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A new mixing unit, based on a modification of the classical Taylor-Couette (TC)
unit is proposed, where a lobed profile of the inner cylinder cross section is used. The
shear rate distribution of the lobed Taylor-Couette (LTC) unit have been computed
through computational fluid dynamic simulations and compared with those of the TC
unit and a standard stirred tank (ST). It is found that since the flow pattern of the LTC
units becomes temporal-periodic at each point with respect to the nonrotational outer
cylinder, it reduces the formation of the low velocity gradient (low shear rate) region,
typically generated in the vortex core of the TC units. The obtained distributions of the
shear rate are substantially narrower than those of the TC and the ST units. Variation
of the ratio between the maximum and the minimum gap widths can lead to significant
changes in the shear rate distribution, and there exists an optimal range of such ratio,
where the shear rate distribution is not only very narrow but also insensitive to the
variation of the gap widths. � 2007 American Institute of Chemical Engineers AIChE J, 53:
1109–1120, 2007
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Introduction

Taylor Couette (TC) flow as a model secondary flow sys-
tem for fundamental studies in fluid mechanics has been
widely investigated since the Taylor pioneering work in
1923. Its specific flow features such as rather narrow shear
rate distribution, absence of high shear rate regions with
respect to conventional stirred-tank reactors, flow pattern
covering limits from almost plug flow to ideally stirred tank
(ST) reactor, etc., have potential applications in practice.
However, only in the last 20-years these features have been
considered for realizing units of interest for chemical engi-
neering applications. For example, the TC reactor was suc-
cessfully used for continuous emulsion polymerization to
reduce shear-induced coagulation as well as to increase the

monomer conversion.1,2 The TC unit was also used as a fil-
tration unit to improve the mass transfer for filtering mixtures
containing fragile components.3–6 Because of the absence of
the high shear regions with respect to conventional stirred-
tank reactors, it was successfully applied as a biochemical re-
actor for various systems including yeasts,7,8 mammalian
cells,9 and blood cells10–13 or as a precipitator for reducing
breakage of crystals.14 Since the Taylor vortexes force the
fluid to periodically experience the surfaces of the inner and
outer cylinders, the TC unit can be used as a support for cat-
alyst or light source for photocatalytic reactions.15–20 More-
over, as shown by Baier et al.,21 highly active interfacial sur-
face between two counter-currently rotating vortexes can be
used to improve the liquid-liquid extraction efficiency.

Some limitations in the mixing process in the TC unit
have been evidenced, e.g. when the TC unit operates in the
laminar flow regime, mixing in the core of the vortexes
occurs through pure molecular diffusion, thus leading to
significant deficiencies in terms of intra-vortex mixing.22
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Moreover, when particles or bubbles are present as a second-
ary phase in the TC reactor, Resende et al.23 have experi-
mentally observed that due to the inertial forces the dispersed
phase is concentrated more in the core of the vortexes, where
velocities as well as shear rates are low. Drozdov24 used
particles of different relative densities to the disperse phase
in the TC unit with undulated surfaces of both cylinders along
the axial direction and observed through numerical simula-
tions that the high probability region of particles is strongly
correlated with the regions of low velocity (or shear rate). As
a result, the mean residence time of the dispersed phase in the
reactor is longer than that of the continuous phase when the
TC units operate in the continuous mode. Such segregation
effect could be undesired for particulate systems.

A way to overcome this segregation, while keeping the
main advantage of the TC flow, is to eliminate or reduce the
low velocity (or low shear rate) regions in the TC flow so as
to further narrow the shear rate distribution in the TC unit,
thus improving mixing within and between the vortexes. One
of the possible solutions is to locate eccentrically the inner
cylinder of the TC unit25–29 to break the rotational symmetry
of the flow, thus improving the mixing or shear rate distribu-
tion. Lopez and Marques30 proposed to rotate the inner cylin-
der at a constant angular velocity and simultaneously to
rotate or move the outer cylinder at a velocity properly
modulated in time. From the practical point of view rotating
both inner and outer cylinders simultaneously is rather diffi-
cult. Snyder31 and Mullin and Lorenzen32 observed that
using a square cross section of the inner cylinder or outer
cylinder can affect significantly the flow pattern and conse-
quently the mixing intensity in the vortexes with respect to
the classical TC unit.

