. The distance between the
axis and the stator plates is 1 mm as well. The rotor size,
the inner reactor radius, and the rotor-stator distance are the
same as in the single stage rotor-stator spinning disc reac-
tor.1,2 Gas is injected at the top of the reactor, into a gas
chamber. The liquid is injected by four channels (only two
of them are shown in the drawing) onto the axis. The outlet
of the reactor is on the bottom.

Figure 1. Schematic drawing of the concept of the
rotor-stator spinning disc reactor with co-
feeding of gas and liquid (not on scale).

Gas and liquid are added to the top of the reactor. The liq-
uid flows as a thin film over the rotor; the gas phase is pres-
ent above, this region is called the film flow region. Near
the rim of the rotor, gas bubbles are sheared off. The region
surrounding the rim of the rotor and the region between the
rotor and the bottom stator, therefore has liquid as continu-
ous phase, with small gas bubbles dispersed in it. This
region is denoted as the dispersed flow region. A gas liquid
dispersion leaves the reactor via the bottom outlet; it is
expected that feeding this dispersion to the next stage
will lead to the same flow behaviour. [Color figure can
be viewed in the online issue, which is available at wiley
onlinelibrary.com.]
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The motor which drives the axis uses up to 2.5 kW of
energy, of which most will be converted into heat. To keep
the reactor temperature approximately constant, the heat has
to be removed from the reactor: cooling liquid (tap water)
continuously flows through the hollow stators. The stators
contain redistribution walls on the inside, to increase the
liquid velocity, and thus the heat transfer coefficient, on the
coolant side. The stator walls are 5 mm thick. The coolant
is fed to the bottom stator, at the outlet it is fed to the
next stator. The coolant thus flows countercurrently with
the process fluids.

The motor used to rotate the rotor is a SEW Eurodrive
CFM71M. The torque is proportional to the current applied
to the motor, which is measured. The torque with the motor
running idle, i.e., without rotors, is subtracted from the total
torque. The energy dissipation rate per unit volume of reac-
tor follows from the torque:

Ed ¼ sx
VR

(1)

The gas-liquid mass transfer rates in this study are
measured by the desorption of oxygen from water. The gas
(nitrogen) and liquid (water) flow rates are controlled by a
Bronkhorst gas mass flow controller and a Coriflow,
respectively. The oxygen concentration at the inlet liquid
and at the outlet is measured with Ocean Optics FOXY-R
fiber optic sensors and an Avantes spectrometer. The oxygen
sensors are calibrated as a function of temperature, which is
measured simultaneously and ranges from 15 to 30�C. The
gauge pressure (relative to atmospheric conditions) is
measured in the inlet tube of the liquid, as well as at the
rim of reactor Stage 2. Additionally, the pressure difference
between the rim of Stage 1 and the rim of Stage 3 is
measured. The differential pressures as indicated in Figure 2
are calculated from these pressures:

DPstage ¼ P0

3
¼ P1 � P3

2
(2)

DPtop ¼ P2 � 2DPstage (3)

DPbottom ¼ DPtop þ DPstage (4)

A liquid flow rate of 2.7 � 10�5 m3 s�1 is fed to the reactor
from a 2 dm3 stirred vessel. The vessel is aerated to increase
the oxygen concentration. The outlet liquid is recycled to the
vessel. The cooling liquid is tap water of approximately 15�C.
Nitrogen is used as the gas phase in the reactor, the flow rate
is varied up to 3 ˙ 10

�5 m3 s�1 at normal flow conditions.

Gas-liquid mass transfer

Meeuwse et al.2 described the gas-liquid mass transfer in
a single stage spinning disc reactor, where gas and liquid are
fed together to the bottom of the reactor. A liquid film is
present on top of the rotor, the gas phase fills the rest of the
region, see Figure 1. The liquid film is in plug flow behav-
ior, the gas phase is assumed to be ideally mixed, since a
recirculation of the gas is induced by the radial and tangen-
tial velocity of the liquid. A Sherwood correlation for the
gas-liquid mass transfer coefficient on a spinning disc with a
liquid film present is used for the calculation of the gas-
liquid mass transfer coefficient in the film flow region2,4,5:

Sh ¼ 10:8 � 10�4 Re0:94C0:24
w Sc

1
2 (5)

