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The mixing performance of the KMX and SMX static mixers have been compared using
3D high-resolution computational fluid dynamics (CFD) simulations. Although these
mixers have a similar design composed of layers of blades, their blade shape is different:
curved for the KMX and flat for the SMX. The flow of a Newtonian fluid in steady laminar
regime has been considered as the benchmark of the study. The simulation was first
validated by assessing the pressure drop vs. the number of mixer elements and the results
were found to be in good agreement with experimental data. To evaluate the mixing
quality, cross-section stream function, extensional efficiency, mean shear rate, residence
time, intensity of segregation, stretching, and Lyapunov exponent have been selected.
Analysis of the flow pattern and mixing parameters shows differences between the mixers
and it appears that the curved blade is more efficient than the flat blade design at the
expense of a slightly higher pressure drop. In practice, the KMX mixer should provide a
higher mixing rate at high viscosity ratio than the SMX mixer. © 2004 American Institute of
Chemical Engineers AIChE J, 51: 44-58, 2005
Keywords: CFD, laminar flow, in-line mixing, particle tracking, static mixer, KMX, SMX

Introduction

A static (also called motionless) mixer is composed of a
solid structure in an open pipe. Its role is to create secondary
flows to mix different fluid streams as they flow through the
pipe. The generation of a transverse flow structure, ideally over
the whole cross section, increases interfacial areas that are
central to the mixing process. Static mixers are well established
in numerous processing applications such as polymer blending,
water and wastewater treatment, immiscible fluid—fluid (gas—
gas, gas-liquid, or liquid-liquid) mixing and dispersion, chem-
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ical reactions, and heat and mass transfer (Thakur et al., 2003).
One of the main interests of static mixing is the simplicity and
the low cost of the system. Additional pumping energy, how-
ever, is required to offset the higher pressure drop in the pipe.
A good motionless mixer should therefore combine low pres-
sure drop and efficient mixing, a challenging design task.
The experimental investigation of new static mixer designs
requires repeated laboratory-scale experiments, which quickly
become cost ineffective and time consuming. From a theoret-
ical perspective, very few static mixing flow situations can be
tackled by analytical methods and the available studies are
restricted to the so-called partitioned pipe geometry (Khakhar
and Ottino, 1986). Geometries of practical interest are much
more complicated, although they share many of the features of
the partitioned pipe mixer, and the resulting flows are fully
three dimensional. To investigate such flows, an alternative
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approach is the use of computational fluid dynamics (CFD)
analysis, where important advancements have been made re-
cently in the development of efficient software products and
methods of characterization.

In the past decade, several studies have been conducted to
characterize static mixers (Avalosse and Crochet, 1997; Byrde
and Sawley, 1999; Fradette et al., 1998; Li et al., 1998; Mic-
kaily-Huber et al., 1996; Rauline et al., 1998, 2000; Zalc et al.,
2002). A significant contribution is the work presented by
Rauline et al. (1998), in which as many as six motionless
mixers were investigated: Cleaveland (EMI), Inliner (Light-
nin), ISG (Charles Ross & Son), Kenics (Chemineer), LPD
(Charles Ross & Son), and SMX (Sulzer).

In all these studies, the same methodology to characterize
the static mixers was used and herein is referred to as the
decoupled CFD-mixing approach. Briefly, with this approach
two steps can be distinguished. The first one, related to CFD,
consists in the generation of the computational grid and com-
putation of the flow variables: the velocity and pressure fields.
The second step, related to the mixing analysis, uses the track-
ing of inert massless tracers entrained by the velocity field
(Avalosse and Crochet, 1997). Because of the decoupling of
the CFD and the mixing characterization, this methodology
enables one to conduct studies for various types of fluids.

The limitation of the decoupled approach is that it does not
take into account the effect of the viscosity ratio and/or the
gravity ratio between the fluid streams to be mixed. The alter-
native approach that would account for viscosity ratio in cal-
culations requires more sophisticated numerical models, such
as multiphase CFD, which are still very limited in terms of the
accuracy of the predictions.

It should be pointed out that, despite the above-mentioned
limitation, a “know-how” has been developed over the years in
the mixing scientific community, to characterize laminar cha-
otic flows in static mixers (Franjione and Ottino, 1987; Nau-
man, 1982; Ottino, 1989), based on distributive and dispersive
properties. For easy mixing problems or with low viscosity
ratio mixing, the dispersive properties are analyzed. For diffi-
cult mixing problems or with high viscosity ratio, both the
dispersive and distributive properties are considered.

Dispersive mixing is characterized by the intensity of seg-
regation introduced by Danckwerts (1952). When transposed in
a CFD context, it represents a statistical measure of concen-
tration of tracer positions over a given cross section, called a
Poincaré section, for instance at the exit of the mixer. The
residence time distribution (RTD) (Nauman, 1982; Nauman
and Buftham, 1983) is another dispersive mixing criterion based

a) KMX

b) SMX

Figure 1. View of a single mixer element.
(a) KMX mixer; (b) SMX mixer.
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Figure 2. Definition sketch of static mixers blade cross
section.

