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Abstract−The laminar flow and chaotic mixing characteristics of a high-viscosity fluid in static mixers with stag-
gered perforated helical segments were numerically investigated in the range of Re=0.1-150. The numerical results of
pressure drop of Kenics static mixer have a good agreement with the reported data from the literature. The effects of
aspect ratio Ar and Reynolds number on the mixing performance of Modified Kenics Static Mixers (MKSM) were
evaluated by Darcy friction coefficient, shear rate, stretching rate, and Lyapunov exponent, respectively. The product of
f×Re for MKSM linearly increased with the increase of Re, but it was constant under Re<10. The values of shear rate
in the first perforated hole of mixing elements gradually became much larger by 1.10%-11.78% than those in the sec-
ond perforated hole with the increasing Re. With the increase of dimensionless axial mixing length, the stretching rate
increased linearly and the sensitivity for initial condition gradually weakened. A larger Ar is beneficial for micro-mix-
ing in creeping flow. The average Lyapunov exponent linearly increases with the increase of Re. The profiles of Lya-
punov exponent at different dimensionless perforated diameter (d/W) and perforated spacing (s/W) indicate that the
chaotic mixing in MKSM is much more sensitive to d/W than s/W. A dimensionless parameter η taking into account
the mixing degree and pressure drop was employed to evaluate the mixing efficiency. The optimization of perforated
helical segments with the highest mixing efficiency at Re=100 was d/W=0.55 and s/W=1.2.
Keywords: Perforated Helical Segments, Chaotic Advection, Darcy Friction Coefficient, Shear Rate, Lyapunov Exponent

INTRODUCTION

Mixing of fluids plays a critical role in the success or failure of
many industrial processes where a defined degree of homogeneity
of a mixture is required [1,2]. Ordinary mixing devices are dynamic
mixers for agitated stirrers in batch operations and static mixers
for inline mixing in continuous operations [3].

Static mixers can accomplish many mixing tasks by the pressure
drop between inlet and outlet solely [4]. Therefore, static mixers
are widely used in many processing applications, such as polymer
blending, food processing, minerals processing, water and waste-
water treatment, homogenization, chemical reaction, heat and mass
transfer process, and so on. These applications can be divided into
four types: blending of miscible fluids, generating immiscible fluid
interface, heat transfer, and blending solids [4,5]. Some of the ad-
vantages of static mixers over dynamic mixers are that they have
no moving parts, low maintenance and operating cost, low space
requirements, a short residence time, and easy installation. Static
mixers are available for different working conditions, i.e., laminar,
transitional and turbulent flow regimes.

The typical Kenics static mixer (KSM) is composed of a num-
ber of mixing elements which have alternating clockwise or counter-
clockwise directions of twist, and the leading edge of each element