The gas-liquid interfacial area is the top area of the rotor
divided by the volume of the film flow region:

aGL ¼ Atop

VF
¼ pR2

D

hpR2
D

¼ 1

h
¼ 1 � 103m2

i m
�3
R (6)

Small gas bubbles are sheared off from the gas phase in the

film flow region, at the rim of the rotor. The region

surrounding the rim of the rotor and the region between the

rotor and the bottom stator is thus filled with gas bubbles

dispersed in liquid, as shown schematically in Figure 1. The

gas bubbles in the dispersed flow region flow radially inwards,

due to the centrifugal force. No coalescence of gas bubbles is

observed, and most of the gas bubbles have approximately the

same residence time; the gas phase is thus assumed to be in

plug flow. A recirculation of the liquid is induced by the

rotation of the rotor,2,6,7 the liquid phase in the dispersed flow

region is therefore assumed to be ideally mixed.
A representation of the reactor model used for the combi-

nation of the film flow region and the dispersed flow region
is shown in Figure 3, where the number of stages, N, is one.
The oxygen concentrations are measured at the inlet and the
outlet. The kGLaGL in the film flow region is calculated from
Eq. 5, the rest of the mass transfer thus occurs in the dis-
persed flow region. In this way the value of the volumetric
gas-liquid mass transfer coefficient, kGLaGL, is obtained.

The same flow behavior is expected in the multistage
spinning disc reactor (N [ 1) as in the single stage version
(N ¼ 1). For a single stage, it was observed that a gas-liquid
mixture fed at the top near the axis immediately separates
into gas-liquid film flow. It is therefore expected that the
gas-liquid flow that leaves the first stage also results in gas-

Figure 2. Schematic drawing of the 3-stage multistage
spinning disc reactor.

The rotors are attached to an axis which has a maximum rota-
tional speed of 470 rad s�1. The radius of the rotors is 0.066
m and the inner reactor radius is 0.076 m. The axial rotor-sta-
tor distance is 1 mm. Gas and liquid are added to the reactor
from the top, the gas-liquid dispersion leaves the reactor via
the bottom. Cooling liquid (water in this study) flows through
the hollow stators, countercurrently with the process fluids.
The pressure differences as denoted in the drawing are meas-
ured using pressure sensors connected to the outer rim of the
reactor. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

AIChE Journal January 2012 Vol. 58, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 249



liquid film flow on top of the discs in the second and third
stages. The reactor model as presented in Figure 2 is thus
valid again but now the sequence is executed N times. The
concentrations in the film flow region are calculated using a
time dependent differential equation for the ideally mixed
gas phase, coupled with a differential equation for the liquid,
which is in plug flow. The exit concentrations of the phase
are the input concentrations of the dispersed flow region,
where the differential equation of the ideally mixed liquid
phase is coupled with the differential equation of the gas
phase. This procedure gives the output concentration as a
function of time. The steady state value of the calculated
concentration is fitted to the experimentally measured outlet

concentration, with the value of kGLaGL in the dispersed
flow region as fitting parameter.

Results and Discussion

Gas-liquid mass transfer

Figure 4 shows the volumetric gas-liquid mass transfer
coefficient in the dispersed flow region as a function of the
rotational disc speed. Figure 4a shows the values with a 2-
stage rotor-stator spinning disc reactor. The volumetric mass
transfer increases with increasing rotational disc speed,
which was also observed in the single stage unit.2 An
increase in gas flow rate leads to an increase in mass transfer
as well. The same trends are observed in Figure 4b, for the
3-stage spinning disc reactor. At rotational disc speeds above
80 rad s�1, however, the increase in mass transfer as a func-
tion of rotational disc speed seems to level off, and the mass
transfer even decreases at higher rotational disc speeds. The
leveling off and the decrease at higher rotational disc speeds
is explained as follows. The gas-liquid mass transfer rates in
the multistage spinning disc reactor are high, which means
that equilibrium between the gas and the liquid will be
reached at high rotational disc speeds. The measured oxygen
concentration, however, is not exactly the same as the oxy-
gen concentration in the gas phase calculated with the mass
balance, but a little bit (between 0.001 and 0.005 mol m�3)
higher, due to a bias in the measurements. This slight over-
estimation of the oxygen concentration is probably due to
the calibration method used, and only has a significant effect
when the gas and the liquid are near equilibrium. The mass
transfer rate is thus underestimated, and gets constant with
increasing rotational disc speed. The value of the mass trans-
fer in the film flow region, however, calculated with Eqs. 5
and 6 will increase with increasing rotational disc speed.
This thus leads to a decrease in the volumetric gas-liquid
mass transfer coefficient in the dispersed flow region. The

Figure 4. The volumetric gas-liquid mass transfer coefficient in the dispersed flow region, for a 2-stage reactor (a)
and a 3-stage reactor (b), for various gas flow rates.