In this work, we propose to reduce the low velocity (or
shear rate) regions in the TC unit, thus improving the shear
rate distribution or the intra-vortex mixing, through a proper
design of the cross-section of the inner cylinder.33 In particular,
the circular cross-section of the inner cylinder is substituted by
a lobed one. This leads to a unit, referred to in the following
as the Lobed Taylor-Couette (LTC) unit, where the gap
between the inner and outer cylinder is not constant. The spe-
cific profile, i.e. the nonconstant gap, is designed so as to
deform or reduce the Taylor vortexes and therefore to improve
the flow intensity and mixing in the core of the vortexes. As a
consequence, the distribution of the shear rate within the gap
becomes substantially narrower than that of the classical TC
units. The design of the LTC unit is performed in this work
through numerical simulations using the commercial computa-
tional fluid dynamic (CFD) package, Fluent v6.2. The distribu-
tions of shear rate and power input of the LTC units are com-
puted and compared with those of the classical TC as well as
the typical ST equipped with the Rushton turbine. The experi-
mental validation is limited to the values of the torque as a
function of the Reynolds number.

The CFD Simulation Procedure

Geometry of the LTC unit

To investigate the possibility of improving the distribution
of the shear rate g in the unit by properly designing the pro-
file of the inner cylinder cross section, we consider three dif-
ferent shapes with ellipse- or triangle- or square-type of pro-

file. In Figure 1 is shown the cross-section of the LTC unit
with a triangle-type of profile, where Ro is the radius of the
outer cylinder, and the parameters, dmin and dmax, are the
minimum and maximum widths of the gap between the inner
and outer cylinders. The cross section profile of the inner
cylinder is constructed by connecting three circles with the
same radius Rc (¼Ro � 2dmax þ dmin), positioned 1208 with
respect to each other, and shifted eccentrically from the axis of
the outer cylinder by a distance e (¼2* (Ro � dmax � Rc)).
The connection is made along their mutual tangential lines.
In this study, the values for Ro and dmin are fixed to be 70
and 8 mm, respectively, while the maximum gap width, dmax

varies from 8 to 22 mm. Obviously, at dmax ¼ 8 mm, the
LTC unit reduces to the classical TC unit with the ratio of
the inner to outer cylinder radius, Z, equal to 0.886. The
length of the LTC reactor, L, is equal to 320 mm. This leads
to the aspect ratio G of the minimum gap width dmin to the
reactor length L equal to 40. The square-type cross section
geometry of the inner cylinder is constructed by connecting
four circles with the same radius Rc (¼[a � b cos(p/4)]/[1 �
cos(p/4)]), where a ¼ (Ro � dmax), and b ¼ (Ro � dmin).
The four circles are positioned 908 with respect to each other
and shifted eccentrically from the axis of the outer cylinder
by a distance e (¼(Ro � dmin � Rc). As in case of the trian-
gle cross section, the connection is made along their mutual
tangential lines, the values for Ro and dmin are 70 and 8 mm,
respectively, and the maximum gap width, dmax, varies from
8 to 22 mm.

Numerical simulations

Currently, there is no convenient technique to measure
directly the distribution of the energy dissipation rate e in

Figure 1. Schematic of the cross section of the inner
cylinder perpendicular to the rotation axis of
a LTC unit in the case of a triangle-type pro-
file.
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mechanically stirred units, which is then used to evaluate the
distribution of the shear rate g, though g ¼ ffiffiffiffiffiffiffi

e=n
p

under tur-
bulent conditions.34 However, it is possible, using laser
Doppler velocimetry (LDV)35 and particle image velocimetry
(PIV),9,36–40 to measure the velocity profiles (instantaneous
as well as time averaged) and flow patterns. From the com-
ponents of the mean velocity and the velocity fluctuations it
is possible to estimate the e distribution, and consequently
the g distribution. However, the LDV and PIV techniques are
difficult to apply to the present LTC unit, because the
deformed inner cylinder leads to a flow pattern varying peri-
odically with time with respect to a fixed location inside the
gap. On the other hand, it has been confirmed that simula-
tions of the single-phase flow using commercial softwares for
CFD, such as Fluent, CFX, and StarCD, can correctly repro-
duce the average velocity profiles and flow patterns measured
by LDV and PIV techniques.9,40–43 Therefore, in the follow-
ing we rely on single-phase CFD simulations, using the com-
mercial software, Fluent (version 6.2), to compute the shear
rate distribution as well as the other fluid dynamic properties
in the various units considered in this work.