is offset by 90o relative to the trailing edge of the preceding one [6].
The mixing elements are designed to create secondary flows to mix
different fluid streams as they flow through the static mixer [3].
Hobbs and Muzzio [7-10] used Lagrangian methods to character-
ize the laminar flow and mixing performance of KSM. The effects
of Reynolds number, twist angle of elements and injection loca-
tion were evaluated, respectively. The injection location strongly
affected the extent of mixing only for the first few elements in the
standard KSM. The flow in the static mixer with the same twist
direction elements displayed two oval-shape regions, which acted
as a barrier to uniform mixing. A substantial increase in mixing
efficiency is achieved using elements with less twist than the stan-
dard 180o Kenics configuration. The globally chaotic flow and mix-
ing performance was independent of Re for creeping flow conditions
and the flow was predominantly chaotic again except for small
islands remained at Re=1000. Fourcade et al. [11] developed a new
method to calculate the average rate of striation thinning in the
laminar flow field of a KSM. Rahmani et al. [12] numerically sim-
ulated the mixing processes of single-phase viscous liquids in KSM
at different Re. Their work showed that the effect of Re on mixing
in creeping flow was minimal, but the Re had a major impact on
the mixing performance of a static mixer in laminar and turbu-
lent flows. Furthermore, they also found that the predictions of k-ω
turbulent model needed more computational time and could get
more than enough accuracy than those of RSM turbulent model.
Rahmani et al. [1] numerically analyzed the mixing properties of
pseudoplastic fluids in KSM and found that the carboxymethyl
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cellulose fluid was not effective on the degree of mixing. Lisboa et
al. [13] found that the numerical results of supercritical flow and
heat transfer using RNG k-ε model were closer to the experimen-
tal data than the predictions from standard k-ε and k-ω models
under high pressure condition. Saatdjian et al. [14] numerically
studied chaotic advection and mixing in a spatially periodic flow.
The initial location of a blob of dye was important for its spread-
ing over the cross section only in the first few mixing elements and
its influence decreased afterwards. Kumar et al. [15] numerically
and experimentally studied the flow patterns and mixing perfor-
mance of KSM over a wide range of Re=1‒25 000. The pressure
drop per unit element was found to be independent of the num-
ber of mixing inserts and the effect of element-to-element transi-
tion on flow took up to 30% of the element length. To simulate
the evolution of the drop size distribution (DSD) in liquid-liquid
systems, the population balance equation (PBE) was coupled with
the multi-phase description and added to the standard equations
in the CFD code with proper kinetic expressions for the breakage
rate. Instead of solving the original PBE, transport equations for
the moments of the DSD were solved and the closure problem was
overcome by using the quadrature method of moments (QMOM)
[16].

Tajima et al. [17] proposed a new method to release liquid CO2

into the ocean at intermediate depths in a submerged KSM. The
mixing functions of static mixer on CO2 hydrate formation were
experimentally carried out, and the variations in size and distribu-
tions of CO2 drops were investigated using a statistical method
[18,19]. The temperature-sensitive monomer N, N-diethylacryl-
amide and photo-crosslinkable pre-polymer ENT were used as
model hydrogel materials [20]. The laminar flow conditions in
KSM were compared with the behavior of flows in coiled tubes and
in tubes with twisted tape inserts. For easier comparison, a modi-
fied Dean number was proposed and the existence of secondary
flow in tubes with helical static elements was proved by Ujhidy et
al. [21].

In the past decades, some other static mixers have been devel-
oped and applied into the chemical industry process [22-26]. Regner
et al. [3] numerically investigated the mixing processes in Lightnin
Series 45 static mixer (LSM) using Z factor, helicity and the rate of
striation thinning. Regner et al. [2] employed the VOF method to
analyze the two liquids mixing processes and found that the mix-
ing performance was lower with greater difference in viscosity. The
flow performance and mixing characteristics of a high-viscosity
fluid in static mixers with radial multitwisted and axial twisted tapes
were numerically investigated based on Lagrangian tracking method
[27,28]. The chaotic mixing performance was evaluated by the parti-
cle distribution maps, extensional efficiency and stretching rate. Yu
et al. [29] numerically investigated the laminar characteristics of heat
transfer and friction factor in a circular tube equipped with two
Q-type inserts.

It is challenging to design good static mixers taking into consid-
eration the two aspects of low pressure drop and efficient mixing.
The thermal performance of static mixer with staggered perforated
twisted tapes was superior to that of the tube with typical twisted
tapes in turbulent flow [30,31]. Many fluids used in the industrial
processes are high-viscosity fluids, and the mixing performance of

high viscosity fluids plays an important role in food process, chemi-
cal engineering process, and the pharmaceutical industry [32].
Therefore, it is interesting and meaningful to investigate the mix-
ing process of high-viscosity fluids in the industry process [4,5,33].

The laminar flow and chaotic mixing performance of a high-
viscosity fluid in static mixers with perforated helical segments were
numerically investigated by the academic CFD software package-
ANSYS Fluent R16.1 in the range of Re=0.1-150. The effects of
aspect ratio Ar and Re on mixing performance were evaluated by
friction coefficient, mean shear rate, stretching rate, and Lyapunov
exponent, respectively.