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

Figure 3. The reactor model of the multistage spinning
disc reactor2.

In the film flow region (see Figure 1), gas is ideally mixed
and liquid is in plug flow, in the dispersed region, the gas
phase is in plug flow and the liquid phase is ideally mixed.
The gas and the liquid from the dispersed region of the 1st
stage flow to the film flow region of the next stage. The
number of stages, N, is 1, 2, or 3 in this study. The oxygen
concentration is measured in the liquid phase at the inlet
and at the outlet. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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measurements where the gas and the liquid
concentrations are too close together are therefore discarded,

if (Cout
L � RT

H C
out
G )\ 0.01 mol m�3.

The effect of the bias in the measurements is obviously
larger if the number of stages increases. In the single stage
spinning disc reactor the decrease of mass transfer coeffi-
cient was not observed, up to the maximum rotational disc
speed of 180 rad s�1 used.2 The method used, the desorption
of oxygen from water, is thus not suitable to measure the
gas-liquid mass transfer at rotational disc speeds higher than
80 rad s�1 for a 3-stage spinning disc reactor. The problem
that the gas and the liquid reach equilibrium at higher rota-
tional disc speeds can be overcome by using a (fast) reaction
in the liquid bulk, which keeps the bulk concentration in the
liquid low, preferably at a concentration of zero.

Figure 5 shows the volumetric gas-liquid mass transfer
coefficient in the dispersed flow region, for the single stage,
2-stage and 3-stage rotor-stator spinning disc reactor. The
values of kGLaGL are equal for the 2-stage and the 3 stage
reactor below 80 rad s�1. Above this value, the increase
with the 3-stage reactor levels off, which is due to the mea-
surement method, as explained before. The values obtained
in the single disc reactor are approximately the same, and
follow the same trend, although the steep increase in mass
transfer as a function of rotational disc speed starts at a
somewhat higher rotational disc speed. The values for the
single stage spinning disc reactor are obtained in a different
setup,2 since it was not possible to use one stage in the setup
used in this study. The setup used by Meeuwse et al.2 was
of similar dimensions, it only had a rotating disc with a
thickness of 4 mm instead of 6 mm. The measurements were
performed at the same gas flow rate but at a lower liquid
flow rate of /L ¼ 6.7 � 10�6 m3 s�1.

The fact that the obtained mass transfer coefficients are of
the same magnitude as in the single disc system, is a strong
indication that the gas-liquid flow (liquid film on rotor, gas
bubbles dispersed in the rest of the reactor) is the same, for
2 or 3 stages. Unfortunately, no measurements for the multi-
stage system could be done above 110 rad s�1, due to the
high mass transfer rates. At higher rotational disc speeds, it
can thus not be shown that the same flow configuration is
obtained, but it is plausible that the behavior will be the
same. The co-fed rotor-stator spinning disc reactor can thus
be scaled up by stacking multiple rotor-stator stages in se-
ries, where every stage has the same mass transfer perform-
ance as in a single stage reactor.

Energy dissipation rate

Figure 6a shows the energy dissipation in the spinning disc
reactor as a function of rotational disc speed, for the 1, 2, and
3-stage spinning disc reactor. The energy dissipation rate is
approximately equal for the 1, 2, and 3-stage reactor, which is
another indication that the flow is the same in all stages. The
energy dissipation rate decreases with 20% in the presence of
gas, as shown in Figure 6b, the gas flow rate does not have an
influence. A decrease in energy dissipation rate is expected,
since a significant part of the reactor is filled with gas, which
has a lower density and viscosity, and thus less energy is
needed to accelerate the fluid. Figure 6b also shows the corre-
lation for the energy dissipation for single phase flow in a
rotor-stator spinning disc reactor from Daily and Nece.8 The

values obtained in the single phase multistage rotor-stator spin-
ning disc reactor are a factor 2.7 higher than those obtained
from the correlation. This could be caused by the higher liquid
throughflow rates used in this article. The ingoing liquid has to
be accelerated to the velocity of the rotor, leading to a higher
energy input. However, this is not experimentally proven, and
no evidence of this is found in the literature.

