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Various designs of the so called Low-Pressure Drop (LPD) static mixer are ana-
lyzed for their mixing performance using the mapping method. The two types of LPD
designs, the RR and RL type, show essentially different mixing patterns. The RL design
provides globally chaotic mixing, whereas the RR design always yields unmixed
regions separated by KAM boundaries from mixed regions. The crossing angle
between the elliptical plates of the LPD is the key design parameter to decide the per-
formance of various designs. Four different crossing angles from 90° to 160° are used
for both the RR and RL designs. Mixing performance is computed as a function of the
energy to mix, reflected in overall pressure drop for all designs. Optimization using
the flux-weighted intensity of segregation versus pressure drop proves the existence of
the best mixer with an optimized crossing angle. The optimized angle proves to be
indeed the LLPD design used in practice: the RL-120 with § = 120°, although RL-140
0 = 140° performs as good. Shear thinning shows minor effects on the mixing profiles,
and the main optimization conclusions remain unaltered. © 2009 American Institute of
Chemical Engineers AIChE J, 55: 2208-2216, 2009
Keywords: chaotic mixing, bakers transformation, mapping method, static mixer, LPD

Analysis and Optimization of Low-Pressure

mixer

Introduction

Homogenization of fluids is an essential and elementary
step in many processes of industrial operations. Examples
include food processing, paint making, numerous chemical
processes, pharmaceutical fabrication, polymer processing,
etc. Turbulence is frequently applied to obtain good mixing
in industrial processes, but in case of mixing of high-viscos-
ity fluids, as in food and polymer processing, turbulence is
not achievable. Well-designed laminar flow can, however,
produce irregular trajectories of fluid particles, resulting in
efficient mixing via chaotic advection.? This can be
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achieved in both dynamic and static mixers. A large number
of continuous static mixers have been designed on this prin-
ciple, the Kenics,3 Ross interfacial surface generator (ISG)
and Ross low-pressure drop (LPD),4 the Sulzer SMX,’ and
the multiflux mixer.® All these mixer designs are based on
the principle that mimics the bakers transformation: a contin-
uous repetition of stretching, cutting, and stacking.

From all static mixers, the Kenics mixer has been ana-
lyzed most,”'? followed by the Sulzer SMX. 315 Only a
few studies are reported on LPD mixers, see e.g. Rauline'®
and, in this study, we therefore analyze and optimize the
LPD geometry. Apart from studying Newtonian fluids, also
the effect of shear thinning is taken into account. The map-
ping method is used in this analysis, as it provides a distri-
bution matrix and allows to compute the redistribution of
material during any specified flow. In spatially or time

AIChE Journal



periodic flows, the mapping matrix is computed only once for
one period. In a subsequent postprocessing operation, concen-
tration distributions for all following periods are computed
using a vector (mapping) matrix-(concentration) multiplica-
tion, which is computationally very fast. The method allows
us to compute quantitative mixing measures, like the intensity
of segregation and scale of segregation, that provide an objec-
tive function to compare various mixing designs. In this study
of the LPD static mixers, we will use the cross-sectional area
averaged flux-weighted intensity of segregation as the measure
of mixing and the pressure drop, needed to arrive at a desired
mixing quality, as the energy input needed. Optimization is
defined as finding the lowest value of the intensity of segrega-
tion for the lowest pressure drop required. Here, the length of
the mixer is not used as a criterion.

The article is organized as follows. First, we start with
introducing the different LPD designs and the problem at
hand, followed by describing the typical characteristics of
the flow fields inside the LPD mixers. Second, we describe
the method used to analyze mixing where we briefly intro-
duce the mapping method. Finally, we summarize the most
relevant outcomes of the mixing analyses and optimization
results and draw conclusions.