(a) KMX blade; (b) SMX blade.

on a statistical analysis of the tracer age distribution at the exit
of the mixer. However, a good RTD does not guarantee good
mixing (Ottino, 1989). Mean shear rate, extensional efficiency
(Manas and Zloczower, 1994), stretching, and Lyapunov ex-
ponent are other criteria that can be used to evaluate the
dispersive properties.

In the present work, two static mixers have been compared
using CFD analysis: the well-known SMX mixer (Sulzer) vs.
the recently introduced KMX design (Chemineer). These mix-
ers are very similar products (Figure 1): they share a common
intricate geometry made of 24 stacked blades equally spaced
arranged in two groups of 12 blades each, yielding a braided
network of flow channels. The blades cross and form an angle
of 90°, a value that was found to be optimal for mixing
efficiency (Mickaily-Huber et al., 1996). The KMX has curved
blades, with the concave surface facing upstream, whereas the
SMX has flat blades (Figure 2). Both designs generate multiple
fluid layers arising from flow division and reorientation that
contribute to reduce the scale of the unmixed regions. As with
most static mixers, each element must be rotated by 90° with
respect to the previous element to give an in-line mixer device.

The objective of this work is to assess the hydrodynamic
performance of the two mixers using computer simulations.
One important challenge is to take into account the blade
thickness in the computations. For that purpose, a high degree
of numerical resolution is required. The methodology is based
on the decoupled approach CFD-mixing analysis. The selected
parameters used to quantify the flow pattern are the pressure
drop, the mean shear rate, the extensional efficiency, and the
transverse flow; and for the mixing analysis the Lyapunov
exponent, the intensity of segregation, the stretching of trajec-
tories, and the residence time. For the two mixers, a device
composed of as many as 12 mixing elements (N = 12) has been
considered (Figure 3).

KMX and SMX Blades Design

To compare the two mixers, the cross-sectional area is
assumed to be equal. Expression of the blade surface area is as
follows:
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1) KMX

b) SMX

Figure 3. Motionless mixer device of N = 12 elements.
(a) KMX mixers; (b) SMX mixers.
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The parameters in Eqs. 1 and 2 are readily defined in Figure 2.
From Egs. 1 and 2, the condition of equality Sg;,x = Sgpx gives
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Equation 3 will be used next in the section devoted to pressure
drop analysis. Geometrical properties of the mixers used in this
study can be found in Table 1.

Conditions of the Simulations

The fluid and flow characteristics used in the simulation
work are presented in Table 2. They correspond to the flow of
a moderately viscous Newtonian fluid in steady-state laminar
regime. The governing equations are as follows

dive =0 4)
divv=20 (&)

In Eq. 4, o denotes the stress tensor, where p is the pressure,
1is the identity tensor, ¥ = 1/2[Vv + (Vv)”] is the rate of strain
tensor, and w stands for the Newtonian coefficient of dynam-
ical viscosity.

The reference frame in the numerical model uses Cartesian
coordinates (x, y, 7). The pipe axis is oriented along the z-axis.
The entry of the first mixer element (N = 1) is located at z =
0. The pipe cross section is defined in the x—y plane. For
reasons of clarity, we may also sometimes use the cylindrical

coordinate system (r, 6, z), which is more appropriate in some
circumstances.

Because the z direction defines the pipe axis, the open pipe
set of boundary conditions retained in the calculations is as
follows:

At Inflow. The flow is imposed through a quadratic veloc-
ity profile: u = v = 0 and w(r) = Q/S[1 — 4(r/D)*], where Q
is the flow rate, S is the empty pipe cross section, and r = Vx>
+ y? is the radius.

At Outflow. A no-traction condition is assumed: o*n = 0,
where n is the outward normal. -

On the Rigid Wall. A no-slip condition is assumed: v = 0.

The finite-element method was used for the resolution and
up to 12 mixing elements were considered in the computations.
The technique of periodic boundary conditions was used (for
example, Rauline et al., 2000), enabling us to simulate only one
element per run. The main advantage of this approach is the
very high degree of mesh refinement that can be achieved,
compared to modeling a whole device composed of several
mixing elements with the same number of finite elements. The
I-DEAS Master Series™ software (EDS) was used to generate
nonisotropic unstructured 3D meshes made of tetrahedral finite
elements. In practice, this meshing procedure was a formidable
task because of the curved shape of the blades in the case of the
KMX mixer type. Such a problem was previously mentioned
for another type of static mixer in the literature (Kandhai et al.,
2001; Mickaily-Huber et al., 1996). Careful attention was paid
to take into account this blade curvature and the blade thickness
in the calculations. First, it was not possible to generate more
than one KMX element fluid model with the pipe diameter
considered in the computations as well as in the mixing anal-
ysis (51.7 mm instead of 50.8 mm as indicated in Table 1)
because of mesh generator limitations. Second, the number of
degrees of freedom in a given static mixer exceeded the com-
puter hardware resources available. From a practical perspec-
tive, the finer mesh used included 1.6M tetrahedral elements
and 3.5M nodes for each mixer. The velocity and pressure
fields were computed with a P17—P0 finite-element type (Ber-
trand et al., 1992), yielding over 10M equations per mixer
element for SMX and KMX. The calculations for each mixer
device were performed on a 64-bit IBM p690 workstation in
approximately 88 h CPU time for KMX vs. 126 for SMX on a
single processor using 7 GB virtual memory. It should be
highlighted that, to date, such a high degree of resolution in the
CFD analysis of static mixers is quite limited in the literature
(Byrde and Sawley, 1999; Zalc et al., 2002).