Pressure

Figure 7 shows the pressure differences in the second
stage of the 3-stage spinning disc reactor, with a liquid phase
only (a), and with gas and liquid together (b). The pressure
at the rim of the reactor is always higher than near the axis,
due to the centrifugal pressure. The pressure thus increases
from the axis on top of the disc to the rim of the reactor
(DPtop), up to 1.0 bar at 459 rad s�1. The pressure decrease
between the rim of the reactor and the axis below the rotor
(DPbottom), is larger, up to 1.3 bar at 459 rad s�1. The differ-
ence is the pressure drop per stage (DPstage), which is thus
up to 0.26 bar at 459 rad s�1.

The pressure drop is not caused by the friction of the
fluid, as would be the case in the flow between two flat
plates. The centrifugal pressure plays a large role, as is seen
by the influence of the rotational disc speed. The liquid flow
rate has a large influence as well. The pressure drop per
stage in the case of a liquid flow rate which is a factor 4
lower (/L ¼ 6.7 � 10�6 m3 s�1), is 0.024 bar at 459 rad s�1,
which is an order of magnitude lower. DPtop ¼ 1.1 bar, at
459 rad s�1, in this case, and DPbottom is thus almost the
same. If no liquid flow rate would be present, no pressure
drop over a stage would be expected of course, since the
buildup of centrifugal pressure is then the same above the
rotor as below the rotor. In the case of a (large) liquid flow

Figure 5. The volumetric gas-liquid mass transfer coef-
ficient in the dispersed flow region, for a sin-
gle stage, 2-stage, and 3-stage rotor-stator
spinning disc reactor, at a gas flow rate of
7.3 � 1026 m3 s21.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.].
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rate, the pressure buildup above the rotor will be lower, due
to the centrifugal flow, while the pressure will decrease
more below the rotor, where the flow is centripetal.9–11

The region between the rotor and the top stator is mainly
filled with gas in the case of co-feeding of gas and liquid. The
liquid flows over the rotor as a liquid film. The region between
the rotor and the bottom stator is filled with liquid, with small

gas bubbles dispersed in it. The gas holdup in the bottom part
will thus be much lower than in the top part. The centrifugal
pressure strongly depends on the density of the phases, DPtop

will thus be much smaller than DPbottom, as shown in Figure
7, with values of 0.33 bar and 0.97 bar at 459 rad s�1. The
resulting pressure drop per stage is thus 2.5 times higher than
in the case with liquid only, with 0.64 bar at 459 rad s�1.

Figure 7. The pressure differences in the second stage of the 3-stage spinning disc reactor.

The pressures differences are denoted in Figure 2 and are: the pressure increase from the axis on top of the rotor toward the rim of the re-
actor, the pressure decrease from the rim of the reactor to the axis below the rotor, and the pressure drop over the stage, which is the dif-
ference between the two. The values are for the middle stage of the 3-stage reactor, with a liquid flow rate of 2.7 � 10�5 m3 s�1 (a) The
pressures in the case of liquid only. (b) The pressures in case of liquid flow and a gas flow rate of 7.3 � 10�6 m3 s�1. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. The energy dissipation rate in the multistage spinning disc reactor as function of the rotational disc
speed.

(a) The energy dissipation rate for the single stage, 2-stage, and 3-stage reactor. (b) The energy dissipation rate for a 3 stage reactor with
and without gas flow. The results of the correlation by Daily and Nece8 are shown as well. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.].
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Energy is needed to overcome the pressure drop in the re-
actor. This energy input also has to be taken into account in
the total energy dissipation rate of the system. The energy
needed to pressure the liquid, for a 3-stage reactor with a
pressure drop of 1.9 � 105 Pa, follows from the work applied:

Ed;L ¼
R P0

Patm
/LdP

VR

¼ /LðPatm � P0Þ
VR

¼ 2:7 � 104Wm�3
R (7)

The isentropic work for compression can be used for the gas
phase, assuming the ideal gas law:

Ed;G ¼
R P0

Patm
/GdP

VR

¼
R P0

Patm

_nRT
p dP

VR

¼ _nRT ln P0

Patm

VR

¼ Patm/GRT ln P0

Patm

VR

¼ 1:7 � 104Wm�3
R ð8Þ

The total energy dissipation rate resulting from the pressure
drop is thus:

Ed;DP ¼ Ed;L þ Ed;G ¼ 4:4 � 104Wm�3
R (9)

This is two orders of magnitude lower than the energy
dissipation rate due to the rotation of the rotor and can
therefore be neglected.