NUMERICAL METHODOLOGY

1. Governing Equations
The general assumptions under the current condition are con-

sidered to be three-dimensional with constant fluid properties. In
the case of incompressible flow, the mass continuity equation is sim-
plified to a volume continuity equation:

(1)

where u is the velocity vector.
The momentum conservation equation in the static mixers with

perforated helical segments can be written as follows:

(2)

where ρ is the fluid density, t is the time, p is the static pressure, τ
is the stress tensor, and F is external body forces.

The governing equations in Cartesian coordinates were discret-
ized on an unstructured grid using a finite-volume approach. A
pressure-based solver was employed with a second implicit scheme
for incompressible flows in the static mixers. The well-known SIM-
PLEC algorithm was used to deal with the pressure-velocity cou-
pling between the momentum and the continuity equations of steady
incompressible flows in the static mixers with perforated helical
segments. The green-gauss cell based, standard, and second-order
upwind schemes were employed for gradient, pressure, and momen-
tum discretization, respectively. The normalized residuals for the
continuity and momentum equations were lower than 1×10−5 and
1×10−6, respectively. The numerical cases were performed in a Dell
PowerEdge R815 server.
2. Geometry Model and Fluid Properties

We constructed a series of the novel modified Kenics static mix-
ers (MKSM) to improve the understanding of how static mixers
work in laminar flow. As shown in Fig. 1, the modified Kenics blades
has an aspect ratio of Ar=1.5 which is equal to the length l to width
w. The MKSM is usually composed of a number of staggered per-
forate Kenics blades with a twist angle of 180o and a rotation of 90o

relative to the previous one [31]. The rectangular plates are drilled
with two symmetrical perforated holes with a spacing of s and a
diameter of d, and then twisted with an angle of 180o. So, the holes
in the twisted blades become lachrymiform. The geometric parame-
ters of MKSM and fluid properties are given in Table 1.
3. Boundary Conditions

The governing equations in the laminar flow were discretized

∇ u = 0⋅

∂ ρu( )
∂t

-------------- + ∇ ρuu( )  = − ∇p + ∇ τ( )  + F⋅ ⋅
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and solved by the finite volume method using the academic ANSYS
Fluent R16.1. The user-defined functions (UDF) were compiled
and loaded to generate the parabolic profiles for fully developed
laminar flow in the smooth inlet sections. The Reynolds number
for entrance is defined as

(3)

where D is the diameter of the tube, and μ is the viscosity of the
fluid. The inlet velocity employed in the simulations is in the range
of u=1.04×10−4-1.56×10−1 m/s. In other words, Re ranges from 0.1
to 150. The reference pressure point is located at the geometric
center of the outlet section where boundary condition is set as
outflow. No-slip boundary conditions are applied on the tube wall
and on the surface of the blades of the static mixers.
4. Model Validation and Grid Independence Test

In the velocity-pressure formulation for CFD analysis, pressure
is more sensitive to spurious oscillations than velocity and concen-
tration [34]. Therefore, the computational precision of three-dimen-
sional velocity field is dependent on the pressure field’s accuracy
[27]. The CFD model of static mixer fitted with staggered Kenics
blades was validated by comparing the predicted results of pres-
sure drop Δp against the available literature data [15,34,35]. It is
clearly seen in Fig. 2(a) that the numerical results have a good
agreement with the empirical correlations.

The three-dimensional models of different static mixers con-
structed by SolidWorks were imported into Gambit for grid mesh-
ing. Unstructured tetrahedral meshes were used to discretize the
computational domain. To determine the grid independence,
2618194, 1276806, 999127, 837446, 680774 and 567274 cells were
generated, respectively, for the MKSM with Ar=1.5. The grid qual-
ity was checked for EquiAngle skew. As illustrated in Fig. 2(b), the
average QEAS value of MKSM with 1276806 cells is the largest and
nearest to 0.4, which indicates the case has higher quality meshes
[36]. As shown in Fig. 2(b), the maximum of x-directional veloc-

Re = 
ρDu
μ

-----------

Fig. 1. Static mixers with staggered modified Kenics blades.

