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ABSTRACT
OF THE THESIS OF

Ranim Moudaser Chakleh for Master ofEngineering
Major: Chemical Engineering

Title: Comparative Assessment of Different Static Mixers Using CFD

A numerical investigation was carried out to comparehtftrodynames and the

mixing performance of three variants of static mixers under turbulent flow conditions
where thepipe Reg/noldsnumbersvariedbetween 5,000 and 30,000. Tihgestigated

mixers are the standahelicalKenicsmixer, the corrugated Sulzer SMV mixand a
modified geometry ofhe screertype static mixerThis new geometry is based on the

use of specially located divergent inserts downstream of a woven mesh in an attempt to
improve its distributive mixing.

Comparing lheflows through thesenixerswas based othe pressure dropselocity

fields in addition taquantifyingboththedispersive and distributive mixing efficiencies
The latterwasaccomplishedby computing thadispersive mixing efficiency coefficient

(i.e., extensional efficiency) and thgensity of segregation (i.ecpefficient of

variation) at the outlet of the mixing chambePyessure drop was found larger in the

new mixer geometry which generated values that are 1.2 and 3 times larger than those
in the Kenics and SMV mixers, respgety. In addition,the Kenics and SMMnixers
exhibitedbetter distributive mixing than the newly proposed design since they were
able to achieve the desirambmmonly acceptabléiomogeneity leveHowever,

dispersive mixing was found to be improved ia tlew mixer where an average
extensional efficiency of 0.68as obtained compared to values of 0.57 and 0.88in
Kenics and SMMnixers respectivelyThe results suggest that the new mixer geometry
can be further optimized to meet the desired mixingpvader consumption criteria by
optimizing various geometric parameters such as the geometry of the woven mesh, as
well as the length, width, and location of the downstream inserts.
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CHAPTERL1

INTRODUCTION

The emergence of the concept of process intensification (PI) in the 1970s was
followed by an increased interest in safegre energyefficient, cleaner and more
compact technologig€remaschi, 2014)n the process industry, attention shifted
toward multipurposemaratues which can handle different operations at lower capital
and operating costs. One example is the increased interest in the use of static elements

to perform mixing operations.

Mixing is a complex operatiotinat is omnipresenh mostindustriesjncluding,
but not limited to, chemical, pharmaceutical, polymer, petroleum, water, and
wastewater. It aims at reducittge concentration nominiformities while enhancing
chemical reactions, heat, and mass transfer operations. A broad spectrum of mixers
exists to satisfy these diverse needs and applications. Hence, making the right selection
becomes crucial for the success ofdperation becausagonsistent results would have

major consequences on the safegggnomyand feasibility of the process.

Static mixers are motionless equipment consisting of a tube or duct equipped
with stationary elements. They are responsible for splitting the flow into substreams that
are then twisted, accelerated, stretched, or rotated before being recombined. The
purposebehind this is to foster the chaotic behavior of the flow, enhance the distributive
and diffusive mixing mechanisms, and induce radial mixiRggner et al., 2006;

Theron & Le Sauze, 2011n such conditions, near plug flow conditions are

achievable, and narrower residence time distribatam be obtaine(Haddadi et al.,

14



2020) These mixers provide high mixing intensities in shorter residence time and at

lower energy consumption.

The use of static mixers gained momentum in the last few decades because they
present many advantages over conventional desiggenkral static mixes
outperform stirred tanks when dealing with fast competitive reactions and with
materials that degrade over tirfigourne et al., 1992; Myers et al., 201B)oreover,
they are safer, compact almost maintenanekeee, and durable. Theglsoprovide a
guastuniform energy dissipation rate. Static mixers can serve in batch and continuous
processes where they can be used in a-timoeigh or recycle loofrhakur et al.,

2003).

Theseaforementioned properties make them suitable for different applications,
such as mixing of miscible fluids and reacting systems, interface generation in
multiphase systems, heat transfer, and thermal homogenigatiakur et al., 2003)
Theycan also handle fluids of different rheological propeitiegatheeswaran et al.,
2020)and they are appropriate for both laminar and turbulent flow regi@temem et
al. (2014)classified hem into five main categories based on their designs: Open designs
with helices €f. Figurela), open designs with blades or vortex generatdr&igure
1b,Figurelc, Figureld), corrugated platesf. Figurele), multilayer designs(f

Figurelf, Figurelg), and closed designs with channels or hatéggure 1h).