Reactor comparison

The rotor-stator spinning disc reactor has advantages and
disadvantages, compared with conventional reactor equip-
ment. The following sections describe the most important
characteristics of the spinning disc reactor, and compares it
with conventional reactors. The choice of a reactor for a cer-
tain process depends on the characteristics of the process;
examples are presented of processes where the spinning disc is
a suitable alternative for reactors commonly used in industry.

Mass transfer

The mass transfer coefficients presented in this paper for
the multistage rotor-stator spinning disc reactor are only up
to a rotational disc speed of 110 rad s�1. It is shown that
the single disc behavior repeats itself at each stage, and
that scale-up by stacking rotor-stator units is possible. The
mass transfer coefficient in a single stage rotor-stator spin-
ning disc reactor is measured up to a rotational disc speed
of 180 rad s�1. The volumetric mass transfer coefficient in
the film flow region is up to 0.4 m3

L m�3
R s�1, in the dis-

persed phase is it up to 0.95 m3
L m�3

R s�1.2 This is 3 to 7
times higher than in conventional reactors such as bubble
columns or stirred tank reactors.12,13 The same mass trans-
fer behavior is thus expected for the multistage spinning
disc reactor. It is shown for the spinning disc reactor with a
single gas inlet that the mass transfer coefficient can be
increased even further by increasing the rotor size; an
increase in rotor radius of a factor 2 leads to a 3-fold
increase in mass transfer (Meeuwse et al. submitted). Addi-
tionally, the liquid-solid mass transfer coefficient is, with a
value of 8 � 10�4 m3

L m�2
i s�1 at a rotational disc speed of

157 rad s�1, an order of magnitude higher than, e.g., in a
packed bed reactor.14 The liquid-solid interfacial area,
which can be up to 2000 m2 m�3

R is comparable or even
higher than in this type of conventional reactor.

Heat transfer

From literature, it is known that the heat transfer coeffi-
cients in a rotor-stator system like the one used in this study,
are up to 2 � 104 W m�2 K�1,15 where the heat transfer to-
ward the rotor is commonly up to 50% higher than to the
stator.16,17. This is up to an order of magnitude higher than
in conventional reactors, such as stirred tanks, bubble col-
umns, and packed bed reactors. The interfacial area available
for heat transfer is much higher than in conventional sys-
tems, if the rotor and the stator are used it can be up to
2000 m2 m�3

R . The overall heat transfer coefficient is there-
fore expected to be one or two orders of magnitude higher.
The (multistage) rotor-stator spinning disc reactor is thus
very promising for reactions where heat transfer plays a key
role.

Energy requirements

This article shows the mass transfer coefficient in the mul-

tistage rotor-stator spinning disc reactor. The mass transfer

rates obtained are high in comparison with conventional

reactors. This is due to the high velocities, and the high

degree of turbulence which is obtained in the rotor-stator

spinning disc reactor. The energy input needed for the rota-

tion of the rotors, together with the energy needed to over-

come the pressure drop, influences the operation costs of this

reactor. The energy dissipation rate in the spinning disc reac-

tor is thus a factor that plays a significant role in the deci-

sion whether a spinning disc reactor will be chosen instead

of a different type of reactor.
The maximum volumetric gas-liquid mass transfer coeffi-

cient obtained in the rotor-stator spinning disc reactor is

approximately a factor 20 higher than the coefficient obtained

for stirred tank reactors (Meeuwse et al., submitted).18 The

energy dissipation rate, however, is up to a factor 2000 higher

than for this type of conventional equipment. The energy

input is converted into heat and can thus be used to heat up

the reactants, or this heat can be used for other process steps.
The rate of gas-liquid mass transfer per unit of energy

