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Abstract
Very low Reynolds number laminar flow in Split-And-Recombine (SAR) static mixers is
numerically investigated by using a finite volume method. In these configurations, advective
chaotic flow structures are created by the passive control of the flow, mimicking the baker’s
transformation, through a series of flow splitting, rotations, and re-combinations that generate
intertwined lamellar structures. This process leads to extra surface creation, which ultimately
intensifies mass transfer. The main aim of this study is firstly to demonstrate the interest of this
technique for enhancing mixing, while keeping pressure drops moderate, and secondly to
optimize this type of geometry. For the latter stake, two different SARs, namely SAR1 (Gray’s
configuration) and SAR2 (Chen’s configuration), are compared in terms of distributive and

dispersive mixing and energy expenditures evaluated by the pressure drop. The enhancement
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effect of splitting/recombination is isolated thgbuthe comparison with a channel composed of
small straight sections at right angle bends witkraate chiralities (referred as 3D-Flow),
without splitting. A plain square-section channglused as base-line reference geometry to
assess the relative mixing efficiency of each agpmftion. Results show that the SAR technique
is capable of enhancing mass transfer in creeplogsf compared to non-splitting-flow
mixers/exchangers, thus allowing a gain in residetime and mixer size for the same final
results. Between the two SAR geometries, the sopigriof Chen’s configuration regarding the
relative mixing efficiency is demonstrated, with%83nixing intensification, accompanied by a

cost increase of 68% in the friction coefficient.

Keywords: mixing enhancement; CFD study; static mixer; chegflow; baker’'s transform.



1 Introduction

Laminar mixing is important for many engineeringbgations where turbulence cannot be
used or generated. This is a common issue in pltautiaal, cosmetic, and biological
applications where highly viscous and fragile fhiidre frequently used. In this case, mixing
should be enhanced at very low Reynolds numberbhowit utilizing vortex generators or
turbulence promoters. Compactness of mixers inlamiegime is also of great importance [1]
since the mixing time, i.e. the time required fohiaving a certain degree of homogeneity, is

usually larger than that in turbulent flow regimes.

This challenge has led to the development and agdiion of the so-called “Split And
Recombine” (SAR) static mixers [2-5]. SAR mixer e@ts of a network of divided and then
recombined channels in which several fluids areothiced separately and mixed by a multi-
lamination process. This SAR topology performs aieseof baker’'s transforms on the
concentration profile [6]. The flow stream-tubeg aplit out, rotated in opposite directions and
then recombined, folding over the concentrationfilraand doubling the transvers gradient.
Successive vertical separation and horizontal tegnof fluid streams increase the number of
laminates with each stage; hence the contact-®udea between the two fluids is exponentially
increased, resulting in faster mixing [7, 8]. Rddaewestigations [6, 9, 10] revealed the chaotic
nature of the SAR flow and under favorable condgiothe maximum value of Lyapunov

exponent ofn(2) was recorded in the SAR static mixer designed kay@€t al.[2].

SAR mixers can be classified in two types: the ataor 2D mixers, and the 3D
configurations. Ansari and Kim [11] investigatednmerically the mixing process in unbalanced
splits and cross-collisions planar circular andmb@ micro-channels for Reynolds numbers
ranging from 1 to 80. They showed that the lowesting performance is observed in the
balanced collision configurations whereas the hsgingixing index was obtained in the circular
micro-channels in which Dean roll-cells are gerestatt Reynolds numbers higher than 10. Chen
et al.[12] studied the mixing process in staggered pl&ean vortex micromixers for Reynolds
numbers ranging from 0.5 to 50. It was found tloatReynolds numbers lower than 5, diffusion
is dominant over advective transport, while for Rags numbers higher than 10 mixing is

governed by Dean roll-cells.



Anxionnaz-Minvielle et al. [13] studied experimentally heat transfer in thiifferent
configurations of 3D SAR static mixers and compatieelir efficiency to planar corrugated
channels. It was found that the energy efficienEAR mixers increases compared to that of
2D corrugated channels with increasing viscosigspecially for Reynolds numbers lower than
50. Ghanenet al.[9, 14] used both numerical and experimental tephes to study the mass and
heat transfer in different milli-3D SAR flow configations for different flow regimes.
Comparison of the relative mixing efficiency ane thnergy consumption among the different
flow configurations showed that the mixer propobgdGrayet al. [4] is more efficient in the
laminar and moderately turbulent flow regimes, Raynolds numbers ranging from 40 to 5000
[9, 14]. From the heat transfer point of view, tBAR configuration proposed by Chen and
Meiners [3] shows an advantage over the other gardtions for creeping and deeply laminar
flows, with Reynolds numbers betweeri*land 10 [9, 14].