A plethora of experimental and numerical studies tackling different aspects of
static mixing can be found in the lisgure. These studies focused on their design and
optimization,hydrodynamicsand mixing performancendeven heat transfer

capabilities an@pplications. However, the majority assessed their performance under

15



laminar flow conditionsvhile little attenton has been devoted to investigating static
mixers in turbulent regimes even though such conditions are important for operations
such as coagulation and disinfection in water and wastewater treatment industries,
emulsification, heat transfer operationsyge@n mass transfer in aerobic bioreactors,

synthesis of pharmaceuticals and-tigsid dispersionMontante et al., 2016)

Figurel Types ofstatic mixers(a) Kenics,(b) LPD, (c) LLPD, (d) HEV, (e) SMV,(f)
SMX, (g) SMX" and h) ISG

A literature searckhowsthat the availablstudiesthat compared the
performance of various static mixers mostly deals widr performance in laminar
regimes To the best of our knowledge, the number of comparative studies undertaken
under turbulent flow conditions is ondyx andarereviewed in Sectio2.3. Moreover,
thesestudies focused on assessingrthgdrodynamic performanaanly while less

effort wasinvested in comparingompare their mixing efficiency.
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Kenics, SMV, and screettype static mixers are attractive choices for mixing in
turbulentapplications. The helical Kenics is one of the most widely studied static
mixers. ltconsists of a series of alternating twisted plates that divide the flow and allow
the fluid to move back and forth between the center of the tube and itscfidig(re
la andFigure?2). This configuration aims at stretching and folding the fluid elements to
reduce noruniformities(Song & Han, 2005)Kenics has been employed for a variety
of applications including liquidiquid dispersionHideo Tajima et al., 2010ypas
separatior{H. Tajima et al., 201Q)polymer mixing(Bigg, 1975)and wastewater

treatment . UVWLU HW DO

oA

~
Figure2 Kenics flow pattern

SMV is another variant that has been investigated in applications involving
largediameter pipes constrained dyost lengthgEtchells & Meyer, 2004)The Sulzer
SMV consists of several corrugated sheets stacked on top of each other tpdarm o
channels¢f. Figurele). These channels divide the flow into many substreams as
depicted inFigure3. The geometry of SMV allows the flow to rotate to the right and
let SHULRGLFDOO\ DV LW LV GLYHUWHG WRZDUGV WKH SC
angle of 45° to the flow axifLang et al., 1995)in this kind of mixers, it was shown
that tubulence can be reachedpgte Reynolds numbers of approximately 20

(Theron & Le Sauze, 201Which makes them suitable for a variety of applications

17



including single and mulphase applications, heat transamdchemical reactions

(Coroneo et al., 2012)

Figure3 SMV flow pattern

Woven wire screens have been investigated in the last few decades as static
mixers in reactive systems and ltmhase applicatins. Inserting grid normal to the
flow direction is one of the simplest ways to generate, promote or reduce turbulence
(Roache, 1986)Screertype static mixersonsist of a series of wire matrices whose
functionisto)UHSHWLWLYHO\ VXSHUL P SRifdrkh eb@Qhighly M XVWDEOH
turbulent field in highfY HOR FL W\ SABBUHHWEI|R.AYIiZi, 2020a; Azizi & Al
Taweel, 2011; Azizi & Taweel, 2011; Habchi & Azizi, 201Bjug flow canditions can
alsobe attained in thedgpes of mixers because of the low axial and radial dispersion
(Abou Hweij & Azizi, 2015;Azizi & Abou Hweij, 2017) These attributes make STSM
suitable for proessing multiphase flow systenihe highenergy dissipation prevalent
in the proximity of the screens favors the formation of finely dispersed phase entities
(i.e. bubble/drop) that edesce when further traveling downstream of the screen to the
low energy dissipation regioin an attempt to improve the distributive behavior of
these mixersibou-Hwelj (2022)suggested the addition of divergergents

downstream of the screettscontinuously divert the flow

Therefore, thistudy aims atonductingnumerical investigatins to compare the

hydrodynamicsand the mixingefficienciesof Kenics, SMV, and themodified geomey

18



of STSMunder turbulent flowegimes for a pipe Re range of 5,000 to 30,d00s will

be accomplishedsing several parameteraainly the pressure drop, the extensional
efficiency, U and the coefficient ofariation CoV, in addition to analyzing the velocity
fields. This study will be the first to compare the hydrodynamics, the distributive, and
the dispersive behavior of the aforementioned mixers under the same operating
conditions.Consequently, ivill help better decisiemaking in choosing an appropriate

static mixerfor turbulentapplications

Thesis structure:

The thesis consists ninechaptersChapterl provides a background about
static mixer and a statement of the research dmGhapter2, the studies tackling
topics about pressure drop, flow, and mixing characterization in static mixers are
reviewed. Chapted describes the fluid domain and discusses the solution methods
adopted in the current research study. The results of the cstudgtrethenreported
and discussed in Chaptgthrough Chapte8, where Chaptet reports on the results of
the grid sensitivity analysis. Chapté&;s and7 present the results and discussion of the
hydrodynamics and mixingimulations of Kenics, SMV and the new mixer,
respectivelyln Chapter8, the performance of the three mixers is compared based on
the previous observationshis is then followed by Chapt®® which presents the

conclusions ash recommendations of the current study.
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CHAPTER?Z2