All simulations are carried out in 3D, where only one half
of the unit height is simulated because of its geometrical
symmetry. The initial computation grid is set as follows: 20
nodes in the radial direction, 160 nodes in axial direction,
and 160–420 nodes in the circumferential direction depend-
ing on the dmax value. In addition, points in the gap were dis-
tributed asymmetrically to properly resolve the local large
gradients near the inner and outer walls. Thus, the total num-
ber of the initial computational cells (for 1/2 of the reactor
height) varies from 512,000 to 1,344,000. During the simula-
tions several adaptations were applied to improve the quality
of the mesh in the regions with larger velocity gradients so
as to obtain the mesh independent solution. In the viscous
sublayer near the wall the standard wall function (SWF) was
used in all simulations, where the size of the first volume
element (characterized by yþ (¼ruty/m)) was kept approxi-
mately constant (¼30) for all investigated geometries.

The turbulent flow can be simulated within Fluent using
different models to close the Reynolds averaged momentum
balance equations. It was found by Marchisio et al.,44 that
the Reynolds Stress Model leads to the best agreement with
the experimental data in the case of the TC units. Therefore,
in all the following simulations this model has been used in
combination with the SWF. It is worth noting that due to the
narrow gap in the TC and LTC units, where a relatively large
portion of the energy is dissipated near the wall, one would
expect the nonequilibrium wall function to better handle the
fine structure of the flow close to the wall. However, our
simulation results indicate that, at least for the conditions
considered in this work, the two approximations do not lead
to significant differences. The rotation of the inner wall is
implemented by a rotating reference frame where the liquid
rotates with the same velocity as the inner cylinder, and the
outer cylinder is treated as static.18

It is worth mentioning that when we compute directly the
steady-state conditions of the TC and LTC units, some diffi-
culties have been encountered, particularly for small differen-
ces between dmin and dmax. As mentioned by Haut et al.,9 the
solution of the steady-state is very sensitive to the first trial
solution. One example of the temporal solution for a TC unit

starting from the uniform velocity profile using steady-state
simulation after few iteration steps is shown in Figure 2a,
where a radial component of the velocity on the unwrapped
circumferential surface in the middle of the gap of the TC
unit is plotted. Continuation of such nonrealistic partially
converged solution requires substantially long computational
time to reach correct solution. In fact, Haut et al.9 solve this
problem using experimentally measured velocity profile from
the PIV technique as a first trial solution. Since we do not
have experimental data for our geometry and further the de-
formation of the inner cylinder introduces another type of
instability to the flow field, in all our simulations we use the
time-dependent mode. This avoids the abnormal flow patterns
as shown in Figure 2a. Note that the results in Figure 2b,c
correspond to the simulations of one half of the total height
of the TC, where the top part of the velocity profile is
attached to the static wall and the bottom part to the symme-
try boundary. Moreover, for a geometry of the TC similar to
the one used in this study, Koschmieder45 showed experi-
mentally the existence of multiple steady-state solutions in
terms of number of vortexes (or wavelength l). In fact with
varying first trial solutions, we have also observed multiple
steady-state solutions with respect to the number of the vor-
texes where the wavelength l varies in the range from 2.5 to
3.5, in agreement with the results obtained by Kosch-
mieder.45

Results and Discussion

The classical Taylor-Couette unit

Before discussing the simulation results of the LTC unit,
let us first consider the classical TC unit. This step is neces-
sary since some experimental data of the flow field in the TC
units are available in the literature, and in this case we can
validate the CFD simulation procedure described earlier. For
this, the average axial velocity profile in the gap of the TC
unit measured by Haut et al.9 using the PIV technique has
been simulated. The inner and outer cylinders have radii
equal to 40 and 48.5 mm, respectively. The experimental
results at the rotation speed of the inner cylinder, equal to
2.15 rad/s, are shown in Figure 3 by the symbols (~), where
z is the axial coordinate, and Uax is the mean axial velocity
on the circumferential surface with distance of 2.125 mm
from the surface of the inner cylinder. The solid curve repre-
sents the corresponding mean axial velocity profile computed
through 3D simulations. It is seen that the agreement
between experiments and numerical simulations is very satis-
factory.