Hydrodynamic Results
Pressure drop—validation of CFD

Pressure drop is not a measure of mixing but it is an
important parameter because it governs the energy mixing
costs. In this study, the pressure drop was determined to find
out the effect of the blade shape on the pressure drop distribu-

Table 1. Geometrical Properties of KMX and SMX Static Mixers

Mixer D (mm) L (mm) t, (mm) B (mm) 0(r, + r;) (mm) A (mm?)
KMX 50.8 53.0 0.8 — 16.5 7
SMX 50.8 53.0 1.0 6.6 — 7
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Table 2. Fluid and Flow Properties

p (kg/m?) n (Pa.s) Q (cm*/min)

V (cm/s) AP,, (Pa) Re

1000 0.25 1580

1.30 2.0 3

tion. Three methods were used: (1) calculation (CFD or com-
putational fluid dynamics), (2) experiment (EFD or experimen-
tal fluid dynamics), and (3) theory (TFD or theoretical fluid
dynamics).

Let us first establish an approximate analytic relationship,
under some conditions emphasized next, between pressure
drops of the mixers under study. Basically, we suppose the
blades to be aligned along the pipe axis; thus they do not cross.
As shown in Figure 4, in a KMX or a SMX mixer element, the
pipe cross section intersects 12 blades (n, = 12).

In practice, for identical pipe diameter and volumetric flow
rate, a difference in mixer volume results in different void
fractions. Consequently, the mean velocity through the mixer
would be different for the two designs. As a result, the relative
pressure drop between the mixers showed to be slightly favor-
able to the mixer with the lower volume (and higher void
fraction). The importance of each design’s structural properties
and manufacturing processes may, in practice, affect the mixer
pressure drop. This principle can be formulated by the early
Chézy law introduced at the end of the eighteenth century
(Chow, 1959). Let us first express the flow rate in a pipe by

AP
= 82— 6
Q X (©)

where Q is the flow rate, S is the cross flow section, C is the
friction coefficient, y is the wetted perimeter, and AP is the
pressure drop.

At this stage, let us suppose that the flow rate, the cross
section, and the friction coefficient are assumed to be identical
for the two mixers; thus Q/CS3 /2 is constant. Hence, it is quite
easy to deduce from Eq. 6 that the pressure drop ratio of the
mixers is proportional to their blade geometry such that

AP _ Xkmx %
APgux  Xsux
M"’!I_

Figure 4. Typical arrangement of blades when aligned
along the centerline over a cross section.
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The wetted perimeter y for the KMX mixer is defined as
Xxux = ™D + n[2t,, + 0(r, + 1)] 3)
and for the SMX mixer as
Xsux = 7D + 2n,(t; + B) )

Introducing Egs. 8 and 9 in Eq. 7, the following expression for
the pressure drop ratio can be obtained

APyyxy @D + nyf2t,, + 0(r, + 1))]
APgy wD + 2n,(t, + B)

(10)

This TFD approach is simple but, as we will see in the analysis
of the pressure results, it gives good predictions when com-
pared to CFD and EFD.

As mentioned in the previous section, a serial computation
by means of periodic boundary conditions technique was per-
formed to simulate a cascade of N mixers. Thus the pressure
drop over a device made of N elements is then computed from
a linear combination of individual pressure drops given by the
following equation

AP =Y AP, (1

i=1

where the subscript i stands for the mixer element number. If
the flow is periodic after k elements, Eq. 11 can be rewritten as

k
AP =Y AP, + (N — k)AP,,, (12)
i=1
where AP, is the constant pressure drop per individual ele-
ment mixer from the (k + 1)th element.

In the computation of the pressure field by CFD, special care
was taken to control the effect of the mesh size because the
numerical solution accuracy is mesh dependent. This is partic-
ularly critical when the geometry is as complex as that inves-
tigated herein. A particular “pathology” of CFD is the overes-
timation of the pressure drop when the mesh is not sufficiently
refined. To address this problem, several meshes of increased
resolution were generated and tested on a single mixer element
(N =1).

It is common to interpret the pressure drop by the dimen-
sionless Z factor, also described in some literature studies as a
“K-factor,” which is expressed by the following ratio

AP

zZ= AP, (13)
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Figure 5. Z factor for N = 1 as a function of the mean
mesh size h.

where AP,, is the pressure drop in an empty tube of equal
length. The value of AP,, for a tube length equal to L is given
in Table 2. Figure 5 shows plots of the nondimensional pres-

sure drop Z factor as a function of the mean mesh size % for the
two static mixers. The expression used for the determination of
h is as follows

(14)

where ° is the finite element volume and NELT is the total
number of finite elements forming the mesh. It should be noted
that mesh refinement and mesh size are inversely proportional;
the number of element increases when the mesh size decreases.
A significant reduction of Z was observed, about 18.6%, be-
tween the coarser (# = 1.7 mm) and the finer (h = 0.6 mm)
meshes. The complete mesh independence of Z is almost
achieved when & < 1.0 mm. The accuracy was satisfactory
when compared to SMX experimental data reported in the
literature (Zalc et al., 2002).