Geometries and flow fields

Figure 1 shows a number of different designs of the LPD
mixer with varying configuration and crossing angle illustrat-
ing the two types of designs of the LPD. We will use the
notation RL and RR as previously done for the two similar
types of Kenics designs.”'> The LPD consists of a series of
semielliptical plates positioned in a tubular housing. Two
neighboring plates form an element and two elements form
the basic periodic unit of the LPD. The first element in both
the RL-90 and the RR-90 design consists of two opposite
plates crossing at angle of 90° with respect to each other. In
the RR design, the second element is an identical copy of
the first element rotated by 90° in tangential direction,
whereas in the RL design the rotation is accompanied by
mirroring. The crossing angle between the two semielliptical
plates, gives specific layouts, see Figure 1 for some exam-
ples like: RL-90, RL-120, RL-140, and RL-160 with cross-
ing angles of 90°, 120°, 140°, and 160°, respectively. An
increase in the crossing angle implies an increase in the axial
length of the design. The RL-120 design is also known as
the low—low—pressure drop (LLPD) mixer.* As fluid flows
through the device, the crossing angle determines the amount
of stretching per element, before re-orientation of the flow
on entering the perpendicular second element. Hence, the
question arises what is the optimum crossing angle to
achieve the best mixing at a minimum pressure drop. This
optimization study will be performed here for both Newto-
nian and non-Newtonian fluids, because different velocity
fields result which can influence the mixing performance.

We perform full three-dimensional computations of veloc-
ity field in all the designs of the LPD. The geometries used
are: radius R = 1.332 cm, axial gap between two neighbor-
ing elements /, = 0.5 cm, thickness of blades + = 0.2 cm,
and the length of the one periodic unit of RL-90, RL-120,
RL-140, and RL-160 are 6.9, 11.0, 16.8, and 33.5 cm,
respectively. The RR counterparts of course have the same
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Figure 1. Various LPD designs with different crossing
angle: RL and RR layouts of mixer.

length as the RL designs. Unstructured tetrahedral mesh is
obtained with Gambit V2.1.2 for each design of the mixer,
and Fluent V6.1.22 is used to get the 3D velocity field. The
mesh size for the smallest design, the RL-90, consists of
948053 cells with 174152 nodes, whereas the mesh for lon-
gest design, the RL-160, consists of 1794412 cells with
341340 nodes. The average time to get converged velocity
field is around 8 CPU hours on a PC with AMD Athlon
processor, 2.4 GHz, 1 GB RAM. In the Newtonian case, a
fluid with density p = 846 kg/m>, and viscosity u = 1 kg
m/s is considered. To study the effect of shear thinning on
mixing, the Carreau model is used to describe the non-New-
tonian viscosity u of the fluid:

n—1

1= oo+ (g — o) [1+ 22|1Dp |7, (M
where (i is the viscosity at zero shear rate, and /1, is the second
invariant of the rate of deformation tensor. The time contant
parameter / is fixed at 4 = 10, which ensures that the shear
thinning region is achieved in the LPD designs. Two values of
the power coefficient n = 0.4 and 0.8 are considered. For the
velocity field computations, periodic boundary conditions are
prescribed between inlet and outlet, and at the inlet a mass flow
rate i = 4.714 x 1073 kg/s is imposed. The Reynolds number,
Re (= p u D/u, where D is the diameter), is below 1072 for all
simulations. Hence, the flow is clearly in the Stokes regime.
Note that mixing simulations based on these velocity fields are
valid for any material properties in Stokes flow regime.

The differences in second element of RL and RR of a
periodic LPD design lead to different characteristic of
transverse velocity during one flow period. Figure 2 shows
the transverse velocity vectors plotted for RL and RR
designs at two positions: in the middle of the first and sec-
ond element, respectively. The RL design produces two
counter-clockwise flows followed by two clockwise flows,
whereas the RR design induces two counter-clockwise flows
followed by two counter-clockwise flows. Two successive
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Figure 2. Cross-sectional flows in the middle of the
first (left) and second (right) element for the
LPD-90 mixers: (a) RL and (b) RR design.

The “+4” and “—" indicate the clockwise and counter-
clockwise motion. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

elements of both mixers show intersecting streamlines, when
projected onto the same plane (x,y), which is the key to
achieve chaotic mixing. According to the linked twist map
(LTM) theorem'”™" the counter-rotating (alternating clock-
wise and counterclockwise) layouts (e.g., the RL design of
LPD) provide better mixing when compared with corotating
layouts (e.g., the RR design of LPD). This has already been
shown in the Kenics mixer, where RL designs of the Kenics
always provide much better mixing than RR designs. The
same conclusion was drawn in a recently developed mixing
device known as RAM,?°2* where it has been demonstrated
that the counter-rotating designs are candidates for producing
globally chaotic mixing, whereas corotating designs lack this
capability. Still, the question remains which RL design is the
best, and in addition, how worse is the performance of the
RR designs with respect to the RL designs.