Table 1. Geometrical parameters of MKSM and fluid properties
Geometrical parameter MKSM
Tube diameter, D (m) 0.04
Blade length, l (m) 0.04 0.06 0.08
Blade width, W (m) 0.04
Blade thickness, δb (m) 0.002
Perforated diameter, d (m) 0.010-0.030
Perforated hydraulic diameter, dh (m) 0.095-0.0294
Perforated spacing, s (m) 0.012-0.068
Aspect ratio, Ar 1 1.5 2
Twist angle, θ (deg) 180
Entrance length li (m) 0.025
Mixing-zone length lm (m) 0.48 0.72 0.96
Exit length, lo (m) 0.025
Fluid properties
Density, ρ (kg/m3) 1200
Viscosity, μ (kg/m·s) 0.5

Fig. 2. Mesh validation and grid independence test. (a) Comparison
of pressure drops of KSM between the numerical result and
literature data, and (b) The profiles of average QEAS value
and the maximum of x-velocity for different cell numbers.
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ity in the line from (0, −20 mm, 330 mm) to (0, 20 mm, 330 mm)
firstly increases quickly and then decreases with the increase of cell
number. It is obviously seen that the maximum of x-directional
velocity in the model with 1276806 cells is the largest. On the other
hand, the computation time of the numerical case with 2618194
cells is 3-4 times longer than that of the case with 1276806 cells.
Taking into account the grid independence and computation accu-
racy, the three-dimensional model with a number of 1276806 cells
were carried out in the CFD simulation.

RESULTS AND DISCUSSION

1. Friction Factor
In fluid dynamics, the Darcy friction factor is also known as the

Darcy-Weisbach friction factor, resistance coefficient or simply fric-

tion factor for the description of pressure drop in pipe flow as well
as open-channel flow. Generally, the friction factor is four-times
larger than the Fanning friction factor and could be defined as fol-
lows [37]

(4)

where Δp is the pressure drop across the mixing elements.
It is well known that the swirling flow becomes more signifi-

cant in the MKSM because of the helicity of mixing segments.
With a given Re, in Fig. 3(a) the friction factor in MKSM clearly
firstly increases quickly from z/l=1 to z/l=2, then slowly increases
from z/l=2 to z/l=6, and has a variation less than 1% for z/l>6. On
the other hand, the friction factor decreases with the increasing Ar

as shown in Fig. 3. From Fig. 3(a), the friction factor in MKSM
with Ar=2.0, 1.5, 1.0 is 6.11, 8.49 and 16.95 times as large as that in
a circular pipe at Re=100 and z/l=12, respectively. It is noted in
Fig. 3(b) that the Darcy friction factor values firstly decrease sharply
in the creeping flow and then gradually decrease because the l force
begins to play a more important role with the increase of Re. Fur-
thermore, the ratios of friction factor in MKSM with Ar=2.0, 1.5,
1.0 to that in the smooth tube are in the range of 4.64-7.11, 5.65-
10.49, 8.29-22.82, respectively. Taking into account the mixing
desire and pressure drop, it is necessary to employ an MKSM with
Ar=1.5-2 for common mixing operations. According to the classi-
cal theory prediction for laminar flow in smooth circle tubes, the
product between Darcy friction factor and Re is constant [29]. For
Re≥10, the product of f×Re in MKSM linearly increases with the
increase of Re as illustrated in Fig. 3(c). Nevertheless, the product
of f×Re in the creeping flow of MKSM with different Ar under
Re<10 has different constant values.
2. Shear Rate

The level of shear rate is an indication of the dispersive capabil-
ity of a mixer to break up solids agglomerates, drops, and bubbles
[38,39]. It is obviously flow rate-dependent and defined as follows
[40]:

(5)

f = 
2DΔp
ρu2lm

--------------

γ = 
1
2
--D: D

Fig. 3. The relationship between friction coefficient and Reynolds
numbers.