LITERATURE REVIEW

2.1Evaluation of the Rerformance of Static Mixers

Assessing the performance of static mixers is of utmost importanttesfor
success of thprocessewhere these mixers are being emplaygaksically, a mixer is
assessed based thmee criteria: the level of mixedness, the power consumgtrently
related tahe pressure dropcross a mixeand themixing time(Rahmani et al., 2007)
In the current studygnly the first two criteria were taken into accoastthethird oneis
more critical for systems involving chemical reans. Inthe following the
characterization techniques, tools and parameters used to assess the performance of

static mixers areeviewed

2.1.1PressureDrop

Pressure drop is a measure of flow resistance, and it defines the cost of energy
input, i.e. pumpingower(Jegatheeswaran et al., 2028)atic mixers generate
pronounced pressure drgpluescompared to empty tubes due to their complex
structures that impede tiflew of the fluid. This makes presse drop a decisive
criterion forthe selection and optimization of a design. In fétcis always desired to

achieve high degrees of homogeneaityow operatingexpenditures

In the literature, data for pressure drop is basically reported following one of two
approaches. The first appréaconsists of comparing the pressure drop across a static

mixer : A 2 to that acrosan empty pipe: A2, ; of the same length and diameter through
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a dimensionless numbknown as Z factofEq.(1)). This approacls usually adopted in
laminar regimes for Newtonian fluig¥heron & Le Sauze, 2011hlowever, some
authors used the Z factor to report their pressure drop data in turbulent r@ginmes
et al., 2008)

A2 (1)

<L——

A2y

The second approach consists of expressing the pressure drop in terms of a

friction factor Bor Newton number0 Aas follows:

2& 2
0AL tBL-

In EQ.(2), Bis the fanning friction factor&is thepipediameter, éis the fluid
density, @s the mean supficial velocity and L is the total mixer length. Some
researchers relieosh a modified form of Eq2) where the superficial velocit@s
replaced by the interstitial velocity® 6 ; such thatdis the porodiy of the mixer
(Theron & Le Sauze, 201L1Gonsequentlytheinterstitialfriction factor, Byepresented
in Eq. (3) could be used insteadoshi et al. (1995ndTheron and Le Sauze (2011)
used the hydraulicifttion factor By shown in Eq4) where the pipeiameter &in

Eq.(3) is replaced byhe hydraulic diamete&g

| 206 & 3)
VL Teg
¢206° &
B L té@ . @

The hydraulic diametesf a static mixer can be calculated basadtq.(5)

where =is the specific surface area of the mixez. the ratio ofthe surface area tthe
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unit volumeof themixer (Lebaz & SheibaDthman, 2019)For woven wire meshe$
and =can be calculated following the set Eq(6) where 9 is the length of a wire

segmentand Ais the screen thicknessis the wire dimeter and is the mesh size

(Azizi, 2019)
VO
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Since different geometries and sizes of static mixers exist, there is no one
universal correlation for pressure drop that applies to all static n{ieia, 2019;
Paglianti & Montante, 2013 hereforedifferent forms of correlations are found in the
literature. Expressits similar to Eq(7) have been used to correlate the pressure drop
data over a wide range of Rpanning laminaand turbulent flow conditions.he
contribution of laminar flow is expressed by the first term orritjfg-hand sideof the
eqguation whereas the second terapresentshe contribution of the turbulent flow in
such a way that at high Re, the friction factor becomes independent of the fluid velocity.
Sir andLecjaks (1982¢orrelatedheir experimental pressure drop data across a Kenics
mixer using this type of equation over a Re ranging between 0.01 and 10,080 with
11% mean square err@orrelations in the form of E@8) (Azizi, 2019)and Eq.(9)

(Hosseini et al., 2019ere alseemployedn both laminar and turbulent regimes.

%5
BL,E % (7
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Other studies dealt with pressure drop in laminar and turbugimhes
separately relying on expressions similar to @) and Eq.(11) respectivelyTheron
and Le Sauze (201 hdopteca Blasius type equation similartiwat shown irEq. (11)

with UL r & wto correlate their pressure drop data in SMV, SMX and SMX

?

BL T A (10)
%
BL (11

In Eq.(7), (8), (9), (10) and(1L), %&% & & &% & & &-and Uare constantsU
is a functon of Re that decreases when Re incredsmsever this constant is usually

smaller than 1Azizi, 2019)

Most of the available studies about pressure drgpatic mixers are conducted
under laminar flow conditions and few studies have tackled this subject in turbulent
regimes Among these studieSong and Han2005)conducted a CFD study to predict
the pressure drop across Kenics design. The authaed temtioudluid and flow
conditions andlifferentgeometric properties and proposefressure drop correlation
for aKenics mixercovering a wideange ofRethat may go beyond £®y conducting a
numerical study using CFD. Their results fall within 26%he experimental data
found in the literatureThe lattercorrelation accounts for the aspect ratio which is a
factor that was neglected in most of the previous studies. In fact, the previous

correlations summarized in the work of Rauline et al. (1888)Theron et Le Sauze
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(2011)arelimited to laminar regime and most of them are derived at a constant aspect
ratio. The authorfoundthat the pressure drop depends on the aspectmatie bwer

aspect ratios generate higher pressure drop. This veaglghrovenin the study of

Szalai et al. (2004 ho conductd their investigation in laminar regimes and found that
thedependency between the aspect ratio and the pressure drop at relatively higher Re
values ( Re >100¥ strong However, it is important to note that Song and Han (2005)
neglected the effect of th@ade thickness and assumed a thin wall. Moreover, their
comparison with the literature data was limited to 0.01< Re<1,500. s,

correlation could not be applied with confidermé of the tested range niar realistic

problems where the wall thinesscontributego pressure losses.