In this work, pressure drop experiments were also carried
out. The experimental pressure drop was measured in a flow
loop rig in which as many as six static mixing elements were
inserted. The fluid was a 23 wt % polyethylene glycol (PEG)
solution in water and the viscosity was 0.25 Pa-s. The flow rate
control and the pressure drop measurements were monitored on
a microcomputer with the LabVIEW software (National Instru-
ments).

The pressure vs. the number of elements N is shown in
Figure 6. CFD and EFD results are in good agreement. From an

1200
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Figure 6. Pressure drop as a function of number of mixers obtained by experiment and numerical prediction for KMX

and SMX devices.
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Table 3. Pressure Drop Linear Regression

CFD EFD
Mixer Line Fit (Pa) R2 Line Fit (Pa) R? APy AP prpy (%) (N = 12)
KMX 95.6 X N — 25.8 1.0000 940 X N — 225 0.9979 101.7
SMX 91.2 X N — 30.6 1.0000 877 X N — 37.8 0.9968 104.9

experimental standpoint, the most important sources of uncer-
tainties are the calibration of the flow rate (3.5%), the pressure
drop gauge accuracy (2.5%), and the viscosity measurements
(2.0%). Even if a detailed error analysis of the data was not
performed, the difference in pipe diameter between experiment
and calculation suggests an error of =7% because the pressure
drop in an open pipe varies as D~ * (Bird et al., 2002). In the
same figure, a close-up of the experimental data is also shown
for a better visual appreciation. For each mixer, the pressure
drop linear fit curve and the corresponding regression coeffi-
cients, established on the basis of CFD and EFD data, are given
in Table 3. Let us define the pressure drop ratios (AP pp/
APpp), where the subscripts indicate the method used to get
the pressure drop. They were computed for both mixers. Their
examination at high N values, which is more relevant in prac-
tice, shows that it is slightly better for KMX (101.7%) than for
SMX (104.9%), 100% being the ideal situation.

In the same manner, the pressure drop ratio (AP g/ APgux)
was computed from the linear regressions presented in Table 3.
Results are given in Table 4 for N = 12. It can be seen that the
curved blade exhibits a consistent higher pressure drop. Con-
sidering the CFD, EFD, and TFD pressure drops, the (AP g/
APg,,x) ratio varies in the range 5.0—-10.0%. Reeder and
Fasano (2001) carried out an experimental measurement of
pressure drop through KMX and SMX mixers in creeping flow
regime at Re = 0.03, which is two orders of magnitude lower
than that of the present study. They observed a close similarity
between the mixers.

As a final remark, it is worth mentioning that by reference to
Eq. 12, it was found that & = 1 for the two mixers. In other
words, the flow exhibits the periodic pressure drop AP, just
after the first mixing element.

Transverse flow

The transverse flow generated by the blades in the two static
mixers is fairly tortuous, as shown in Figure 7. However, it is
more the complexity of the secondary flow pattern that is of
primary importance given that it improves radial mixing. A
complex flow structure develops formed by several laminar
eddies, no dead flow zone exists, and complete flow inversion
occurs element by element over the whole cross-sectional
plane. According to Table 5, the magnitude of the average
transverse velocity is very close for the two mixers. However,
the secondary flow is more pronounced for the curved blade
when the comparison is made on the basis of the average and
the maximum transverse velocities.

The two motionless mixers generate a radial fluid circulation
rate Q,, (subscript sd stands for secondary) in the x—y (or r—6)

Table 4. Pressure Drop Ratio

plane in addition to the main axial flow rate Q (Figure 8). The
magnitude of Q,, generated by one mixing element can be
estimated by the following equation
Qsd =LX |\I,max - \I,min| (15)
where W is the stream function and the subscripts min and max
stand for its minimum and maximum value, respectively; and L
is the characteristic length (along pipe axis) introduced to
express Q,, in volumetric flow units. The transverse flow
vanishes rapidly (3 mm after the exit, intensity of Q,, is
reduced by approximately half) at the exit of the mixer device
and we can consider that the transverse flow develops only
within the mixer device, so that the characteristic length con-
sidered herein is equal to the length of one mixer element. Such
an approximation assumes Q,, to be constant over one mixer.
The estimation of Q,, requires knowledge of the W function,
which was obtained through advanced numerical computation
attributed to secondary flow complexities, impossible to deter-
mine analytically. In this work, a two-dimensional (2-D) trian-
gular finite-element mesh was used to compute WV at the exit
cross section of each mixer by solving the governing Poisson
equation

Ay =———-—— (16)

KMX SMX

CFD  EFD  TFD (Eq. 10)
AP/ APgrax (%) (N = 12) 1048 109.0 110.2
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Figure 7. Transverse flow at exit of (a) odd element and
(b) even element mixer.
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Table 5. Transverse Flow Characteristics

KMX SMX
Average transverse velocity, cm/s 0.33 0.27
Maximum transverse velocity, cm/s 0.96 0.88
Transverse flow 0’4/, cm®*min (Eq. 15) 119.9 104.7
Flow ratio Q,,/Q, % 7.6 6.6

In Figure 9, computed streamlines exhibit a symmetric pattern,
rotated with respect to tube axis by 90° after each mixing. High
density of streamlines suggests a higher transverse flow inten-
sity in the central region.