Fig. 4. The profiles of cross-sectional average shear rate of MKSM
with Ar=1.5.
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where  represents the rate of deformation tensor and is calcu-
lated by the following equation:

(6)

Fig. 4 depicts the profiles of shear rate of MKSM with Ar=1.5 as
a function of dimensionless axial position in the range of Re=0.1-
100. For Re≤1, the norm values of rate of deformation tensor ap-
proach a constant value. For Re>1, the existence of perforated mix-
ing segments begins to enhance the mixing performance. The con-
tributions of the first leading and the last ending edges on shear rate
are less than those of the segment transitions. On the other hand,
the values of shear rate in the wake regions decrease sharply and
approach the values of smooth tube.

The average values of shear rate in the mixing elements and tran-
sition regions are 2.60-2.98 and 3.55-5.26 times of that in the smooth
inlet, which indicates that the dispersive capability is largely enhanced.
It can be clearly seen that the higher values of shear rate could be
attained at higher Re, which indicates that better dispersive mix-
ing could be obtained with higher flow rates. Furthermore, the val-
ues of shear rate in the first perforated hole of mixing elements
gradually become much larger by 1.10%-11.78% than those in the
second perforated hole with the increasing Re. It indicates that the
perforated structure before the segments transition produces an
acceleration flow through the triangle regions for downstream flow
which obviously enhances the secondary flow.
3. Micro-mixing Performance

Saatdjian et al. [14] used the particle tracking technology to pres-
ent a numerical study of chaotic advection and mixing in a spa-
tially periodic, three-dimensional flow. It is well known that the
mixing of fluids involves stretching and folding of material ele-
ments. The stretching rate determines the rate of the micro-mix-
ing process, both by increasing the inter-material area over which
inter-diffusion of components can occur, and by decreasing the
required diffusional distance.

According to Ottino’s theory [41], the coordinate positions and
stretching of massless particles could be monitored by integrating
and solving the following equations:

(7)

(8)

where z, I, and ∇u denote the position vector, stretching vector
related to the massless particle and velocity gradient, respectively.
In this study, an vector of I0=(0, 0, 1) was employed to initialize
the stretching value. The total accumulated stretching λ experi-
enced by the element after some time is calculated based on the
following equation:

(9)

At a given cross section, the stretching rate is derived from the
logarithms of geometric mean of accumulated stretching values
for all massless particles [34,42]:

(10)

where N represents the number of massless particles passed through
the given cross-section.

The profiles of stretching rate in the perforated static mixers under
different Reynolds numbers are plotted in Fig. 5. The positions of
massless particles experiencing high and low stretching correspond
to regions of good and poor micro-mixing, respectively. As shown
in Fig. 5(a), the stretching rate linearly increases with the increase
of dimensionless axial length. There exists a bend at z/l=2 in the

D

D = 
∂uj

∂xi
------- + 

∂ui

∂xj
-------

⎝ ⎠
⎛ ⎞

dz
dt
----- = u z( ) zt=0 = z0

dI
dt
-----  = ∇u( )T I⋅ It=0 = I0

λ = 
I
I0
-----

Λ = log10 λi
i=1

N
∏
⎝ ⎠
⎜ ⎟
⎛ ⎞

1/N

Fig. 5. The profiles of stretching rate of perforated static mixers.
The effects of (a) z/l and (b) Re on stretching rate, and (c)
Probability density distribution of stretching rate at z/l=12.
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profiles for MKSM with three different Ar because the initial vec-
tors are realigned to correspond to the principal stretching direc-
tions of the flow before the second element. The initial vector
orientations are no longer important after the realignment of vec-
tors directions, and Λ grows linearly with the increase of dimen-
sionless axial positions. The stretching rate of the MKSM with
Ar=1.5 is much larger than that of the KSM with Ar=1.5 with the
increasing number of mixing elements.