Kumar et al. (2008) carried out a numerical and experimental study to
investigate the hydrodynamics in Kenics mixer over a wide range of Re going to
25,000. In this study, two nepressure droporrelations were derideandfoundto be
in good agreement with tlexperimental results. However, these correlations do not
consider the geometric aspects of mixers and consider a constant aspect ratio of 1.5. For
Re>1,000, discrepancies between the simulated results ancptreental data of
Berkman and Calabrese (198®re noticedThese discrepancies can be attributed to
the different dimensions used in the two studies. This, fibrerenhighlights the
limitation of applying the avadble correlations to different geometries. The authors
also noticed that the pressure drop per unit length is independent of the number of

elements. Similar results were obtained in the studooiy and Han (2005)

Stec and Synowie@(Q17a)also developed a model for pressure drop prediction
in Kenics static mixers operating underbulentflow conditions (Re=1006000)

Their correlations fitted well with their experimental and CFD ddtavever, it was
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noticed that their data ovegalicts the pressure drop in Kenics compared with the

available data in the literature.

Tablel Pressure Drop correlations for KM, SMahd STSM

Mixer Pressure drop correlations Re Range Reference
Z vév . .
B Lﬂ Erdauyw 0.02-10,000 (Sir & Lecjaks, 1982)
ip U
o, P@E1A Re may go
a gygbd8 | A8 beyond 16 (Song & Han, 2005)
8
g 1,000
N — ,
Z= 0.0031Re 14.69 10,000
(Kumar et al., 2008)
10,000
4 ?< 6 5 !
<L r&tudAFv Hsr'=4A E twdx 25.000
: . 24@ 87" (Stec & Synowiec,
QL stawA I&p 200-14,000 2017a)
(Karoui & Costes,
B r x4 48 2,300 1998)from (Theron &
t 60,000
Le Sauze, 2011)
; Theron & L
; B L 43489 (201e1r)o & Le Sauze,
n ot 66-14,786
; ty Laminar (Paglianti & Montante,
BLrdss tETA turbulent 2013)
ttqy }
BL WM 5E rary {
(flow-throughapproach )
=
45 L2- -
il (Azizi, 2019)
» SFUP styx _ 14,000
- L P GH 4%“,57'5 rawugy

(flow around approach)

&for r Oi.?l O srrk=320, n=0.86; srr O%?l O srrrk=32, n=0.36; for

oE.

_Eo P srrrk=2.66, n=0.
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Panglianti and Montante (2013) proposed a new model for pressure drop
prediction across SMV in turbulent regimes. Unlikeother correlatioa and besides
accounting for different geometric aspects such as the element length and the relative
position of two consecutive mixing elements, this new correlation takes into account the
contribution of the distributed and the concentrated pressure Tnedormer is
generated due to the friction of the fluid against the mixer wall and the latter is due to
pressure loss at the inlet and outlet of the mixer and at the interface of two adjacent
elements. The pressure drop results were found to be inagwedment with the

experimental data of Theron and Le Sauze (2011 Kanoui and Costes (1998)

Azizi (2019) conducted a series of experiments to measure the pressure drop
generated by a plaiweave mesh of different geometrigsder a wide range of wire
Reynolds numbergl Asand under real conditions in an attempt to develop universal
correlations for pressudrop through STSM. In this work, the obtained results along
with data from the literature were analyzed and contpiéwing two different
approaches: a fluid dynamic approach and a chemical engineering one. The former, aka
the flow around approach, is commonly employed in studies dealing with pressure drop
through screens, and it treats the flow through woven nweebrstype in accordanoe
flow around a cylinder. In this case, the pressure drop is expressed in terms of a
pressure loss coefficientghat is a function of Re and the fractional open area.
However, in the chemical engineeg approach othe flow-through approach, the flow
is treatedsimilarly to a flow through a porous medium, and in this case, the pressure
drop is expressed ietms of a friction factoBsimilar to Equatior{4). The author

concluded thaboth approaches render similar results
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Some of the various correlations found in the literature for pressure drop in
Kenics, SMV andcreenrtype static mixers in turbulent regimes are listed in Table 1.
These correlationslong withother experimental and numerical @é&und in the
literature(Berkman & Calabrese, 1988; Hearn, 19@4) be used in this study to

validate theaccuracy of theumercal modelin predicing the flow behavior.