The influence of mesh size on the accuracy of computed O,
at the exit of first element is done as well. Figure 10 presents
for both mixers the variation of Q,, normalized byQ’/, being
the secondary flow of reference computed on the more refined
mesh used, as a function of mesh size 4. Mesh independence is
achieved for Q,/Q¢ = 1 when h — 0. It appears clearly that
SMX converges faster than KMX. One explanation for the
higher uncertainty observed on KMX is that the finite-element
grid might not be sufficiently refined, despite the already very
large number of elements used to fit closely the curved geom-
etry. Because of its flat blade geometry, SMX demands less
effort in mesh refinement to obtain more accurate results.

In Table 5, the Q,,/Q ratio is found constant at 6.6 and 7.6%,
for flat and curved blades, respectively, and independent of the
value of N. This is a confirmation of a faster transverse flow
noticed earlier for the curved blade design. However, the blade
shape does not affect the flow periodicity observed numerically
on the two mixers. In other words, the solution for mixing
element number (N — 1) is also the solution for mixing element
number (N + 1). This holds true whenever N = 4.

Mean shear rate

An indication of the capability of a mixer to break up solids
agglomerates, drops, and bubbles is given by the mean shear
rate. Figure 11 shows the computed mean shear rate profile of
the two motionless mixers along the mixer length. The number
of nodes for the calculation of these shear rate distributions was
chosen such that the results are mesh independent. In the figure,
boxed values represent the average shear rate in the mixer.

Since the fluid under study is Newtonian and the flow is
laminar, according to Eq. 4, the higher the pressure drop, the
higher the shear rate. When referring to the computed pressure
drop, it is thus consistent that the mean value vy = 7.3 s !
is higher than g, = 4.9 s~'. Although the mean shear rate
gives a good idea about shearing level, a more appropriate
interpretation should be made based on the conversion of
pressure drop into shearing. This is particularly useful to un-

Figure 8. Schematic representation of flow compo-
nents.

Flow rate (Q) and transverse flow (Q,,).
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derstand the relation between the energy loss and the entrance
conditions.

Looking again at Figure 11, it is quite evident that KMX and
SMX shear rate oscillatory profiles are significantly different.
At the entrance of all elements, the SMX mixer exhibits a
consistent mean shear rate peak of about 8.0 s~'. Into the
mixer, the values range between 4.0 and 6.0 s~ !. In the central
part of the mixer the minimum peak falls close to 3.0 s~ '. In
comparison, the KMX exhibits a much higher shear rate along
the mixer. At the entrance the peak magnitude reaches 25.0 s~
over three times higher than the mean value. Into the mixer, the
values range between 4.0 and 8.0 s ™', reaching a maximum of
10 s~ " in the central part. This distinct difference in shear rate
between the mixers has been already inferred by Reeder and
Fasano (2001), through observation of sheets of low-viscosity
additives driven along the trough of each curved blade, which
are abruptly sheared by strong cross-stream velocity gradients
as they eventually pass around the upstream surface.
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Figure 10. Normalized secondary flow as a function of
the mean mesh size.

AIChE Journal



Stretching efficiency

The extensional efficiency o (Manas-Zloczower, 1994) was
also investigated. Its expression is given by the following
equation

I <2

o= (17)
|V

where |@ | is the norm of the vorticity tensor. The coefficient «
is equal to 0 for pure rotation, 0.5 for pure simple shear flows
(such as the open pipe case), and 1.0 for pure extension.
Generally, increased extensional efficiency leads to better mix-
ing. However, a high extensional efficiency in a particular
region of a motionless mixer may not be an indicator of good
overall mixing because the region may be segregated. That is
why additional parameters were selected and are presented next
to analyze in greater depth the potential of mixing of the two
mixers.

It is well known that « is not invariant and therefore depends
on the frame of reference. In our study, because there is only
one reference frame, the criterion can be used for comparative
purposes. The stretching efficiency of the two mixers is pre-
sented in Figure 12 in the same fashion as in Figure 11. The
mean values of the extensional efficiency are close, 0.58 for
KMX vs. 0.59 for SMX. These mean values are as high as the
highest obtained by Rauline et al. (1998) on six different
mixers.
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Figure 12. Extensional efficiency.
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Excepting entrance conditions, the shape of the a-curve
follows a smooth sinusoidal signal for both mixers, although
their respective magnitude are different. Indeed, the o,y
magnitude varies between 0.4 and 0.8 and for ag,,y, between
0.5 and 0.7. This means that the curved blade causes a more
varied flow than that of a flat blade according to the definition
of a given above. Calculations of the stretching efficiency
confirmed the previous finding in terms but did not shed any
new light on the mixing performance.