As illustrated in Fig. 5(b), the profiles of Λ for MKSM with Ar=
1.0, 1.5 and 2.0 have a little difference. The variations of Λ in MKSM
with Ar=1.5 and 2.0 first decrease until Re=10 and then increase
in the range of Re=20-100. The Λ in MKSM with Ar=1.0 increases
with the increase of Re. The MKSM with Ar=2.0 has the highest
stretching efficiency in the range of Re=0.1-10. It is well known
that the stretching rate is independent of Re in the creeping flow
[10,27,28]. Thus, a larger Ar could provide a longer flow passage
with a given diameter which would play a more important role in
the stretching and unfolding of materials in the creeping flow. Nev-
ertheless, the MKSM with Ar=1.0 has the highest stretching effi-
ciency and the advantages of MKSM with less Ar become more and
more obvious in the range of Re=20-100. Therefore, the MKSM
with Ar=1.0 can be chosen to achieve a mixing task in the range
of Re=20-150. With the increasing Re, the micro-mixing perfor-
mance of the MKSM with Ar=1.5 is larger than that of the KSM
with Ar=1.5.

The statistical characteristics of stretching magnitudes provide a
means for characterizing the distribution of mixing intensities within
the flow field. The probability density function (PDF) of the loga-
rithm of stretching rate is defined as follows [7,10,14]:

(11)

where dN(log10λ) represents the number of particles having a
stretching rate between log10λ and log10λ+d(log10λ), and the value
of Hn(log10λ) can be conducted as a spectral intensity measure of
the micro-mixing process.

The statistical profiles of stretching rate at z/l=12 are plotted
versus log10λ at Fig. 5(c). The profiles of Hn(log10λ) describing the
spectrum of stretching in the bulk flow are similar and approach a
bell shape with the increase of log10λ. As a result, the laminar mix-
ing in MKSM is considered to be a chaotic flow as proposed by Liu
et al. [43,44]. The log10λ corresponding to the maxima of Hn(log10λ)
increases with the increase of Ar, which indicates that the MKSM
with Ar=2.0 could achieve better micro-mixing for high-viscosity
fluids in the creeping flow. When Re is much larger than 10, the
statistical tendency of stretching rate in the MKSM becomes reverse.
The coverage of log10λ in the MKSM with Ar=1.0 under Re=100
becomes the largest and the maximum of Hn(log10λ) becomes the
minimum. Furthermore, more fluctuations are found in the areas
with higher log10λ values than those with lower log10λ values. The
curves also exhibit long tails on the high-stretching side, which
indicates that a higher mixing degree could be attained in MKSM
with smaller Ar.
4. Chaotic Mixing Characteristics

Stretching does not depend on velocity or tube diameter in the
laminar regime. Material elements will be stretched in the same

way at low or high velocity (or at large or small diameter), but the
time needed to reach this stretching will be affected. The Lyapunov
exponent is a signature of chaos, but it is also a characteristic of
the mixing efficiency, the higher the exponent, the more chaotic
the system, and the more efficient the mixer in principle [39]. The
average Lyapunov exponent δ at cross sections can be calculated
through the following relation:

(12)

The effects of aspect ratio and dimensional axial position on the
Lyapunov exponent δ at Re=10 are plotted in Fig. 6(a). The aver-
age Lyapunov exponent for laminar flow is much larger than zero
in an empty pipe. In Fig. 6(a) that the variation trends of Lyapunov
exponent in the MKSM with Ar=1.0, 1.5, 2.0 are clearly similar. In
other words, the Lyapunov exponent firstly decreases within the
first six elements and then the decreasing rate becomes smaller
from the sixth element to the ending element. That is, the homo-
geneous degree of mixing is gradually improved and the sensitiv-
ity for initial condition would be weakened with the increasing
mixing elements. The aspect ratio of mixing elements plays an
important role in the chaotic mixing performance. The Lyapunov
exponent in MKSM with Ar=1.0 and 1.5 is 1.67-1.85 and 1.27-
1.31 times of that in MKSM with Ar=2.0 at Re=10. Thus, the sen-
sitivity for initial condition would be strengthened because sec-