The following elaborates on the main characterization techniques and mixing

parameters used in evaluating the efficiency of static mixers in mixing applgation

2.1.2 Mixing and Flow Characterization

The efficiencyof mixing operations does not only affect the quality of the final
product, but also the process cost, operating time and $Afgtin et al., 201Q)
Consequently, characterizing and evaluating the mixing efficiency inside staticsmixe
is of tremendous importance for the success of the process afiliceent equipment
design. For this reason, several quantitative and qualitative experimental techniques

were employed in the literature.

Many dudies relied on optical techniques to investigate the flow field inside
static mixers. Among these techniguiee Particle Image Velocimetry (PIY)ehwald
et al., 2012; Zhuang et al., 202f)d Laser Doppler Anemometry (LDAhlalina
Murasiewicz & Jaworski, 2013)ave been extensively employed. These techniques
consist of tracking the trajectories of illuminated injected particles (seedings) in order to
determine the instantaneous velocity field. Other techniqueddmtlaser Doppler
Velocimetry (LDV) and hot wire/film anemomet(idalina Murasiewicz & Jaworski,

2013). The PositrorEmitting Particle Tacking (PEPT) is anoth&rsualization
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technique that, unlike the previous methods, could be applied to opaque apparatus since
it uses buoyant radioactive particles. PEPT has been used to characterize SMX and

Kenics(Mihailova et al., 2015; Rafiee et al., 2013)

To assess the mixing efficiency in static mixers, researchers and industries also
relied on optical tools and imaging technig@@&sanem eal., 2014) These techniques
allow tracking the dispersion of one fluid in another by monitoring the difference in
fluid propertiegJegatheeswaran et al., 2028jnong these, the Planar Ladeduced
Fluorescence (PLIF), the magreetesonance imaging (MRRnd the electrical
resistance tomography (ERT) are listed. These techniques amevagiveandprovide
either qualitative or quantitative information about mixing. PLIF consists of tracking the
dispersion of injected fluoresdetlye. The captured images of the cresstion at a
certain location give insights into the striation thickness. These images could be further
processed to determine the concentration of the used dye at any point of a selected
crosssection(Alberini et al., 2014; Hirschberg et al., 2009; Karoui et al., 199&)I
follows the same concept as PLIF, but it employs a contrast MRI agent ifisteast
al., 2015; Mihailova et al., 201L59¢RT consists of addiran electrolyte to one of the
fluid streamdo makeit more conductive. Based on the distribution of the electrical

conductivity the mixing homogeneity can be asse¢gedjaichon et al., 2011)

Theaforementionedechniques have many limitations. Highality images
with fine resolution are required for an accurate @at@bn. However, such conditions
could not be easily attaing€denjaichon et al., 20113s they necessitate the use of
expensive tools such as sensors and digital cameras. Furthermore, additional time
consuming step of image processing is needed in some cases. Other problems could be

faced when selecting the seedings padicles that, first and foremost, should not alter
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the properties of the fluids nor be toxic or corrosive, not to mention their high cost
(Lehwald et al., 2012)In addition, these techniques are not flexible where in some
cases the sensors cannot be moved from one locatiootteeaonce installed (e.g.

ERT sensor) and some of the techniques are invasive which may affect the flow pattern

It is worth mentioning that due to the complex geometries of static mixers, a
deep understanding of mixing phenomena cannot be provided drase@erimental
data. In reality, experiments might not reveal all the hydrodyreonipredict the flow
behavior inside these mixef@oaquim et al., 2011; Kumar et al., 2Q0Bjis is why
manufacturerand reseahersmayextensively relyin the design and scalg phasen
trial and error proceduresyjle of thumband empiricisn{Godfrey, 1997)Empirical
correlations might be developed basedesumptions and simplifications. Therefore,
their application involves the implementation of large safety margins leading to
inefficient designs, i.e. ovatesigned or undedesigned equipmeifdzizi & Taweel,
2011;Godfrey, 1997; Wadley & Dawson, 200Bjoreover, in most cases, these
correlations cannot be deemed accountable axeamge of opeating conditions or

geometries that is out of the validated range.

Numerical tools such as Computational Fluid Dynamidsl{Chave emerged as
dynamic solutions for flow modeling and characterization and as good alternatives to
overcome the limitations imposed by empiricism and the costly anectim&uming
experiments. These tools provide ardapth understanding of fluid dgmics and
transport phenomena at lower costs and reduced time. They also provide useful
information about the thregimensional flow domain in mixef&ubin et al., 201Q)
Recently, CFD has been tremendously used to optimize the geometry of static mixers

(Coroneo et al2012)and to assess their performaife@bbs & Muzzio, 1997b;
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Kumar et al., 2008; H. Murasiewicz & Zakrzewska, 2019; Pia@koych & Jaworski,
2009; Rahmani et al., 2008; Song & Han, 2005)general, good agreemt between

the CFD and experimental results was found.