dissipation (kGLaGLEd
) is around 0.4 m3

L MJ�1 for a rotor with

0.135 m radius (Meeuwse et al., submitted) and 1.1 m3
L

MJ�1 for a rotor with 0.066 m radius, while it is around

80 m3
L MJ�1 for a stirred tank reactor with a Rushton stir-

rer.18 The mass transfer per unit of energy is thus much
lower than for most conventional reactors.19 The mass
transfer coefficient, however, is much higher than for con-
ventional equipment, as is shown in Figure 8.19,20 A high
mass transfer coefficient can have a large influence on the
selectivity in the case of competitive or consecutive reac-
tions. Mass transfer coefficients which are one order of
magnitude higher, can give a new scope for reactions that
were not economically feasible in conventional equipment,
due to selectivity issues. The rotor-stator spinning disc re-
actor is thus mainly suited for this type of processes.
Additionally, a large reduction in reactor size and volume
can be achieved by using the rotor-stator spinning disc re-
actor, which can increase the safety of a process, due to
the decreased inventory of (dangerous) chemicals. The
smaller volume also makes it feasible to work at higher
pressures, which opens a new window of reactor operation.
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Reactor operation

A single rotor-stator spinning disc reactor consists of a
part where the gas is ideally mixed and the liquid is in plug
flow (the film flow region) and a part where the gas is in
plug flow and the liquid ideally mixed (dispersed flow
region). For all positive order reactions, and thus also all
reactions which are limited by mass transfer, which behave
as a first order reaction, plug flow behavior is preferred. The
ideally mixed regions in the spinning disc reactor are thus
not beneficial. However, if the single stage reactor is
expanded toward a multistage system, it behaves similarly to
a cascade of mixers. If the number of stages is high enough,
this mimics plug flow behavior.

Most of the conventional reactor systems that are used in
industry which behave more or less as plug flow (e.g., packings
or trickle bed reactors) have a mass transfer coefficient which is
directly linked to the velocity in the reactor. Increasing the ve-
locity gives a higher mass transfer rate, but this also decreases
the residence time in the reactor. A longer column is then
needed to get the same conversion. In a (multistage) rotor-stator
spinning disc reactor the mass transfer is determined by the
rotation of the discs and not by the flow rate of gas and liquid in
the reactor. An extra degree of freedom is therefore present
which is unavailable in most conventional systems.

Applications

The multistage rotor-stator spinning disc reactor requires
more sophisticated equipment than conventional reactor sys-
tems. This will result in higher equipment costs and a higher
risk of mechanical failure, due to the rotating parts. Apparatuses
with rotating parts are widely used in industry (e.g., pumps or

compressors), but they have higher costs for maintenance, to
prevent failure of the mechanical parts. Additionally, the
energy requirements are higher then for conventional equip-
ment. The rotor-stator spinning disc reactor is therefore only
economically attractive if the high heat and mass transfer rates
justify the high investment and operational costs. This reactor
is therefore probably not the best choice for large scale proc-
esses. Examples of processes in which the rotor-stator spinning
disc reactor does have a large potential are given below.

An important advantage of the multistage rotor-stator spin-
ning disc reactor is the high mass transfer rate, which signifi-
cantly increases the conversion or decreases the reactor vol-
ume needed for a process. The smaller reactor volume thus
has a lower amount of chemicals, which is especially benefi-
cial in the case of dangerous reactants and/or products, since
the risk of a spill or an explosion is decreased. For reactions
at a higher pressure, a smaller reactor volume is also benefi-
cial, since this decreases the outer surface area of the reac-
tor. The gas holdup in the reactor is relatively low in the dis-
persed region (typically a few percent), and somewhat higher
in the film flow region. For reactions with dangerous gases,
this increases the safety even further. These aspects typically
play a role in the production of pharmaceuticals and in fine-
chemistry,21,22 e.g., with hydrogenation, oxidation, and
hydroformylation reactions. The energy dissipation rate,
which is high in the spinning disc reactor compared with
conventional reactors is not playing an important role in the
total costs of these processes, especially in pharmaceutical
industry, where time to market, selectivity, and conversion
are much more important than the operation costs.