As a second check of the adopted CFD simulation proce-
dure, we have computed the torque on the inner cylinder of
the TC unit as a function of the rotation speed and compared
the results with the experimental measurements. The used
TC unit has internal and external radii equal to 62 and 70
mm, respectively, with height equal to 320 mm. The inner
cylinder is made of polished stainless steel, while the outer
cylinder is of precise glass (Schott, Duran1). The torque on
the inner cylinder is measured using a torque meter
(MCRT28001T-25-0-NA, Himmelstein & Co) mounted
between the motor and the rotating shaft. The range of the
rotation speed of the inner cylinder is selected in such a way
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that the flow in the gap is always turbulent. At each rotation
speed, the torque values are measured for the TC unit filled
with deionized water and empty, and the difference between
the two values gives the net torque on the inner cylinder.
Figure 4 shows a comparison between CFD simulations and
experimental data, where G and Re are the dimensionless
torque and the Reynolds number defined as

G ¼ t
rn2L

; Re ¼ RiOd
n

(1)

where t is the torque on the surface of the inner cylinder, r
and n are the density and the kinematic viscosity of the fluid,
respectively, X and Ri are the angular velocity and the radius
of the inner cylinder, and d is the gap width. It is seen that
the agreement between simulations and experiments is rather

satisfactory in the entire range of Re values. Lathrop et al.46

developed the following correlation between G and Re based
on the experimental data of Wendt47:

G ¼
1:45

Z3=2

ð1� ZÞ7=4
Re1:5 for 4� 102 < Re < 104

0:23
Z3=2

ð1� ZÞ7=4
Re1:7 for 104 < Re < 105

8>>>><
>>>>:

(2)

where Z (¼Ri/Ro) is the ratio between the radius of the inner
and outer cylinder. The solid curve in Figure 4 corresponds
to the results of Eq. 2 for the TC unit considered in this
work. Again, they are in good agreement with our experi-
mental data and CFD simulations.

Figure 2. Steady-state radial velocity pattern on the unwrapped circumferential surface in the middle of the gap for a
TC unit: (a) direct steady-state simulation; (b) simulation of the entire transient evolution; (c) radial velocity
pattern in the gap of the TC corresponding to (b).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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In Figure 5 are presented the distributions of the shear rate
g normalized by the volume-averaged shear rate hgi, com-
puted for the TC unit with Ro ¼ 70 mm and d ¼ 8 mm, cor-
responding to the four angular velocities of the inner cylinder
used in Figure 4. It is seen that in all the four cases the
shape of the shear rate distribution is rather similar and cov-
ers approximately two orders of magnitude. There is only a
slight increase in the broadness of the distribution, as the
angular velocity increases. On the other hand, as shown by
various authors,9,23,46 increasing the rotation speed of the
inner cylinder improves the mass transport within and
between the vortexes.

A comparison between the normalized shear rate distribu-
tions of the TC unit considered earlier and a standard ST
(equipped with a Rushton turbine operated under turbulent
conditions as defined by Wu and Patterson35] is presented in

Figure 6. For the ST, similar to the TC geometry, several
refinements of the computational grid have also been per-
formed in order to obtain mesh independent solution. We use
this ST geometry because the experimental data reported by
Wu and Patterson35 can be used as a further validation of the
adopted CFD simulation procedure, as discussed in the Ap-
pendix. As expected, the normalized shear rate distribution
of the ST shown in Figure 6 is much broader than that of the
TC unit, and in fact covers at least three orders of magni-
tude. This is due to the presence of two regions in the ST,
one close to the impeller and one at the top of the vessel far
from the impeller, exhibiting very large and very small shear
rates, respectively. It is the absence of this region of high
shear rates that makes TC unit desirable for stirring mixtures
containing shear sensitive components.2,9,11,14

On the other hand, as mentioned in the Introduction, when
a dispersed phase is present, the TC flow may lead to con-
centrating particles,23 droplets41,48 or bubbles (observation

Figure 3. Time-average axial velocity profile on the cir-
cumferential surface at a distance of 2.125
mm from the surface of the inner cylinder, at
the angular velocity X 5 2.15 rad/s. (~) ex-
perimental data by Haut et al.,9 (solid curve)
CFD simulation. Ro 5 4.85 mm; d 5 8.5 mm.

Figure 4. Values of the dimensionless torque G on the
surface of the inner cylinder as a function of
the Reynolds number, Re, for a TC unit. (~)
CFD simulations; (*) experimental data; (—)
Eq. 2. Ro 5 70 mm; d 5 8 mm.