Methods and Measures
Mapping method

The mapping method has proven to be a powerful method
to analyze and optimize distributive mixing in various mixers
and protocols.>>**2” The original approach of mapping uses
interfacial tracking of discretized cells to find the mapping
coefficients. However, it is cumbersome to track interfaces
experiencing complicated deformation patterns and in some
cases it is almost impossible to track interfaces. Recently, we
formulated an alternative approach to find the mapping coef-
ficients that is much simpler to implement.*>*%°
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Figure 3 depicts how the mapping coefficients are com-
puted in the new formulation of the method. To approximate
the coefficients of the mapping matrix (or distribution ma-
trix), K markers inside all cells are tracked. The markers are
uniformly distributed in the cells. Then, to determine the final
distribution of markers, they are advected during the flow
from z = zy to z = zy + Az. If the number of markers in the
donor cell Q; is M; at z = z; and the number of markers
found after tracking in the recipient cell Q; is M;; at z = zy +
Az, then the mapping coefficient ®;; is calculated as:

o _ M

lj_M.'
J

(@)

In other words, the coefficient ®; is the measure of the
fraction of the total flux of cell Q; donated to cell Q.

The elegance of the mapping method is that if one wants
to analyze mixing-related quantities, like the concentration
vector C € RV*! (N is the number of cells) defined on initial
cells, then the concentration evolution C' after the deforma-
tion can be obtained by simply multiplying the mapping ma-
trix @ with the initial concentration vector C°:

C' =ace. 3)

Note that C represents the coarse-grained description of
volume fraction (dimensionless concentration) of a marker
fluid in a mixture of two marker fluids with identical material
properties, and its component C; describes the concentration
(volume fraction) locally averaged in the cell ;. For repetitive
mixing, the same operation is repeated multiple times on the
same mass and, hence, the concentration evolution after n
steps is given by C" = ®"C°. For sufficiently large n, the
matrix ®" will not be sparse and it becomes that large that it
can even not be stored anymore. This is due to the fact that
after performing the operation n times, material from one cell
is advected to a large part of the whole cross-section,
especially in the case of chaotic advection. Instead of studying
@", the evolution of the concentration after n steps C" is
computed in sequence as follows:

I 0
3
Ll ]
11, [epeee 1. s® al®
m: L]
\‘*iu“ After Az \.‘; ‘e
- ..: 0
z=1 z=z+ Az

Figure 3. lllustration of the computation of the coeffi-
cients ®; of the mapping matrix @.

The cell Q; at z = z; is covered with a number of markers
that are tracked during flow in Az (to arrive at the final
cross section z = zy + Az). The ratio of the number of
markers received by the recipient cell Q; to the initial num-
ber of markers in €; is determined (in this example ®;; is
%). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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C'"!' = ®C', hence C" = (D(D(...(DC°)))). )
—_———

n times

Thus, the mapping matrix @ is determined only once and is
used a number of times to study the evolution of concentration
in the flow field. Computation of mapping matrices is
expensive, and may take several CPU hours, but, once
calculated, the necessary matrix-vector multiplication only
takes a few CPU seconds to process the results. The mapping
matrix calculations are easily parallelized.25

Measure of mixing

To compare various layouts of the LPD mixer, we use the
flux-weighted discrete intensity of segregation defined in a cross-
section, using the coarse grain concentration C; in the mapping
cells as a mixing measure (see Singh et al.2® for details):

(Ci - C)f, Q)
1

P . 5
1T C1-C)F&
where the average concentration C is

B 1 N N
C=2) CfiF=)_f: ©
i=1 i=1

The term f; is the volumetric flux through cell number i, F is
the total flux through the mixer, and N is the number of total
cells in the domain. The intensity of segregation /4 is a
measure of the deviation of the local concentration from the
ideal situation (perfectly mixed case), which represents a
homogeneous state of the mixture. In a perfectly mixed
system, /4 = 0, whereas in a completely segregated system,
Iy = 1. As found by Galaktionov et al.,*° the flux-weighted
definition (see Eq. 5) of the intensity of segregation is much
better suited for analyzing continuous mixers than area- or
volume-averaged definitions of the intensity of segregation.
This is due to the fact that the real impact of an unmixed island
(or chaotic region) in the flow on the quality of mixing is
proportional to the flux, carrying this island (or chaotic
region).