In the present paper, numerical simulations arelgcied to analyze passive scalar mixing
in different 3D SAR flow configurations for a velgw Reynolds number value of $0based on
the inlet mean flow velocity. This low Reynolds noen allows to highlight the baker’s
transforms occurring in SAR configurations and tdibit its effects on mixing versus the
increase in the pressure drop. This analysis allestablishing a hierarchy of mixers based and
their mixing efficiency and opens into an optimiaatprocess.

The paper is organized as follows: section 2 iteVto problem description and numerical
model used, the results are discussed in sectiandBfinally the concluding remarks are given in

section 4.

2 Problem description

2.1 Governing equations
For an incompressible, steady, Newtonian fluid,ftbe is governed by the continuity (Eq.
(1)) and Navier-Stokes (Eg. (2)) equations:

V-u=0 1)
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u-Vu=——p+vV2u (2)
p
whereu is the velocity vectorp andv are respectively the density and kinematic viggasi the

working fluid, andp is the pressure.

The mixing process is analyzed by tracking a passoalarC that will allow computing the
variance destruction downstream and to characterixeg. The mass balance should be treated
in a pure convective transport to quantify the kiaic mixing. Actually, CFD simulations
generate a numerical diffusion that depends omtimeerical scheme, the solver, and mostly the
meshing. In order to obviate numerical diffusione Wwave introduced a physical diffusion
coefficient «, which indeed damps the pure SAR mixing effectt (lmmains identical in all
systems for the global mixing comparison), and ddu closer to the eventual experimental

results. The mass transfer equation is hence givEq. (3):

V- (uC) = aV2C (3)

2.2 Numerical method

The computational fluid dynamics (CFD) code ANSYhliert 15 [15] is used for the
present simulations. It is based on an Euleriarragmgh to compute Navier-Stokes equations
through cell-centered finite volume discretizatiarhe flow and scalar equations are solved
sequentially with double precision. Third order MCISscheme is used for spatial discretization
of the linear momentum and mass transfer equatbifisision terms are central-difference and
second-order accurate. Pressure-velocity couplsgachieved by the SIMPLE algorithm
proposed by Patankar [18].

2.3 Flow configurations and operating conditions

Numerical simulations are performed for four diffiet flow configurations summarized in
Table 1: Plain straight channel, 3D-Flow, SAR1 &f&R2 geometries. All configurations have
the same flow cross-sectional area. The numbernitk yper mixer is chosen so that all
configurations lead to the same residence timer(éefoy the reactive volume over the flow rate
ratio). For each configuration, pre- and post-cbaders are added to attenuate the entrance and

exit effects on the results and to obtain a fuklyeloped flow at the inlet of the mixer elements.



Plain channel 3D-Flow SAR1[2] SAR2 ]3]

Cross section (mf 3%3 3%3 3x3 3%3
Number of elements - 18 13 10
Element developed length (mm) - 39 54 69
Total developed length (mm) 700 702 702 690
Pre-conditioner length (mm) - 30 30 30
Post-conditioner length (mm) - 30 30 30

Table 1: Characteristics of the flow configurations

The first flow configuration, plain channel, is &ip straight duct of square cross section.
The 3D-Flow configuration consists of a continualisct flow with alternate bends at right
angles. The two SAR configurations are referre8AR1 and SAR2. Basic elements of the 3D-
Flow, SAR1 and SAR2 configurations are shown inukégl. SAR1 is the geometry described
by Grayet al.[2], we denoted this geometry SAR1 since therenis separation/recombination
per element. SAR2 is the configuration describedCiwen and Meiners [3], we denoted this
geometry SAR2 since there are two separations/rec@tions per element. Results are further
normalized by those obtained in the plain squart dsed as the reference geometry.

2 d N
(a) (b) (© %

Figure 1: Isometric view of one element from edolwfconfiguration: (a) 3D-Flow
configuration, (b) SAR1 (Gray configuration [2]ndi(c) SAR2 (Chen configuration [3])

fA

No-slip boundary conditions are prescribed on &lllvboundaries. A uniform velocity
profile with average velocity equal 833 cm/s is imposed at the inlet of the pre-conditioner.
The scalar field at the inlet cross-section is didd into two equal parts, left and right, with

Ciere = 0 andCyigne = 1. At the outlet, streamwise gradients of all theiatales are set to zero.