Figure 5. Distributions of the normalized shear rate, c/
hci, for the TC unit at various rotation speeds
of the inner cylinder,X. Ro 5 70 mm; d5 8 mm.

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

Figure 6. Distributions of the normalized shear rate, c/
hci, for a TC unit (– – –) and a stirred tank
with Rushton turbine (—). Ro 5 70 mm; d 5 8
mm, hci 5 685 s�1.
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from our laboratory) in the region with smaller velocity gra-
dient, i.e., in the core of the vortexes. This arises because in
the region of small velocity fluctuations, the particles tend to
follow closely the trajectories of the fluid. Such a segregation
behavior can lead to inhomogeneity in the system, which is
undesired in most industrial applications.

In addition, although the normalized shear rate distribution
of the TC unit is much narrower than that of the ST, it still
covers at least two orders of magnitude. This leads to the
introduction of the LTC unit to reduce the above drawbacks.

The lobed Taylor-Couette unit

Let us first consider the LTC unit with a triangular shape
of the inner cylinder cross section as drawn in Figure 1. To
validate the results obtained from the CFD simulation, we
have performed series of experiments to measure the torque
on the surface of the inner cylinder, using the same proce-
dure described in the context of Figure 4. The used LTC unit
has dimensions: Ro ¼ 70 mm, dmin ¼ 8 mm, dmax ¼ 12 mm,
and height equal to 320 mm. Comparison of the torque val-
ues obtained experimentally with those from the CFD simu-
lations is presented in Figure 7 in terms of the dimensionless
torque on the surface of inner cylinder, G, as a function of
the Reynolds number, Re. Similar to the case of the TC, the
agreement between the experiments and the simulations is
satisfactory. This confirms the validity of the adopted proce-
dure in our CFD simulations. Therefore, the same procedure
is used in the following also for the other geometries.

To investigate the effect of the deformation of the inner
cylinder on the flow pattern in the gap of the LTC unit we
keep the minimum gap width, dmin, constant, equal to 8 mm,
and vary the maximum gap width, dmax. The obtained radial
velocity patterns on the unwrapped circumferential surface in
the middle of the smallest gap (R ¼ 62 mm) are shown in
Figure 8a–d, respectively for (a) dmax ¼ 10 mm, (b) dmax ¼
12 mm, (c) dmax ¼ 16 mm, and (d) dmax ¼ 22 mm. Note
that in all cases the flow is turbulent, and the rotation speed

has been adjusted so to have the volume averaged shear rate
equal to hgi ¼ 685 s�1. By comparing Figure 8a–d with Fig-
ure 2b, it is seen that changing the cross section profile of
the inner cylinder has a substantial effect on the flow patterns
in the LTC unit. When the difference between dmax and dmin

is small, as in the case of Figure 8a, only small deformation
of the toroidal vortexes can be observed. Further increase in
the difference between dmax and dmin leads to the flow pat-
terns at each fixed point with respect to the nonrotational
outer cylinder varying periodically in the circumferential
direction. Obviously, such periodic variations will depend on
the shape of the inner cylinder, and for the particular case of
the triangular cross section, the period is 1/3 of the time for
one rotation of the inner cylinder. The periodic flow varia-
tions have also been observed experimentally by Snyder31

for a TC unit with the inner cylinder of a square cross sec-
tion.

In Figure 9a–d are presented the corresponding velocity
vectors in the vertical surfaces located in the smallest and
largest gap of the LTC. The size of the arrow indicates the
absolute velocity magnitude and the color represents the
magnitude of the radial velocity component. As can be seen,
increasing the maximum gap width dmax increases also the
size of the vortexes and consequently decreases their number.
The shape of the vortexes in the maximum gap in Figure
9a–d is approximately circular, while it is progressively elon-
gated in the minimum gap as dmax increases. This means that
the maximum wavelength, lmax, defined as the ratio of the
vertical extent of two toroidal vortexes, l, to the maximum
gap, dmax, stays approximately constant, but the minimum
wavelength, lmin, defined as the ratio of the vertical extent of
two toroidal vortexes, l, to the minimum gap, dmin, increases
as the difference between dmin and dmax increases. In the
case of a TC unit with eccentrically located inner cylinder,
Koschmieder25 observed experimentally that the lmax value
decreases and the lmin value increases monotonically as the
difference between dmin and dmax increases. This clearly indi-
cates the different flow features between the TC with eccen-
tric cylinders and the present LTC. Moreover, as observed
by various authors25–29 when the inner cylinder eccentricity
is large the reverse flow may occur in the region of maxi-
mum gap. Such reverse flow instead does not appear in the
LTC units investigated in this work.