Defining the mapping matrices of the LPD

For the calculation of a mapping matrix, the cross-sectional
area is divided into 200 %200 grids, and the number of par-
ticles per cell (NPPC) used is 100 (10x 10 array of particles).
Note that the NPPC should be sufficient so that a converged
mixing measure I is obtained.”® The position of the particles
are tracked by solving the following set of equations:

dx e dy _uy @

dz  u.’dz u.

where u,, uy, and u. are x, y, and z (axial) components of the
velocity vector. In this approach, integration is done with
respect to the down-channel direction z, which is appropriate
to determine the planar locations of the particles after one
period. This approach is only valid for the systems where the
down-channel velocity components are always positive, if this
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Figure 4. Working principle of RL design of the LPD:
Mixing profiles after each (‘—SL of the element.
Here, L is the length of one blade.

is not the case, time integration must be performed.* To solve
Eq. 7, we use the fourth-order Runge—Kutta Bulrish Store
scheme with the adaptive step size selection.®®

To do a full analysis of mixing of each LPD design, we
compute two separate mapping matrices ®; (i = 1, 2) repre-
sentative for each element of the LPD design. Later, these
matrices are used to study the concentration evolution in a
sequence (Eq. 4).

Results
Working principle of the standard LPD mixer

To illustrate the working principle of the RL design of the
LPD static mixer, a series of concentration profiles at loca-
tions of each éL where L is the length of one element, is
shown in Figure 4 for a standard LPD with 90° crossing
angle. Figures 4a—f shows the concentration evolution along
the first element, whereas Figures 4g—1 shows the subsequent
profiles in the second element. For these computations, we
used a LPD design with a zero blade thickness to understand
the basic mixing mechanisms. All 12 mapping matrices ®;
(i=1,2,3,..., 12) are computed to get the exact concentra-
tion profiles C'. We easily recognize the interface stretching
caused by the rotation imparted by the transverse flow in the
first element (see Figures 4a—f). As the interface enters the
second element (see Figures 4g), the start of perpendicular
folding occurs followed by subsequent stretching (see Figures
4h-1). Figure 4i shows the mixing pattern just at middle of
the second element illustrating how the striations created are
folded and being relocated in the cross-section. As a result of
the folding and stretching actions, the number of striations is
doubled at the end of second element (see Figures 41). Com-
pared with the ideal bakers transformation, that indeed can be
realized in practice, e.g., with the multiflux mixer, as shown
in Figure 5, the layers created are not of the same thickness
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Figure 5. Demonstration of bakers transformation in a multiflux static mixer: Mixing profiles c', c? C3, and C* are
concentration distributions after 1, 2, 3, and 4 periods of mixing.

With each element 2" interfaces covering whole the cross-section with almost equal thickness of layers are generated.”!

and do not cover the total cross-sectional length. This demon-
strates that a larger crossing angle is required to provide
interfaces created with a larger length. Hence, this indicates
that there is still room for improvement.

Figure 6 shows the mixing patterns for the RR design on
exactly the same positions as shown for the RL design in
Figure 4. As, the first element of both designs are identical,
Figures 4a—f and 6a—f are identical. Even Figures 4f and 6f
are the same, thus the difference in the transition region
between the first and the second element in the RL and RR
design apparently does not influence the upstream flow.
However, a clear difference in profiles starts to be visible
once the fluid enters the second element (cf. Figures 4g and
6g). The most noticeable difference is that the RR design
always rotates the interface in counter-clockwise direction,
whereas in RL designs both counter-clockwise and clockwise
movement of interface is realized (even more clear by com-
paring Figures 7 and 8 of the next section). This is due to
the difference in direction of the transverse velocity present
in the second element of the both designs (see Figure 2): the
RR design always yields counter-clockwise transverse veloc-

(’““\ ' (,-fﬁ .

(o) (p) (q) (r)

Y

-~

(=) (t) {u) (v])

Figure 6. Working principle of RR design of LPD: Mix-
ing profiles after each %L of the element.
Here, L is the length of one blade.
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ities, whereas the RL design provides both counter-clockwise
as well as clockwise transverse velocities. The movement of
interface monotonically in same direction in RR designs hin-
ders mixing of some parts of the black material with the
white material leading to two unmixed islands, whereas op-
posite movement of interface after each element in RL
designs allows to mix all parts well leading to chaotic mix-
ing (this is evident by comparing Figures 7 and 8 of the next
section).