0
0 1 ; 2 3 4 Mixing Analysis
zlz
e The mixing parameters retained in this study depend on the
velocity field. To ease the computations, the mixing analysis
has been conducted on a coarse mesh. It is well known that the
10 ‘ velocity accuracy according to mesh size converges faster than
other flow variables such as pressure or velocity derivatives
~ 8 (Bertrand et al., 1992). Even though not presented herein,
""g 6 calculations on a more refined grid show similar results.
P TANATANA [ VATANA TANATANVA TANAATANY
PRI AVAIRVAIRVA! RNV I I ; :
54 i v y V i V i Particle tracking
» 2 The mixing analysis presented hereafter is based on the
particle tracking technique. The particles freely follow the fluid
0 Smx motion. The determination of a particle path is obtained by
0 1 2 3 4 solving the following equation
ZIZmax
Fi 11. Sh te. dx
igure ear rate X v (18)
Boxed values = mean values. dt
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Figure 13. Conditions of injection.
(a) Off-centered; (b) centered; (c) multipoint.

where x denotes the vector position, v(x) is the velocity vector,
and 7 is time. A geometrical approach was used to integrate the
previous equation to obtain x and ¢ because v(x) is known
(Heniche and Tanguy, 2004). Figure 13 shows the position of
the injection points along the centerline at z = —D/2. Because
the choice of the injection point is often an open issue, three
scenarios were investigated: off-centered (x = y = D/3), cen-
tered (x = y = 0), and “optimal” multipoint injections (y = 0),
the latter believed to be well suited to accelerate the mixing.
Positions of feed points are displayed over the cross section.
On each feed point, the tracers are equally spaced (Figure 14).
Figure 15 shows different views of a few computed trajectories
from multipoint injection over a single KMX element. The
trajectories are a good tool to visually analyze the flow trans-
formation attributed to the presence of the mixer. In the present
case, it is worthy mentioning that the trajectories within the
mixer have a far richer structure compared to that of the
straight lines commonly observed in an open pipe. In addition,
a rapid decay of the chaotic flow behavior is observed at the
exit of the mixer because the trajectories follow the open pipe
particle path pattern.

Lyapunov exponent

The dynamic system theory indicates that in chaotic systems,
the mixing efficiency increases with the value of the Lyapunov
exponent (Ottino, 1989). The Lyapunov exponent 0 is defined
by the following equation

.....

B R
S.E04

Figure 14. Typical distribution of tracers on a feed point.
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- log A
6 = lim (19)
1—%
where A is the stretching of a material line, defined as
A= lim M (20)
Jax|—o [lAX]|

where dX is an initial segment and dx is the same segment
stretched during a period of a sufficiently long time 7. In
comparison, for a laminar flow in an empty pipe (a nonchaotic
system) the Lyapunov exponent is zero.

For the flow through N static mixers, the Lyapunov exponent
obeys the following law (Ottino, 1989)

N—1

6 = lim| on > In A, Q21

N—» i=0

where T = L/V is the time required by the fluid to pass through
a single element. Assuming that the complete mixing achieved
after k mixing elements, the value of A takes a constant value
denoted A, for higher mixing elements and the Lyapunov
exponent converges to In A,./T for N >> 1. In addition, if
between the first and the kth element the In A; values are of
positive sign, then a decay of & as a function of N may be
expected.

The Lyapunov exponent was computed for the off-centered
and centered injection points only. Franjione and Ottino (1987)
showed that tracking of material line requires substantial com-
putational efforts. In the calculations, we have used 132,000
segments corresponding to 1185 initial positions and 112 di-
rections. Benettin et al. (1976) observed that the value of & does
not depend on dX as long as ||dX| is small enough; in this
study ||dX || = 1 wm was found accurate. Hereafter, we con-
sider the Lyapunov exponent to be the average value computed
among the set of all values of the stretched segments.

In Figure 16, values of averaged & as a function of the
number of mixers N are plotted for off-centered and centered

AIChE Journal



Figure 15. Different views of computed multipoint injection of particles’ path over one KMX element.

injection points. Computed values of 6 are of positive sign,
which means that the initial filaments dx follow an exponential
growth with time. Although the magnitude of the Lyapunov
exponent is different for the two conditions of injection, the
same scale of & is used in the two graphs to make the compar-
ison easier. It can be seen for the off-centered injection that the

0.6

0.4

0.3

0.2 a/g,

0.1

Lyapunov exponent, §

0.0 T T T T T T T T T T
1 2 3 4 5 6 7 8 9 0 11 12

Number of elements, N

a)

Lyapunov exponent, §

0.1

0.0 T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12

Number of elements, N

b)

Figure 16. Lyapunov exponent for different conditions of
particles injection points.
(a) Off-centered; (b) centered.
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chaotic behavior of the flow can be divided in two phases. In
the first one, we observe for the two mixers that & increases
with N, reaching its maximum value close to 0.3 at N = 5. In
this phase, the flat blade gives a slightly higher chaotic behav-
ior. On the second phase, for N > 5, the level of chaos is
virtually identical for the two types of blades and a gradual
erosion of & is observed arising from flow periodicity.