2.1.3 Mixing Parameters

Predicting the mixing efficiency inside static mixers is assessed by evaluating
the distributive and dispersive mixing. The former reflects the spatial distribution of
fluids inside the mixer, while the latter corresponds torddiction of the size of
particles (i.e. bubble breakup or coalescence). The characterization techniques follow
eitherqualitative routes (e.g. Poincaré sections, extensional efficiency and PNN)
serving adools for visualizing the mixing, ayuantitative ones that allodirect
quantification of the level of mixedness (edpV and intensity of segregation). It is
important to note that a futharacterization cannot be accomplished based on a single
criterion. Consequently, several quantitative and qualitative techniques should be
combined(Jegatheeswaran et al., 2020; Rauline et al., 1998)hat follows, the most

common parameters with two new approaches willliscussed.

One of the most widely used parameters to quantifyffeeteveness of
distributivemixing is the coefficient of varianc€6V) or the mixing index as reported
by Jegatheeswaran et al. (2020)sla measure of the intensity of segregatibefirst
dimension of mixing as defined ukukova et al. (2009)it represents theéeviation
from the mean mixture compition (Eq. (12)) andacquires a value of 1 if the mixture is
completely segregated and O if the systeperdectlymixed. Systemswith CoV< 5%

are deemed well mixg@Gtec & Synowiec, 2019; Wadley & Dawson, 2005)
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TheCoVis calculated according to E(.2), where: ¢js the concentration or the
mass fraction of the secondatyeam at thé"ipoint ofa given plang 3is the average
concentration or mass fraction over this plane, g the number of measurement
points. The number of measurement points in numerical methods corresptmels

number of computatiohaells of a givenplane.

The intensity of segregation or index of dispersi@gan alternative to the
coefficient of variance. This parameter (E8)) compares the varianceagiven

crosssection to the vagnce at the inlet.
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The residence time distributigRTD) developed by Danckwerts in the early
1950s is another characterization technique that could be used to reflect the
macromixing behavior inde a reactor and to assess the deviation from ideal models
(Fogler, 2016)Many experimentatudies(Abou Hweij & Azizi, 2015; Azizi & Abou
Hweij, 2017; Li et al., 2007; Mohammadi et al., 20&A4)Yl numerical studig$iobbs &
Muzzio, 1997b; Rahmani et al., 2008; Stec & Synowiec, 20a3®)l this parameter to
guantify the distributive mixing in static mixers under laminar or turbulent flow
conditions. The sharper the RTD of a static mixergcthser to plug flow the behavior

of this static mixer is.

The extensional efficiencyJexpressed ifEq. (14) is used to characterize the

dispersive mixingln Eq.(14), (15), and(16) Uis the magnitude of the rate of
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deformation tensor,fi is the magnitude rate of spin or vorticity tensor dnds the
gradient of the velocity vectoY.alues of zerq 1 and 0.&orrespods to pure rotational,
extensionabr elongational fbw and simple shear flayrespectivelyH.-B. Meng et

al., 2016) In general; igh values ofUare desired for better mixing, and values ofD.5
were observed in static mixers. Howeversiworth noting that this value may vary
along thdength of the inserds different mixing behavior (stretching, folding,
URWDWLRQ« FRXHoWwevErHighEeXtehslonal Efficiency is not necessarily
an indication of good mixing as a region wittygh U may be segregated and hence the

fluid under investigation will not pass througlfitaddadi et al., 2020; Rauline et al.,

1998)
U"UTUﬁ (14)
0 L—f’>'l'”E:'|'“;"? (15)
i L—tS>'I'”F:'I'”;"? (16)

According to Kukukova et al. (2009), conventional parameters, sucb\4s
when used separately describe one dimension of mixing which is a complaxiam,
and therefore, could not be fully understood without considering a-choidgnsional
approacho mixing problens. For this reason, Alberini et al. (201fé)lowed this
definition andproposedhe aerial distribution method to assess the mixinfppeance
in KM under laminar flow conditions. In this method, the authors considered the effect
of both the intensity and scale of segregation by examining the distribution of a cross

section with respect to different mixing intensities.
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Medina et al. (2019%pllowed a different approach and proposed a new
parameter called thé -Number (Eq(17)) that, unlike the other parameters, accounts
for both the mixing and the energy efficiency of a mixer. This parameter was derived
based on the entropy of mixing of two miscible ideal gases 1 arfte2. Tnumber
carries information about the capacity of a mixer to improve mixing, the thing that most

of the conventional parameters fail to do.

@y, 7 v aiRA
@7 3, A

/ -NumberL —291 - (17)

218 T 7R aigbA.

In Eq.(17), P is the areaveighted static pressure afg (Eq. (18)) is the mixing
effectiveness which is equal zeroin case of complete segregation amity if the
system igerfectlymixed. The subscriptsand t refer to the positions wherggand P
are computed,e. at the inlet and outlet of tineixing section respectivelywhile the
subscriptJ = Stands fomatural, and it is used to refer to an empty twiih similar

geometric characteristies thanvestigatednix.

ASg CTovH Ty E 'S F To; HlEs F Toyog
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(18

be L

Where, s;representshe area of the=Ycell within a crosssectional area A that consists
of a total number dil cells, Tgyis the mass fraction of component 2 at cell j adds

the areawveighted averageoncentration omass fraction ofhe secondary fluidver the

planeof interest.