Figure 10 compares the distributions of the normalized
shear rate for the LTC units with triangle cross-section of the
inner cylinder at four different values of dmax ¼ 12, 16, 22,
and 31 mm, together with those obtained for the TC and the
ST units. Note that in the case of the largest gap width dmax

¼ 31 mm, the cross-section profile of the triangle inner cyl-
inder cannot be constructed by connecting the three circles
along their mutual tangential lines. Instead, they are con-
nected with circles of radius Rc ¼ 30 mm, as shown in Fig-
ure 11. The position of the circles with respect to the center
of the LTC are given by e1 ¼ 32 mm and e2 ¼ 69.215 mm.
It is seen that as the maximum gap width dmax increases, the
shear rate distribution becomes narrower, and for dmax � 16
mm the distribution is substantially narrower than those of
the ST and the TC units covering approximately one order of
magnitude. Moreover, with respect to the ST, the normalized
shear rate distributions of the LTC units exhibit much shorter
tails, particularly in the region of large shear rates. On the

Figure 7. Values of the dimensionless torque G on the
surface of the inner cylinder as a function of
the Reynolds number, Re, for a lobed TC
with triangular shape of the inner cylinder
cross section. (~) CFD simulations, (*) ex-
perimental data.
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other hand, with respect to the TC unit, the main difference
is in the region of small shear rates, which has been clearly
reduced in the case of the LTC units. This is due to the tem-
poral-periodic variations of the flow pattern in the LTC units,
which significantly deform the Taylor vortexes and elimi-
nates the low velocity gradient (low shear rate) region
located in the vortex core of the TC units.

However, further increasing the dmax value, such as in the
case of dmax ¼ 31 mm in Figure 10, leads to broadening the
normalized shear rate distribution. This arises because at
dmax ¼ 31 mm, a different construction approach has been
used for the inner cylinder, as given in Figure 11. This
results in the form of the inner cylinder very similar to an
impeller used in a ST, broadening the shear rate distribution.
Therefore, in the design of the LTC units, to obtain a narrow
shear rate distribution, we should keep the ratio between
dmax and dmin, in a certain range, and based on our numerical
simulations the recommended value is between two and
three.

As a further check of the reliability of the simulation
results reported earlier, the simulation of the LTC unit with
dmax ¼ 16 mm has been performed applying three different

turbulent models: standard k-e (SKE), renormalized group k-e
(RNG), and Reynolds stress model.49 The computed normal-
ized shear rate distributions are shown in Figure 12. It is
seen that, although some slight differences in the normalized
shear rate distributions appear, they are certainly insufficient
to affect the conclusion drawn in the context of Figure 10
about the comparisons with the TC and ST units.

Another important parameter in industrial applications is
the power input (power per unit volume) to the unit. For the
above LTC units with the triangular inner cylinder cross-sec-
tion, the power input (P/V), has been computed as a function
of the gap width difference, d (¼dmax � dmin), for a fixed
value of the volume-averaged shear rate, hgi equal to 685 s�1.
The power, P, is estimated based on the computed total torque
value on the surface of the inner cylinder:

P ¼ Ot (3)

In Figure 13 is shown the ratio of the power inputs of the
LTC unit to that of the TC units, RP/V, as a function of d. It
appears that the TC unit (d ¼ 0) leads to the largest power
input, while the power input of the LTC unit decreases as the

Figure 8. Radial velocity pattern on the unwrapped circumferential surface in the middle of the smallest gap for
the LTC unit with triangular profile of the inner cylinder cross section: (a) dmax 5 10 mm; (b) dmax 5 12
mm; (c) dmax 5 16 mm; (d) dmax 5 22 mm.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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d value increases. This arises mostly because at a fixed hgi
value, the surface-to-volume ratio is the largest for the TC
and then decreases progressively with increasing the maxi-
mum gap width of the LTC unit. The results in Figure 13
show that in the region of d [ (0, 8 mm), the power input of
the LTC unit decreases sharply as d increases, while a further
increase in d does not lead to significant changes in the power
input. This indicates that the energy efficiency for mixing is
larger in the LTC than in the TC unit, thus leading to better
mass and heat transport characteristics. It is worth mentioning
in this context that the power input of a ST, for the same hgi
value, is smaller than both TC and LTC units.