The working fluid properties and operating conditioare shown in Table 2. The Reynolds
numberRe is calculated based on the hydraulic diametehefduct cross-section and the inlet
mean flow velocity. The viscosity of the working fluid is chosen to match that afcous fluid

products encountered in industrial applicationsret®AR devices are usually used for creeping
flows [19]. Numerical simulations are carried ontisothermal conditions, with a low mass
diffusivity coefficient (high Péclet number) so thdiffusion cannot dominate over advective
mixing. In Table 2,Pe is the Péclet number representing the ratio betwadvective and

diffusive transport rates. As noticed, the advectiansport is dominant over diffusion since the

diffusivity coefficienta is very small.

U (Pa.s) 100
p (kg/nT) 1000
Pe 10°
Re 10°
a (m?/s) 101°

Table 2: Working fluid properties and operating ditions

Scaled residual values of #0are set as a convergence criterion for the saiutb

momentum and passive scalar equations.

2.4 Mesh

Since in the SAR configurations mixing elements eepeated, a series of numerical
simulations were conducted for a single elemenSAR1 configuration with different mesh
densities in order to determine the appropriatalfmesh to be used in the study. The mesh
sensitivity analysis is done according to the pdoce proposed by Celiket al. [20]; five
different mesh densities were considered as showiable 3. The grid size ratio is the grid size
of meshi + 1 divided by that of mesh it is recommended to be at least equal to 1.3 [26r
all cases the mesh is structured in cubical celleduce numerical diffusion. The criteria for the
mesh sensitivity are the pressure diiagp,the pressure difference between the inlet anatbafl
the SAR geometry, and the normalized standard tlemiaf the computed scalar value which is
used to quantify mixing in the different geometrieshis paper:



6 = — (4)

whereC, corresponds to the average scalar concentratiangaten cross section computed in

plain duct flow.

Table 3 represents the mesh sensitivity analysifoqpeed on one element in the SAR1
configuration. As shown in this table, the valueG€1 ona /g, is 0.33% and it is 0.48% fap
for the finer mesh (mesh number 5). The GCI islgsintbd discretization error and could be used

as error bar when presenting the results. Finddby/finer mesh 5 is adopted for all geometries.

Mesh number 1 2 3 4 5
Cell number 1.07 x 10* 7.09 x 10* 5.67 x 10> 1.15x 10® 2.25 x 10°

Grid size (mm) 0.363 0.193 0.097 0.076 0.061
Grid size ratio 1.9 2.0 1.3 1.3
o/oy 0.7683 0.8373 0.9227 0.9344 0.9351

GCl; (%) 13.17 1.57 0.33
Ap (bar) 1.632 1.749 1.806 1.969 1.971

GClpp (%) 4.49 10.35 0.48

Table 3: Mesh sensitivity analysis performed on eleenent in the SAR1 geometry

3 Reaultsand discussion

3.1 Flow structure

The flow streamlines through the last element anttiree different geometries are shown in
Figure 2. In the 3D-Flow configuration (Figure 2))(athe streamlines are simply twisted
periodically while circulating in the successiventls. Since the flow inertial forces are small
relative to the viscous forces, there is no ger@raif hydrodynamic instability or vortices and
thus the only irreversible mixing mechanism predenthe molecular diffusion. In the SAR2
configuration (Figure 2 (c)), the streamlines averdy split into two perpendicular directions,
then rotated by 90° two times before they are rdstoed. This process is repeated two times in

each element. Here also there are no vorticesstabilities due to high fluid viscosity. However,



it will be shown later that the mixing occurs aaiog to baker’s transformation in the
successive elements. The flow structure in thedtlwonfiguration SAR1 (Figure 2 (b)) is
somehow more complex than the first two; strearslimee initially split in two opposite
directions then rotated by 90° four times in oppeosglirections before they are recombined
together. Vortices are also absent in this conéigon due to the low Reynolds number. In the
next section, we examine in details how this swsioesof the split and recombine processes

affects passive scalar mixing.