It is worth noting that the concept éf-number stemmed from the Second Law
of Efficiency (SLE)which compares the efficiency of an engine or a power cycle to that

of an ideal one. By analogy to SLE, the actual efficiency of an isolated static mixer
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expressed in terms di {4£9.(20) ) is compared to the efficienciiyas:" Mats;;of

this same mixebutunder ideal conditions, i.e. when the pressure drop generated by this
mixer is equal to that generated by an empty tulel( 24 o g, and the mixing
effectiveness at the outlet is optimg¢ L s Thegeneral expression diis shown in

Eq. (19 and it accounts for the mixing efficiencybgand the portion of the pressure

that remains at the outlet of the t@ L % A
. oA 2 (19
N L Ab—
2
. % F %50k 2%
fvzh kPe F BEgo© ;‘;O‘;E (20)
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2.2Mixing and Flow Characterization of Kenics, SMV and STSM
2.2.1Kenics

The Felical mixers ar@among the most widely studied static mixers. They are
usually used for low to moderaReynolds numbers, but they have been recently used
for turbulent applications since itasfoundthat turbulenceould be reached at low

pipeRe 1000in this type of mixergRahmani et al., 2008; Stec & Synowiec, 2017b)

Most of the experimental and numerical studies focused on investigating the
effect of theflow conditions and geometric parameters aartiixing efficiency of these

mixers under laminar flow conditions.

Hobbs and Muzzio (1997#&)vestigated the effect of the injection location,
flowrate ratiq and mixer geometry on the mixing effectivenes&enics static mixer

under creeping flow condition¥he authors showed that the effect of the injection

34



location becomes negligible as the mixer length increases. They also highlighted the
importance of alternating the twist direction in adjacent migiegnents.
UQLGLUHFWLRQDOO\ WZLVWHG SODWHV LQGXFH SRRUO\
exchange with the surrounding can occur. This study also showed that a twist angle of

12® ends up with a 40% reduction in energy consumption compared with the standard
configuration where the elements are twisted by.1i@0addition to the previous

observations, Szalai and Muzzio (2003) showed that Kenics with large aspect ratios

result in segregated regions for 1 < Re < 1000.

Recently Jiang et al. (2021fpund that the aspect ratio has a major effect on the
level of mixedness and number of elements at very low Re. By examining the computed
CoVvalues they noticed that for Re25, a better homogeneity could be achieved with
high aspet ratios, but this dependency becomes negligible as Re increases. Similarly,
the same degree of mixedness could be obtained with a smaller number of elements
with higher aspect ratios at Reynolds numbexR€0 beyond which the required
number of elemestto achieve homogeneity becomes independent of the flow velocity.

Their study was limited to Reynolds numbers randpegyveen 1 and 500

However, less attention was maderneestigatinghe mixing efficiency of
Kenics static mixers in turbulent regim&sr and Lecjaks (1982)arried out an
experimental investigation to study the effect of the hydrodynamic properties, Schmidt
number (Sc), flow rate ratiand the viscosity ratio on the mixing efficiency dfenics
mixer equipped with 24 elements of aspect ratio 205r< Re<10,000. Their
assessment was limited to pressure drop measurements and the examination of the
numberof elements required to achieve full homogenization. They concluded that the

numbe of elements increases with Bp to 50, then this number drops until reaching
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Re=2000 beyond which threquirednumber ofmixing unitsbecomes independent of

the hydrodynamic conditions. This observation contradicts the finding of Jiang et al.
(2021) whoobserved this phenomenon at a higherAdistinct increase in the number
of elements is observed for a viscosity ratio >100 and high Sc. However, it was found

that the volumetric flow rate ratio does not affect the mixing efficiency.

Rahmani et al. @05) followed a Lagrangian approach to fully characterize the
3D flow in a Kenics static mixer for Re=0&0D00. Unlike the available studies, a hon
simplified mixergeometry where an elementafaspect ratio of 0.846 and thickness
equivalent to 22% ohie element length wassted In this study, two different
turbulence models, namely th@F fiand RSM were tested, and it was found that the
GF A, which is computationally less demanding than RSM, is accurate enough to
predict the flow behavior. In 2008, the same research doawnathat the ondequation
SpalartAllmaras model is as accueaas theGF i model with the advantage of being
computationally less expensiv@imilarly to the finding of Hobbs and Muzzio (1997) in
laminar regimes, Rahmani et al. (2008) found that the injection location just affects the
flow over the first few elemds in turbulent regimes. The research team relied in their
study on different qualitative and quantitative technigues to assess the mixing
efficiency, namely, the @alue, the RTD, the structure radius, @&V and the particle

distribution uniformity (PJ).