Role of the shape of the inner cylinder cross section

We now investigate the effect of the shape of the inner
cylinder cross section, while keeping constant the gap width
difference d of the LTC unit. In Figure 14 are shown the dis-
tributions of the normalized shear rate computed using three
types of the inner cylinder cross-sections: elliptical, triangu-
lar, and square, with fixed values of dmax ¼ 16 mm, dmin ¼
8 mm, and hgi ¼ 685 s�1. For a comparison, the normalized
shear rate distributions for the corresponding TC and ST
units are also shown. It is seen that the shear rate distribu-
tions of the three cases are rather similar, with slightly larger
tails in the case of the elliptical profile, but all of them are
substantially narrower than those of the TC and the ST units.

Figure 9. Flow fields in the maximum and minimum gaps of the LTC for various values of the maximum gap width
corresponding to the flow patterns presented in Figure 8, (a) dmax 5 10 mm, (b) dmax 5 12 mm, (c) dmax 5
16 mm and (d) dmax 5 22 mm, where the color indicates the radial velocity.

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

Figure 10. Distributions of the normalized shear rate, c/
hci, in LTC units with triangular profile of
the inner cylinder cross-section for various
dmax values compared with those of the
TC and ST units. Ro 5 70 mm; dmin 5 8 mm,
5 685 s�1.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.].
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Of course, the situation would be different for different
diameters of the inner and outer cylinders with the same gap
width. However, in general as the diameter of the unit
increases, a lobed inner cylinder cross-section with more
lobes should be used in order to keep a narrow shear rate
distribution for a given hgi value.

Concluding Remarks

In this work a new type of mixing units based on a modifi-
cation of the classical Taylor-Couette (TC) has been pro-
posed. The circular cross-section of the inner cylinder of the
TC unit has been replaced by a lobed cross-section whose
detailed shape can be designed according to specific needs.
This leads to a nonconstant gap width between inner and
outer cylinders, and we refer to it as to the LTC unit. The
main purpose of this modification is to deform and reduce
the Taylor vortexes, characteristics of the TC unit, so as to
obtain a narrower distribution of the shear rate. The feasibil-
ity of the proposed LTC unit has been investigated through

Figure 12. Distributions of the normalized shear rate
calculated with three turbulence models for
the LTC unit with triangular cross-section of
the inner cylinder; Ro 5 70 mm; dmin 5 8
mm; dmax 5 16 mm.

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

Figure 13. Ratio of the power input of the LTC to that
of the TC unit, RP/V, as a function of the dif-
ference between maximum and minimum
gap widths, d 5 dmax 2 dmin, at a fixed value
of hci 5 685 s21.

Triangular inner cylinder cross-section; Ro 5 70 mm; dmin

5 8 mm.

Figure 14. Distributions of the normalized shear rate
calculated for the LTC units using elliptical,
triangular and square inner cylinder cross-
sections compared to those corresponding
to the classical TC and the ST units: Ro 5
70 mm; dmin 5 8 mm; dmax 5 16 mm.

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

Figure 11. Schematic of the cross section of the inner
cylinder perpendicular to the rotation axis
of a lobed TC unit in the case of a triangle-
type profile with dmax 5 31 mm.
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numerical simulations using the commercial CFD package,
Fluent v6.2.

It is found that for a fixed value of the volume-average
shear rate hgi, the distribution of the normalized shear rate g/
hgi in a generic LTC unit is substantially narrower than that
in a TC unit or in a standard ST. The involved ranges of the
g/hgi values can differ by orders of magnitude in the differ-
ent units. The shape of the distributions in the LTC units is
typically much more symmetric, with the peak position
located very close to the average value hgi.

With respect to applications in mixing processes the LTC
units offer some clear advantages. In the first place, the long
tails in the region of high shear rates characteristic of the ST
units are removed. This avoids the stirred material to
undergo regions of very high shear rates, which can often al-
ter the material properties or cause undesired breakage/aggre-
gation events. In the second place, the regions with very low
values of the shear rate present in the classical TC units have
been removed in the LTC units. This is due to the fact that
the flow pattern is temporal-periodic in each point of a LTC
unit, and this eliminates the low velocity gradient (low shear
rate) region located in the vortex core of the TC unit. This
leads to improved efficiency of the interphase transport proc-
esses for multiphase systems.