Velocity [m s*-1]

Figure 2: Streamlines through the last elemenapB8D-Flow configuration, (b) SAR1 and (c)
SAR2

3.2 Equivalent Poincaré sections and distributive mixing

Chaotic properties of the flow can be characterizganeans of Poincaré sections. For this
purpose, the outlet section-plane is considerecddah of the four configurations. At the center
of the inlet-plane, around 1000 inert particles r@leased starting from an initial position in the
form of a disk of 0.15 mm diameter. The trajectorad the individual particles are tracked and
their corresponding positions at the outlet sestiane exported. The set of positions of the
particles in the computational domain outlet cdostithe Poincaré sections, which are shown in
Figure 3. For the straight plain duct, the paridieave the outlet at the same position in which
they were released at the inlet-section sinceltve is laminar and the streamlines are straight.

Therefore, due to high fluid viscosity and deep ifean flow, fluid particles are organized in



uniform parallel strata that move along the longjibal direction with no radial deviation in the
trajectories. Under these conditions, the 3D-Flamfiguration also shows a poor dispersing
performance close to the straight duct. The SARigorations however exhibit, as expected, an
effective sign of chaotic advection. The partickee laterally dispersed and are capable of
visiting various radial positions in the flow cressction, revealing the mixing enhancement by
the SAR mechanism. At a first glance, the SAR2 igométion shows the best performance:
particles cover the largest area of the flow cremstion and extend towards the walls, compared

to SAR1 geometry in which wider gaps can be seen.
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Figure 3: Poincaré sections for the studied flowfigurations. The initial position is a disk (in
blue) of radius 0.15 mm at the inlet center: (&@ifPthannel, (b) 3D-Flow, (c) SAR1, and (d)
SAR?2 configurations
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For a better quantitative comparison of the distiie mixing effects [21, 22], the
coefficient of variation of the particle locatiorsscomputed using the radius as the characteristic

length:

Coly = (5)

(6)

Figure 4 compares the coefficient of variation bé tdistributive mixing among all the
geometries studied in this work. The plain piperespnts the lowest distributive mixing
performance with &oV, almost equal to zero. The 3D-Flow configuratiomes second with a
very low CoV,., which is consistent with the Poincaré sectiormshin Figure 3 (b). The SAR2
geometry shows the highest performance witt¥, around 0.347 compared to 0.299 in the
SAR1 configuration, showing around 17% relative@ase compared to that of the SAR1. In the
next section the mixing performance is studied ly @analysis of passive scalar mixing in the

studied geometries.
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Figure 4: Distributive mixing analysis using thesfficient of variation of the particle location as
characteristic distance.

3.3 Scalar mixing

Pure kinematic mixing produced by the baker’s tiams leads to the formation of parallel
fluid layers with varying properties following theitial (inlet-section) state of segregation [6].
However, using finite volume method results in nuoa diffusion due to the interpolation and
discretization schemes adopted [8]. To further cedine numerical diffusion, in addition to the
mesh sensitivity analysis, we use higher orderrelfsmtion schemes. Therefore 4 8rder

MUSCL scheme was adopted for the convective temtisd Navier-Stokes equations.

Scalar mixing is studied by dividing the inlet-sentof each configuration into two parts as
shown in Figure 5 where, the left part correspdiedsn arbitrary scalar value equal to O and the
right part corresponds to a scalar value at theane of the first five elements of the 3D-Flow
and the two SAR configurations. In spite of the Ifbwd diffusivity, with the low velocity and
relatively large contact time intervals, small dgfon occurs at the interface between different
scalar layers producing rather intertwined lame#ituctures. Yet the signature of the SAR
mechanism can be clearly detected and the arramgeyhecalar strata following the theoretical

predictions of the baker’s transform is visiblepulgh accompanied by the distortion caused by

12



molecular diffusion as shown in Figure 5 (b) and Feom the contours in Figure 5 (a), it can be
noticed that for this flow regime the bends ancekction changes in the 3D-Flow configuration
have no important effect on the mixing of the flstbeams. The only visible influence is that of
the interfacial diffusion spreading sideways as tbatact time between the different scalar
layers increases downstream in the flows. By comparqualitatively the two SAR

configurations, it can be observed that the SAR®wsha better mixing performance, where the
scalar gradients are rapidly homogenized compar&RR1 and a quasi-uniform distribution of

scalar is obtained at the outlet cross-sectioh®fifth element.