Hn log10λ( ) = 
1
N
----

dN log10λ( )
dlog10λ

---------------------------

δ = 
log10Σλi/N

t
--------------------------

t ∞→

lim

Fig. 6. Lyapunov exponent δ of static mixers as a function of (a) z/l
for Re=10 and (b) Re for Ar=1.5.
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ondary flow patterns become much stronger in the MKSM with
less Ar.

Fig. 6(b) depicts the profiles of the average Lyapunov exponent
δ at different cross sections of MKSM with Ar=1.5 with the in-
crease of Re. The average Lyapunov exponent linearly increases with
the increase of Re. The maxima of Lyapunov exponent could be
obtained at the end cross section of the first element. With the in-
crease of axial positions, the slope of increasing ratios gradually
decreases from 0.710 to 0.523 and would not vary for z/l>6 as
described in Fig. 6(b).
5. Optimization of Perforated Helical Segments

The existence of perforated holes generates an acceleration flow

which may be beneficial to extension, shear and secondary flow.
The effects of perforated diameter and spacing on chaotic mixing
are evaluated by the average Lyapunov exponent in Fig. 7(a) and
7(b), respectively. From Fig. 7(a), in the MKSM with d/W=0.35
the minimum and maximum of Lyapunov exponent are attained
at s/W=0.5 and s/W=1.5, respectively. Furthermore, two different
regions can be clearly observed. It has been found that other curves
are located far away from the curve with s/W=0.5. The worse mix-
ing efficiency may be induced by the mismatching coupled effects
between flow division and acceleration flow. As a result, it is con-
sidered as an unreasonable perforated structure with s/W=0.5 and
d/W=0.35. As illustrated in Fig. 7(b), the effect of perforated diam-
eter on chaotic mixing performance was evaluated. With the in-
crease of perforated diameter, the mixing efficiency first decreases
at d/W=0.3, then increases and decreases finally. The maximum
values are attained at d/W=0.45 and the minima are obtained at
d/W=0.75. The curves with d/W=0.75 are located away from other
curves. That is because the helical flow passage is destroyed and
the swirling flow is larger weakened when the perforated diame-
ter is much larger.

Comparison of the aforesaid profiles in Fig. 7(a) and 7(b), the
chaotic mixing is much more sensitive to perforated diameter than
perforated spacing. Thus, it is necessary to consider the coupled
effect between perforated spacing and diameter on the mixing
efficiency. Taking into account the tradeoff between increased mix-
ing efficiency and friction factor, a dimensionless parameter η is
similar with the one used in heat transfer field. The parameter η
can be derived from the following equation:

(13)

From Fig. 7(c), the coupled effect on the mixing efficiency is
obviously seen and the design of perforated mixing element is
important for the mixing efficiency. The worst efficiency of chaotic
mixing at Re=100 generates at d/W=0.35 and s/W=0.5, as shown
in Fig. 7(a). The highest mixing efficiency at Re=100 could be at-
tained at d/W=0.55 and s/W=1.2. Furthermore, some higher mix-
ing efficiency could be obtained at d/W=0.5 and s/W=1.4 or d/W=
0.6 and s/W=1.1.

CONCLUSIONS

The laminar flow and chaotic advection mixing performance of
a high-viscosity fluid in the static mixer with perforated helical
segments were numerically investigated by ANSYS Fluent R16.1.
The numerical results of pressure drop for KSM with Ar=1.5 have
a good agreement with the literature results. The effects of Ar and
Re on the chaotic advection mixing performance were evaluated
by several criteria: friction factor, shear rate, stretching rate, and
Lyapunov exponent.