The narrowest g/hgi distributions of the LTC units are
obtained when the ratio of the largest to the smallest gap
widths, dmax/dmin, is in the range from 2 to 3. Three polygo-
nal (elliptical, triangular, and square) cross-sections of the
inner cylinder have been investigated through CFD simula-
tions. The triangular and square cross-sections lead to
slightly narrower shear rate distributions, but in all cases the
distributions exhibited by the LTC units are narrower than
those of the TC and the ST units.
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Notation

d ¼ gap width of the TC unit, m
dman ¼ maximum gap width of the LTC unit, m
dmin ¼ minimum gap width of the LTC unit, m
D ¼ impeller diameter, m
G ¼ dimensionless torque, defined by Eq. 1
k ¼ turbulent kinetic energy, m2/s2

L ¼ length of the TC or LTC unit, m
N ¼ rotation speed of the impeller, rpm
P ¼ power consumed by the fluid motion, defined by Eq. 3, W
Qr ¼ liquid flow rate through the surface around the impeller
r ¼ distance from the center of the stirred vessel, m

rþ ¼ dimensionless distance from the center of the stirred vessel
Re ¼ Reynolds number of the TC unit, defined by Eq. 1
R ¼ stirred vessel radius, m
Ri ¼ radius of the inner cylinder of the TC unit, m
Ro ¼ radius of the outer cylinder of the TC unit, m

RP/V ¼ ratio of the power input between the LTC and TC units
Uax ¼ mean axial velocity component, m/s
Ur ¼ mean radial velocity component, m/s

Utan ¼ mean tangential velocity component, m/s
V ¼ volume of the fluid in the unit, m3

Vtip ¼ tip velocity of the impeller blade, m/s

W ¼ height of the impeller blade, m
y ¼ distance from the wall, m

yþ ¼ value of the wall units
z ¼ axial distance from centre of the blade, m

Greek letters

g ¼ shear rate, s�1

hgi ¼ volume-averaged shear rate, s�1

d ¼ dmax � dmin, m
e ¼ turbulent energy dissipation rate, m2/s3

Z ¼ Ri/Ro

n ¼ kinematic viscosity of the fluid, m2/s
r ¼ density of the fluid, kg/m3

t ¼ torque on the rotating shaft, Nm
X ¼ angular velocity, rad/s
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Appendix: Validation of the CFD Simulations
of the Stirred Tank by Wu and Patterson35

The stirred tank (ST) considered in our simulations is the
same one used by Wu and Patterson35 for the LDA measure-
ments. It has a standard geometry with diameter of 270 mm
and is equipped with a Rushton turbine. The initial computa-
tional grid contains approximately 170,000 cells, and stand-

Figure A1. Profiles of the mean velocity components in radial (Ur), tangential (Utan), and axial (Uax) directions, nor-
malized by the turbine tip velocity (Vtip), in the stirred tank used by Wu and Patterson.35 (l) LDA data by
Wu and Patterson,35 (—) CFD simulations.
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ard k-e model with standard wall function is used.42 After
the transient simulation reaches pseudo steady-state, the grid
is adapted based on predefined threshold values for the maxi-

mum velocity gradient. Since the shear rate distribution is
sensitive on the distance of the first elements from the solid
wall also in the case of ST the values of yþ was kept approx-
imately the same as in the TC and LTC simulations. The
final grid contains slightly more than 700,000 computational
cells.

Figure A1 compares the computed profiles of the radial,
tangential and axial velocity components normalized by the
blade tip velocity at the rotation speed of 200 rpm with the
corresponding LDA measurements.35 It is seen that the
agreement between simulation results and LDA measured
data is satisfactory. Wu and Patterson35 reported also the ra-
dial variations of the discharging flow, Qr. In the CFD simu-
lations, we have calculated Qr based on the integral mass
flow rate through cylindrical surfaces around the impeller.
The calculated values of the discharging flow number,
(where N is the rotation speed and D is the diameter of the
turbine), are compared with the experimental data in Fig.
A2. Good agreement is obtained both near the impeller and
in the wall region. This indicates that the development of the
discharging stream has been well simulated in the different
regions of the ST.

Manuscript received Aug. 19, 2005, and revision received Feb. 5, 2007.

Figure A2. Comparison between the profiles of the ra-
dial discharge flow number measured (~)
by Wu and Patterson,35 and simulated
(–*–) by CFD.
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