13



1% element Inlet

2" element

ScalarC
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Figure 5: Scalar mixing at the outlet-section afteaf the first five elements for (a) the 3D-
Flow, (b) the Gray (SAR1), and (c) the Chen (SAB®)figurations.
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Variation of the normalized standard deviatofv, of the scalar at the exit of each element
in the three different configurations is shown iguUfe 6, plotted against the element number in
Figure 6(a) and the residence length in Figure ,68iMce the elements of the different
configurations do not share the same developedHeiige 3D-Flow configuration shows quasi-
constant levels of segregation over the entiretlengith a relative standard deviation equal to 1,
meaning a fully segregated state. Conversely,egeegation index decreases continuously in the
SAR configurations, as the fluid flows through thiferent elements. As observed in the scalar
distribution, SAR2 geometry clearly exhibits thesbeixing quality, with a faster destruction
rate than that of the SAR1 configuration. Startfrgm the 3 element, the magnitude of the
curve’s slope increases; the gradients are rapiidlsipated by virtue of the exponential increase
in the interfacial area. The exponential fittingeafthe ¥ element shows that the decayoip
o, for the SAR2 is almost 2.4 times greater than thaBARL1. At the inlet-section of the"s
element in SAR2 geometry, the deviation from th@amleecomes inferior to 1%, a value largely
acceptable for a wide range of process engineappdjcations, while the deviation is equal to

27% in the SAR1 configuration at the same location.
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Figure 6: Normalized scalar standard deviatiorafahe outlet of each element and (b) versus
the residence length for the three configurati@sFlow, SAR1, and SAR2
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3.4 Pressure losses and friction factors

Figure 7 (a) represents the normalized pressune loketween the inlet and the outlet of each
mixing element in the three configurations, whég corresponds to the pressure drop in the
plain duct flow. The seemingly surprising resutirfr this figure is that the pressure drop in the
3D-Flow configuration is larger than that in theSAonfigurations and that the relative pressure
drop in the latter case is lower than 1. This implthat the pressure losses across the SAR
mixing elements are smaller than those in thegittgilain duct with the same inlet mean flow
velocity. However, the reason behind this behasgdhat in the SAR configurations, the flow is
divided into two channels of the same cross sectorthat the flow rate is divided by 2 in each
channel, inducing lower pressure drop as it canldserved from the streamlines colored by the
mean flow velocity in Figure 2. Therefore, to acebtor this issue, it is preferable to compare

the friction factors that can scale out the flotenzsue.

The Fanning friction coefficient is obtained frommetpressure drop across the mixer inlet
and outlet via the following relation:

_ ApDy
"~ 2Lpu?,

f (7)

whereu,, is the mean flow velocity.

In the straight plain pipe and 3D-Flow configurasou,, is simply the mean flow velocity,
which is uniform throughout the entire mixer lengdtowever, in the SAR configurations, the
calculation of the friction coefficient should besighted by the corresponding flow velocity. In
SAR1 configuration, 10% of the flow volume corresde to a mean flow velocity,, while
90% corresponds to the half of the mean flow v&oai,,/2. In SAR2, the volume
corresponding ta:,, is 13% while that corresponding tg,,/2 is 87%. Let us denotg the
fraction of the volume correspondingug, /2; the friction coefficient would be calculated ugin

the following expression:

ApDh ApDh
2Lpug, A=A+ 2Lp (uTm)Z p (8)

fSAR =

which leads to the following equation:

17



fsar = ZAZ;_%%G +3p) 9)
The normalized friction coefficients are shown igufe 7 (b) wherdy corresponds to the
fiction coefficient of the plain duct flow. The ¢tion ratios are greater than 1, since the losses i
straight duct are always the lowest. Moreover, fifietion in the 3D-Flow configuration is
smaller than in the SAR configurations due to sematiumber of bends. The increase in the
friction losses in the 3D-Flow relative to the gitd duct is about 11%, while it is larger in the
SAR cases: SARL1 has an increase of about 65% aR® 8As an increase of about 68%, which

is quite similar although slightly higher than SABdnfiguration.

18
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Figure 7: (a) Normalized pressure drop and (b) mdimad Fanning friction coefficient for the
three configurations: 3D-Flow, SAR1, and SAR2
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3.5 Relative mixing efficiency

An alternative way of assessing the mixing perfarogais by comparing the relative mixing
efficiency of the different configurations at caast pumping power. The relative mixing
efficiency is defined as the relative differencethe standard deviations between the mixer and
that of a straight duct at constant pumping power:

O-O_O-

n= (10)

% Ipp

For equal pumping power:

VoApo = VAp (11)
whereV is the volumetric flow rate.