Optimization of the LPD mixer

Optimization of the LPD mixer concerns the finding of
the optimum crossing angle between the two elements that

RL-90

RL-120 RL-1G0
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Figure 7. Mixing profiles for various RL designs of LPD
mixer.
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Figure 8. Mixing profiles for various RR designs of LPD
mixer.

comprise the mixer such that the best mixing is achieved
using a minimum pressure drop. Four crossing angles are
considered 90°, 120°, 140°, and 160°. Note that any change
in crossing angle necessitates to compute a new velocity
field. As described in sub-section Defining the mapping mat-
rices of the LPD, two mapping matrices ®; (i = 1, 2) are
computed corresponding to the two elements of a specific
design of the LPD and then the concentration distribution is
obtained in the sequence using Eq. 4. Figure 7 shows the
mixing profiles for RL design of the LPD after 1, 2,..., 4,
8, and 12 elements. All mixers seem to work well, but
inspection reveals that on increasing the crossing angle from

RR-180

90° to 160°, the striations are stretched further in each ele-
mentary mixing step and cover more of the cross-sectional
length. The mixing profile after the first element, C' reveals
that in the RL-90 design, the striations cover almost three
fourth of the cross-sectional length, whereas the RL-120
design shows stretching over a larger part of the cross-sec-
tion. Comparing with that, the changes in striation distribu-
tions for the RL-140 to RL-160 designs are still improving,
but of course at costs of length and pressure drop per unit.
From the qualitative mixing profiles, it is evident that the
RL-160 is the best design to achieve the fastest mixing per
element, but this does not mean that the design is most effi-
cient regarding the overall pressure drop. Interestingly,
increasing the crossing angle decreases the axial pressure
gradient (also reflected in the nomenclature used: LPD for
RL-90 design and LLPD for the RL-120 design), but
increases the length of the elements and therefore, after a
critical crossing angle, an increase in total pressure drop per
period is the result. Therefore, we should compare both the
total pressure drop and mixing capability of a design. To
judge this, the flux-weighted intensity of segregation /4 is
plotted as a function of the pressure drop, see Figure 10a.
Clearly, an optimum crossing angle exists. The RL-120 and
RL-140 designs have almost comparable performance and
indeed, the weaker performance of the standard RL-90
design, as well as the extreme RL-160 design, in terms of
pressure drop (read energy consumption required to achieve
good mixing) is evident. On the other hand, the absolute
axial length of a periodic unit of RL-140 design is signifi-
cantly larger than that of the RL-120 design. On the basis of
the pressure drop requirements and length restrictions, we
can conclude that the optimum design is RL-120.

Figure 8 shows the mixing profiles for the RR design of
the LPD mixer after 1, 2, ..., 4, 8, and 12 elements. Interest-
ingly, where the RL design of the LPD resembles the results
of the RL-180 Kenics design, compare Figures 7 and 9
(top), the concentration profiles of the RR design show simi-
lar mixing patterns as obtained in RR-180 Kenics mixer
design, compare Figures 8 and 9 (bottom). Irrespective of
the crossing angle, all the RR designs always exhibit KAM
(Koglomorov—Arnold—Moser) boundaries separating unmixed
regions in the total domain from the well mixed regions.
Because of the presence of these isolated unmixed regions,
the RR designs are bad mixing designs, and increasing the
crossing angle only reduces the size of the unmixed islands
instead of resulting in a complete removal from the total

Figure 9. Mixing profiles for RL-180 and RR-180 design of Kenics mixer.®
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Figure 10. Comparing mixing performance of LPD designs: (a) RL design and (b) RR design.

The unit of pressure drop used here is N/m?.

cross-section. From plotting the flux-weighted intensity of
segregation versus pressure drop for the RR designs, see
Figure 10b, we conclude that the RL design is almost
10 times more efficient than their counterpart RR designs.