In the case of the centered injection, the difference between
the two blades is more significant and the flat blade design
makes the flow more chaotic. The magnitude of the Lyapunov
exponent decreases from 0.6 to 0.2, the decrease being more
pronounced in the case of flat blade. The only case where 6
values are equal is for N = 12. In Figure 16, let us consider that
the Lyapunov exponent at N = 12 had already converged
toward the following approximate plateau values 0.18 for off-
centered injection and 0.20 for centered injection. According to
Eq. 21 and the approximation made for high N values, the
expression of A, is written as

per

~ 0LV
Aper =e

N=12 (22)

Replacing 8, L, and V in Eq. 22 by their respective numerical
values, then A, reaches 2.1-2.3 for both mixers.

It is clear that a centered injection yields better performance
than the off-centered injector for both mixer designs because at
a given N, the values of the Lyapunov exponent are consis-
tently higher, regardless of the type of mixer. It is worth noting
that these findings are compatible with the transverse flow
characteristics. We have seen from Figure 9 that over a cross
section, the transverse flow is more intense (denser stream-
lines) in the central region, irrespective of blade type. The
general transverse flow pattern is identical for the two types of
blades, the only difference being the higher flow magnitude.
More details can be found in Table 5.

It should be noted that other specific off-center injector
locations were not investigated in this work. It would thus be
premature to conclude that the investigated off-center location
is representative of all other off-center configurations. Hobbs
and Muzzio (1998) found considerable dependency on injector
location in static mixer performance, albeit in a study dealing
with a substantially different geometry.

Vol. 51, No. 1 53



N

E 7
/6\3/ N
NANAY

i)

a) ©)

Figure 17. Poincaré sections at exit of first six (up to
down) KMX elements.

(a) Off-centered injection; (b) centered injection; (c) multi-
point injection.

Poincaré sections

Poincaré sections at the exit of the first six element mixers
are displayed in Figure 17 for the KMX and in Figure 18 for the
SMX for off-centered, centered, and multipoint injections re-
sults. For each injection scenario, six Poincaré sections are
presented, the top corresponding to one element and the bottom
to six elements. By looking back at the initial conditions
(Figure 13), their examination shows that the particles are
completely segregated. As the number N increases, the parti-
cles progressively invade the exit cross sections. Striations are
still visible after six mixer elements, at least for off-centered
injection, although no island or unmixed region can be noticed.
Qualitatively, the off-centered is the poorest injection location
and the multipoint is the best one.

To quantify the mixing from the Poincaré sections, the
concept of intensity of segregation (Danckwerts, 1952) was
used. The coefficient of variation COV was used to measure
the intensity of segregation, that is

ncells

E (c; — 5)2

ncells — 1
COV = BE-E— (23)
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where ¢, is the concentration of particles per unit of area in cell
i, ¢ the average concentration and ncells is the number of cells
in the grid. COV varies between 0 (ideal distribution) and 1
(completely segregated distribution). Numerically, the COV
was computed on a 10 X 10 triangular cell mesh from 16,000
tracers injected into the fluid.

Figure 19 shows the computed COV vs. the number of
elements in a semilogarithmic plot. The three scenarios exhibit
the same exponential decay toward a plateau value reached
after six static mixing elements. The centered and multipoint
injection locations yield the same behavior for SMX and KMX,
whereas with the off-centered location the SMX appears to
perform better (more rapid decrease of COV). When the num-
ber of elements is larger than six, the COV converges to 0.038
for the KMX and 0.044 for the SMX. These differences are
thought to be significant in relative terms, although the absolute
values are subject to the effects of discretization.

Stretching of trajectories

The stretching of trajectories, denoted A, was also evaluated.
For periodic flows, when complete homogenization is
achieved, A converges toward a unique value. This behavior is
independent of the position of the injection point. According to
Muzzio et al. (1991), the greater the stretching, the higher the

a) b)

Figure 18. Poincaré sections at exit of the first six (up to
down) SMX elements.

(a) Off-centered injection; (b) centered injection; (c) multi-
point injection.
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Figure 19. COV curves for different injection locations.
(a) Off-centered; (b) centered; (c) multipoint.

interfacial area and the better the contact between the phases to
be mixed. In an empty pipe the trajectories of particles injected
in a laminar flow are parallel and have an identical invariant
length denoted s,,(x), where the subscript ep stands for empty
pipe. For a given empty pipe, s,,(x) is known because it is
equal to the pipe length. Let us consider now that a static mixer
is inserted in this pipe. The property changes such that the
length s(x) of the trajectories can increase only as a result of
flow obstruction. We thus define the stretching A of a particle
trajectory by the following ratio

AIChE Journal

A = s(x)/S,,(x) with A = 1 (24)
Figure 20 shows the mean trajectory stretching vs. the number
of mixer elements. For the three conditions of injection, an
interesting feature is the convergence toward a unique plateau
value, which depends on the mixer type. The mean values A of
A at convergence are 120 and 118%, respectively, for KMX
and SMX. Given that A = 100% for an open pipe, this
corresponds to an 11% increase of stretching in favor of the

curved-blade design.
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Figure 20. Stretching of trajectories curves for different
injection locations.
(a) Off-centered; (b) centered; (c) multipoint.
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Figure 21. Residence time distribution for off-centered (a) and centered (b) injection location.