The products of f×Re for MKSM with Ar=1.0, 1.5, 2.0 linearly
increased with the increase of Re for Re≥10, and nearly had differ-
ent constant values under Re<10. The values of shear rate in the
first perforated hole of the mixing elements gradually became much
larger by 1.10%-11.78% than that in the second perforated hole
with the increasing Re. It indicates that the perforated structure

η  = 
δ

f1/3
-------

Fig. 7. The effects of (a) perforated spacing, and (b) perforated diam-
eter on the distribution of Lyapunov exponent, and (c) the
perforated optimization based on mixing performance factor.
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before the segments produced an acceleration flow through the
triangle regions for downstream flow which enhanced the second-
ary flow. The stretching rate increased linearly with the increase of
dimensionless axial distance. A larger Ar is beneficial for micro-
mixing in the creeping flow and a smaller Ar is beneficial for micro-
mixing in the range of Re=20-100. The mixing efficiency of MKSM
with Ar=1.5 was much larger than that of the KSM with Ar=1.5.

The Lyapunov exponent of MKSM decreased firstly within the
first six elements and then the decreasing rates became smaller from
the sixth element to the ending element. The homogeneous degree
of mixing gradually was improved and the sensitivity for initial
condition was weakened with the increasing mixing elements. The
Lyapunov exponent of MKSM with Ar=1.0 had the smallest value,
which indicates that MKSM with less aspect ratio of mixing seg-
ments had stronger secondary flow patterns.

The profiles of Lyapunov exponent at different s/W and d/W
indicate that the chaotic mixing is much more sensitive to perfo-
rated diameter than perforated spacing. A dimensionless parame-
ter η taking into account the micro-mixing efficiency and pressure
drop was used to evaluate the mixing efficiency. The optimization
of perforated helical segments with highest mixing efficiency at
Re=100 was d/W=0.55 and s/W=1.2.

ACKNOWLEDGEMENT

This work was supported by the National Natural Science Foun-
dation of China (grant numbers 21476142, 21306115 and 21106086),
the Program for Liaoning Excellent Talents in University (grant
number LR2015051), Liaoning Natural Science Foundation (grant
number 201602594), the Higher Education Program Funds for
the Key Laboratory Research of Liaoning Province (grant number
LZ2016001), the Planning Program of Shenyang Science and Tech-
nology Bureau (No. F12-188-9-00), and Liaoning BaiQianWan Tal-
ents Program (grant number 2013921047).

NOMENCLATURE

Ar : aspect ratio of mixing element
dh : the perforated hydraulic diameter [m]
D : the diameter of tube [m]

: the rate of deformation tensor
d : the perforated diameter [m]
f : friction coefficient
F : external body force [N]
Hn(log10λ) : probability density function of the logarithm of stretch-

ing rates
I : stretching vector
l : the length of mixing element [m]
li : entrance length [m]
lm : the mixing-zone length [m]
lo : exit length [m]
N : the average particle number of grid cell
p : static pressure [Pa]
Δp : pressure drop in static mixer [Pa]
QEAS : the quality of EquiAngle skew
Re : Reynolds number

s : the perforated spacing [m]
t : time [s]
u : velocity vector [m/s]
umax : the maximum of x-directional velocity [m/s]

: the average velocity of the fluid [m/s]
∇u : the gradient of velocity
W : the width of mixing element [m]
z : the position vector

Greek Letters
γ : shear rate [s−1]
δ : Lyapunov exponent
δb : blade thickness [m]
θ : twist angle [deg]
λ : accumulated stretching
Λ : stretching rate at a given cross-section
μ : fluid viscosity [kg/m·s]
ρ : fluid density [kg/m3]
τ : stress tensor
η : mixing performance factor
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