Effect of shear thinning

As mentioned in Section Geometries and Flow Fields, the
Carreau model with power law index n = 0.4 and 0.8 is
used to study the effect of shear thinning on mixing. Figure
11 compares qualitative mixing profiles for the RL-120
design for Newtonian and non-Newtonian cases. Clearly,
only minor differences in mixing patterns are detected. To
compare mixing quantitatively, the flux-weighted intensity of
segregation is plotted as a function of the pressure drop for
the RL-120 design, as shown in Figure 12a. It is clear from
this plot that shear thinning causes lower pressure drops for
the same mixing quality and for n = 0.4 pressure consump-
tion is lower than n = 0.8, which on its turn is better than
Newtonian n = 1. However, this judgment of mixing effi-
ciency is unfair, because this increase in efficiency is only
due to a large reduction in viscosity eventually leading to a
far lower pressure drop per period for the non-Newtonian

cases. To overcome this problem, we calculate a scaling fac-
tor for the pressure drop on the basis of the viscosity at an
apparent shear rate using Eq. 1. We assumed here an appa-
rent shear rate of five times that of an empty tube (note that
for SMX static mixer, an apparent shear rate of around seven
times that of an empty tube is found*”) and the apparent
shear rate in an empty tube equals = M where () is the aver-
age inlet velocity and D is the dlameter. Substituting the
value of apparent shear rate in Eq. 1 provides a scaling fac-
tor (p* =p X %’) close to 2.7 for n = 0.8 and 20.2 for n =
0.4. Figure 12 shows the plot of intensity of segregation as a
function of scaled pressure drop p*, now revealing that n =
0.8 provides better mixing when compared with the Newto-
nian case, whereas n = 0.4 provides somewhat worse mixing
when compared with the Newtonian case. This result con-
firms that comparing mixing quality based on pressure drops
makes less sense for shear thinning fluids. To overcome
these ambiguities, we plot the flux weighted intensity of seg-
regation as a function of length of the mixer as shown in
Figure 13 for RL-90 and RL-120 designs.This can also be
thought as providing the same pressure drop as for the New-
tonian case to force the fluid through the devices, irrespec-
tive of the power law index n. The change in mixing quality

Figure 11. Effect of shear thinning on mixing profiles for RL-120 design.
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Figure 12. Quantifying mixing performance of LPD designs for shear thinning fluids for RL-120 design: (a) Intensity
of segregation /4 versus pressure drop and (b) /4 versus scaled pressure drop p* (o* = p X %).

The unit of pressure drop used here is N/m?.

with length reveals almost negligible dependence on fluid
rheology (see Figure 13b in complete accordance with the
qualitative patterns in Figure 11), but for the shear thinning
fluids the flux can be much higher for the same overall pres-
sure drop. A point of caution is that the velocities imparted
at inlet should not cross the limit of the Stokes regime in
this way. Also for other designs, the previous conclusions
are found to be true, and overall this leads to the conclusion,
the optimum design is still the LLPD RL-120.

Conclusions

Mixing in LPD static mixers is analyzed using the mapping
method. The two types of designs of the LPD mixer, RL and
RR, show different characteristic velocities during one flow pe-
riod, characterized as alternating counter and corotating for the
RL design versus continuously counter-rotating for the RR
design. This influences the way stretched interfaces are folded
when fluid passes from one element to the next, and greatly
determines the efficiency of mixing. Apart from the successive
directions of rotation, the crossing angle between two blades of
a single element of the LPD mixer is the most important design
parameter to decide the quality of mixing. As the crossing angle
increases, stretching of interfaces formed is more closer to those
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LiL,

in an ideal bakers transformation occupying the complete cross-
sectional length D, the diameter of the mixer. Although with
increasing crossing angle, the axial pressure gradient decreases,
the length of a periodic unit increases and, therefore, after a cer-
tain crossing angle the pressure drop per period starts to
increase. Hence, overall a tradeoff between pressure drop and
the mixing via improved stretching is required to optimize the
designs. Applying the mapping method, we find that mixing
profiles for the RL and RR design show quite drastic differen-
ces, KAM boundaries are detected in the RR design irrespective
of the choice of the crossing angle, whereas the RL design is
able to provide globally chaotic mixing. Comparing the per-
formance of various designs with different crossing angle
proves that the RL-120 design is the optimum and that the RL-
140 performs as good but needs a larger axial length for this
performance. The RL designs are almost 10 times more effi-
cient than their counterpart RR designs, because of the presence
of KAM boundaries in the later designs. Shear thinning effects
show minor influence on mixing in these LPD static mixers.
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Here, Ly is length of periodic unit of the respective design.
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