In parallel or serial reactions, the selectivity toward the
desired product is an important issue. It is important to have
a good control over the reactor conditions, especially if the
mass transfer determines the selectivity. A (very) high mass
transfer rate can have a positive influence on the selectivity;
a (very) high energy dissipation rate is then not necessarily a
problem. A higher selectivity can make a process economi-
cally feasible, e.g., since less separation effort is required.

Another potential application of the multistage rotor-stator
spinning disc reactor is for highly exothermic reactions,
since both the surface area and well as the heat transfer
coefficient are high compared with other reactors. The for-
mation of hot spots in the reactor is unlikely, since either the
rotor or the stator is always close by. If the reaction is heter-
ogeneously catalyzed and the catalyst is supported on the
rotor and/or the stator, the heat can be removed locally,
through the rotor and/or the stator.

Conclusions

The volumetric mass transfer coefficient in the dispersed
flow region of a rotor-stator spinning disc reactor is the same
for a single stage reactor, a 2-stage reactor and a 3-stage reactor.
This proves the principle that the spinning disc reactor can be
scaled up by using multiple rotor-stator units in series, where
the rotors are mounted on a common axis. The gas-liquid mass
transfer is measured up to a rotational disc speed of 100 rad
s�1, where the volumetric gas-liquid mass transfer coefficient is
0.7 m3

L m�3
R s�1. The mass transfer rates at higher rotational

disc speeds could not be obtained, since the mass transfer is so
high that the gas and liquid are virtually in equilibrium.

Figure 8. Volumetric mass transfer coefficient as func-
tion of energy dissipation, for a variety of
multiphase reactors.19,20

The values of kGLaGL obtained in the spinning disc reactor
are more than one order of magnitude higher than in
conventional reactor systems, however, the energy input
is around 3 orders of magnitude higher. [Color figure can
be viewed in the online issue, which is available at wiley
onlinelibrary.com.]
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The pressure drop in the multistage spinning disc reactor
increases with increasing liquid flow rate and rotational disc
speed, up to 0.64 bar, at 459 rad s�1. The pressure drop in
the reactor is higher with the presence of gas and liquid then
with liquid phase only.

The high mass and heat transfer rates, in combination
with the high energy dissipation rate in the reactor, make the
multistage rotor-stator spinning disc reactor mainly suitable
for reactions with dangerous chemicals, reactions at high
pressures, highly exothermic reactions and reactions where a
significant increase in selectivity can be obtained due to the
high mass transfer rates.
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Notation

aGL ¼ gas-liquid interfacial area, m2
i m�3

R

Atop ¼ area on top side of the rotor, m2
R

C ¼ oxygen concentration mol, m�3
L

Cw ¼ flow rate coefficient, Cw ¼ /L

2pmRD
, –

D ¼ diffusion coefficient in liquid, m2
L s�1

Ed ¼ rate of energy dissipation, W m�3
R

H ¼ Henry coefficient, m3
L Pa mol�1

h ¼ rotor-stator distance, mR

kGL ¼ gas-liquid mass transfer coefficient, m3
L m�2

i s�1

kGLaGL ¼ volumetric gas-liquid mass transfer coefficient, m3
L m�3

R s�1

_n ¼ molar gas flow rate, mol s�1

N ¼ number of stages, –
PN ¼ gauge pressure of stage, N Pa
R ¼ gas constant, m3

G Pa mol�1 K�1

RD ¼ Rotor radius, mR

Re ¼ Reynolds number, Re ¼ xR2
D

m , �
Rax ¼ radius of rotor axis, mR

Sh ¼ Sherwood number, Sh ¼ kGL
1
3
D

R2
D�R2

axð Þ
D R

4
3
D
�R

4
3
ax

� � , –

Sc ¼ Schmidt number, Sc ¼ m
D, –

T ¼ temperature K
VD ¼ volume dispersed flow region, m3

R

VF ¼ volume film flow region, m3
R

VR ¼ reactor volume, m3
R

Greek letters

l ¼ dynamic viscosity, Pa s
m ¼ kinematic viscosity, m ¼ l

q m2s�1, �
q ¼ density, kg m�3

s ¼ torque, Nm
/G ¼ gas flow rate at normal flow conditions, m3

G s�1

/L ¼ liquid flow rate, m3
L s�1

x ¼ rotational disc speed rad, s�1

Superscripts

out ¼ outlet

Subscripts

atm ¼ atmospheric
G ¼ gas phase
L ¼ liquid phase
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