Residence time distribution

Finally, the RTD was investigated for injection of off-
centered and centered particles. It is well known that the
RTD is a simple method to evaluate the efficiency of mixing.
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According to Nauman (1982), ideal mixing for in-line mix-
ers is obtained when the residence time function F(7) is a
step function, that is, when the velocity profile corresponds

to a plug
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F(1)=0 0<tr<T

F(r) =1 t>T (25)

where ¢ and 7, expressed in time units, represent the age of
injected particles and their average age, respectively. Our eval-
uation of RTD is based on the Poincaré sections presented
previously. This approach is similar to a pulse-input type of
RTD experiment. The procedure consists in counting the par-
ticles located on the Poincaré sections at the exit of the mixers,
used in defining the ranges of equal ages (in this study 50
ranges were selected) and constructing the density of the prob-
ability function f (). Integrating f(r) with respect to time gives
the residence time function F(7). The computed F(7) curves vs.
the dimensionless time are presented in Figure 21 for N = 1, 3,
6,9, and 12. The two mixers follow the same behavior and tend
to generate a narrower distribution as N increases. Differences
between the mixers are noticeable for small N values and
disappear for higher values. The KMX mixer seems to achieve
almost plug-flow conditions faster than the SMX for an off-
centered injection. The trend is inverted in the case of a
centered injection.

Final Comparison and Summary

In this study, the performance of the KMX and the SMX
motionless mixers was numerically assessed. To compare the
influence of the blade shape it was assumed that the wetted
cross section is equal for the two mixers. The methodology of
investigation was based on the decoupled CFD-mixing ap-
proach. The use of the periodic boundary condition technique
enabled us to conduct simulations with a high degree of mesh
refinement to study a device consisting of as many as 12
mixing elements. Several criteria were retained to compare the
two designs: pressure drop, stream function, mean shear rate,
stretching efficiency, Lyapunov exponent, intensity of segre-
gation, stretching of trajectories, and residence time. The char-
acterization showed that a difference exists between flat and
curved blades in mixing a Newtonian fluid at steady state in the
laminar regime.

A 3-D finite-element method was used for the determination
of the flow variables. Flow periodicity was observed for the
two mixers. The pressure profile analysis revealed that blade
curvature is associated with a slightly higher pressure drop than
that of a flat blade. This result was confirmed by EFD and TFD
investigations. In addition, it was found that in the case of the
curved blade, the excess of pressure drop consumption is
converted into additional mixing. A complex transverse flow
structure was observed at the exit of the mixers. The structure
of the secondary flow is the same for the mixers but its
magnitude was found to be higher for the KMX. This partic-
ularity makes the KMX slightly more chaotic. A mixing anal-
ysis was carried out based on the tracking of massless particles.
Three scenarios of injection were investigated. Poincaré sec-
tions showed that the method and location of the injection
substantially affected the mixture quality within the first six
elements. However, computed COV showed that the two mix-
ers achieve homogenization after six elements, irrespective of
the location of injection point.

The question arises as to whether these mixers are really

AIChE Journal

different. In this study, it was observed that for high N devices
(N > 6) homogenization is obtained with the same number of
mixer elements. However, in terms of mixing, the mean shear
rate, the next parameter in importance to consider when mixing
streams have high viscosity ratio, it appears that the curved
blade is more efficient than the flat blade design at the expense
of a slightly higher pressure drop. In practice, the KMX mixer
should provide a higher mixing rate in viscous mixing appli-
cations. Calculations of the Lyapunov exponent as well as the
mixer COV bolster this general conclusion.
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Notation
A = cross blade section, mm>
B = blade width, mm
¢ = mean pseudo-concentration
¢; = pseudo-concentration of tracers in cell i
D = static mixer internal diameter, mm
F(t) = residence time function (between 0 and 1)
h = mean mesh size, mm
I = identity tensor
L = length of individual mixing elements, mm
N = number of motionless mixers
n, = number of blades
p = pressure, Pa
P = mean pressure over pipe cross section, Pa
QO = volumetric flow rate, cm>/min
R = hydraulic radius, mm
r. = external radius of curved blade, mm
r; = internal radius of curved blade, mm
T = period, s
t = time, s
t., = curved blade thickness, mm

1 = flat blade thickness, mm
= pipe cross section, mm?
s(x) = length of particle trajectory, mm
v(u, v, w)  velocity vector, cm/s

V = mean velocity, cm/s

W(t) = washout function (between 0 and 1)
x, ¥, z = Cartesian coordinates, mm
Z = pressure drop ratio factor

Greek letters

= extensional efficiency
Lyapunov exponent

pressure drop, Pa

rate of deformation tensor, s~
mean shear rate, s~

wetted perimeter, mm
stretching of trajectories
mean stretching of trajectories
stretching of material line
viscosity, Pa-s

stream function, cm® min~' cm ™!
density, kg/m?

stress tensor, Pa

shear stress tensor, Pa

opening angle of curved blade, rad
finite-element volume, mm?>
vorticity tensor, s~

Yo R
I
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e =
I
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Mathematical symbols

div = divergence operator
V = gradient operator
A = Laplace operator
bold = matrix and vector

Abbreviations

CFD = computational fluid dynamics
COV = coefficient of variation (between 0 and 1)
EFD = experimental fluid dynamics
ncells = number of cells
NELT = total number of finite elements
RTD = residence time distribution
TFD = theoretical Fluid dynamics
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