SubstitutingAp by an expression in terms ffand substituting’ by an expression in terms

of Reynolds numbeRe, it follows that:

1

Re _ (i)_§ (12)
Reg fo
Thus at constant pumping power, the relative mixafiigiency becomes:
_1
=290
0o fo

Figure 8 represents the variation of the relativeimg efficiency versus the residence length
for the three different configurations. The SAR2getry has higher relative mixing efficiency
than SAR1 and 3D-Flow configurations. In the 3Dyldhe efficiency increases very slowly to
reach a maximum value of about 22% at the mixersnce the mixing in this configuration is
almost entirely due to molecular diffusion. In t88R configurations, the efficiency increases
rapidly to reach a plateau after about 300 mm ftieeninlet. The maximum efficiency in SAR1
and SAR2 geometries is almost the same; it is @ ®&3%. However, mixing increases faster in
the SAR2 compared to SAR1.
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Figure 8: Relative mixing efficiency versus theidesce length in the three configurations: 3D-
Flow, SAR1, and SAR2

4 Conclusons

Mixing quality in chaotic flux recombination reacsois numerically investigated. The
split/recombination mechanism is a practical redion of the mathematical baker’s transform
that generates chaotic structures and exponentrahgases the interfacial area between fluid
layers. This process significantly promotes mixibg molecular diffusion. Between two
subsequent split and recombination phases, sewataions and flow direction changes are

passively imposed on the flow contributing to thentmuous stretching and folding of the
viscous fluid.

The studied compact SAR configurations (SAR1 andR3)A first proposed by Gragt
al. [2] and Chen and Meiners [3] respectively, areadpced on a milli-scale exploitable in the
industrial applications of handling viscous fluasd deeply laminar flows. A three-dimensional
flow configuration with no split/recombination (3Blew) is also studied in terms of relative

mixing efficiency and pressure drop, the baselieengetry being a plain square channel.
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The governing momentum and passive scalar consamvatjuations are solved using a
Eulerian approach and a finite volume method vhth SIMPLE algorithm for pressure-velocity
coupling.

As the flow is deeply laminar and the fluid is Highiscous, the 3D-Flow configuration
shows little mixing enhancement with respect tarptape flow and generates a higher pressure
drop. The flux recombination mixers however, show iateresting rapid decrease in scalar
concentration gradients. In SAR2 configuration, fexample, the normalized scalar
concentration standard deviation from the meannattealues as low as 1% as early as at the
inlet of the fifth element. At the same locationose for SAR1 geometry are calculated at 27%.
Indeed, SAR2 mixer shows superior mixing perforneanompared to the other configurations.
The Poincaré sections, produced by releasing pagticles at the inlet and following their paths
through the mixer outlet, show the capacity of SAéhfigurations to generate chaotic-type
behavior in laminar flow. Particles remain groupedplain pipe and 3D-flow while they get
dispersed and visit several locations in the ceession of the SAR configurations, especially in

SAR2 mixer, confirming the conclusions based otescdandard deviation values.

To properly evaluate the interest of these devigesprocess industry, energy
expenditures behind the mixing enhancement areiated in terms of pressure drop. For similar
inlet Reynolds number, SAR mixers generate lowesgure drops than 3D-Flow and the plain
channel due to the fact that the fluid flows in thejority of their volume with half of the inlet
velocity due to splitting, thus decreasing headdss To account for this point, the normalized
non-dimensional longitudinal Fanning friction coei#nt is calculated and compared: 3D-Flow
shows values 11% increase compared to the plainneathe increase in SAR1 and SAR2

mixers being 65% and 68% respectively.

Mixing performance and energy consumption are danebusly evaluated in the relative
mixing efficiency parameter which gives the relatimcrease in mixing quality with respect to a
plain square channel at constant pumping power.léAthe maximum efficiency in 3D-Flow
remains limited to 22%, SAR1 and SAR2 configuragi@mow values as high as 83% with the
SAR2 mixer finally manifesting the fastest mixiragas, dissipating concentration gradients with

minimal residence time and moderate pressure drops.
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In this context, the numerical simulations offepawerful design and optimization tool
giving insight to the optimal number of elementsaasompromise between product quality and

energy expenditures.
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