Kumar et al. (2008) carried out a numerical and experimental study to
investigate the hydrodynamics and the flow behavior of a Kenics mixer of aspect ratio
1.5 over a wide range of Re going up to 25,000. The analysis of the circumferential
velocity results revealed two important features of Kenics: i) the effect of the transition

from one element to another lasts for up to 30% of the element length beyond which the
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flow becomes well developed and less cresstional mixing takes place and ii) forced
vortices are generated in the center of the tube whereas free vortices are generated near
the wall. The first observation is lime with previous findings that show that smaller

aspect ratios are more efficient than larger ¢8esalai & Muzzio, 2003)

2.2.2SMV

SMV is another type of static mixers that despite the fact of being widely used in
industrial turbulent applications, has been rarely investigated in the literature either on
the computational side or experimental sitlee available studies focused on assessing
the efficiency of SMV in multiphase applicatiosiaice these designs are efficient in
gasliquid, liquid-liquid contacting, dispersion and emulsificatibor instancel.obry
et al. (2011 ktudiedthe behavior ofliquid-liquid dispersios under turbulent conditions
in anSMV mixer. Theyevaluatedhe effect of the dispersed phase concentration on the
droplet size and the hydrodynamic properties using two analytical technAmegker
example is the study @ong et al. (2010yvho showed that 6 elements of SMV are

sufficient for antisolvent precipitation of nanoparticles of poorly watduble drugs.

Other studiesested the efficiency of SMV in reactive systefsscari et al.
(2008)usedSMV for theesterification of sunflower oilThey found that a mixer
equipped with on&MV elementeads to the same congern obtained with an agitated

tankwith 50% energy reduction.

A limited number of numerical and experimental studies have been carried out
to unravel the mixing mechanism in SMhMang et al. (1995)tudied numericallyhe

mixing induced by SMV that was then tested in a simulated denitrification fagifigy.
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authors considered two cases, araidase where the walls do not interfere, and the
second where the elements are inserted in a rectangular ductféuwdghatwhen the
fluid travels through the mixer, the intensity of segregation is reduced, and the mixing
qualityis improved. This imrovement is due to the swirling flow induced by the
vortices generated at the intersectidriwo adjacent plate§ he generated vortices are

retained further downstreaaf the mixer.

The latter observatiowaslater confirmedoy thePLIF experiment®f Karoui et
al. (1998)who tested the effect of the geomepropertiesand flow rates onhie mixing
guality in aSMV unit. Karoui and her coworkefsund that for optimal results, the
consecutive elements should be placed side by side and at 90° to each other. This
position enhances the axial and radial mixing and improves the rate of energy
dissipation.Their evaluation was done by mean<CalV, the intensity of segregation

and the root square mean of concentration.

Coroneo et al. (2013erformed fully predictive 3D numerical investigations to
study the mixing efficiency in a laboratory and a lasgale mixer equipped with one
and two SMV elements. three different turbulence models, namely the staaBard
Y dhe realizableGF Yand the RSM models were testadhis study The GF Y
modelswere found to be more accurate than the RSM model in predicting the turbulent
kinetic energ, but the three variants of th@F Y showed similar performance in
predicting the velocity fielsl This study also showeatiat spacing the elements worsen
the quality of mixing as already stated Baroui et al. (1998put does not affect the
pressuralrop.In this study, the authors relied on the concentration contou€axdo
test the efficiency of the mixer. Panglianti and Montante (20@B)lucted a numerical

and experimental study to predict fhressure dropcross SMV. This study reported
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thatthe minimum aspect ratio L/D for SMV should be greater than 0.56 to prevent the

fluid from bypassing the mixing elements.

Montante et al. (2016) extended the studofoneo et al. (2012)o
investigate nurarically the effect of combining different physical properties of two
miscible liquids with different geometric features on the mixing quality in a tube
equipped with a single SMV element. The authors tise@oV with two additional
parametersnamely thescale of segregation and the expostaevaluate the mixing
efficiency following the definition oKukukova et al. (2009pr the mixing problem.
For this purpose, the concept of aerial distribution already adopted by Alberini et al.
(2014) was modified to suit turbulent applications where the striation boundaries are
quickly smeared. The scale of segregation was presdmwtaeyh a new parameter,
namely, the equivalent diametég which isproportional to the ratio of the area of the
well-mixed region tothe length of the boundary separating the \weked and the poor
mixed regions on a crosectional area perperdiar to the flow direction. fie
exposurevhich is the potential of a mixer to reduce segregatiasthencalculated as

the variation of the@) :along the centerline.

2.2.3STSM

Woven mesh screens have been successfully used as one variant of séaic mix
in multiphase reactors/contact@fszizi, 2019; Azizi & Al Taweel, 2011; Azizi &
Taweel, 2011; Habchi & Azizi, 2018They have been attractive for such applications
due to their ability to enhance mass transfgerations at relatively low energy

consumptior(Habchi & Azizi, 2018) Investigations tackling fluid flow through screen
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wire mesh mainly focused on measuring or correlating the pressure drop through
screens, characterizing the downstream turbulemzkstudying the effect of grids on

the meartime vdocity profiles(Azizi, 2019; Roache, 1986)

Accurately predicting the spatial variation of the rate of energy dissipation is of
primary importance for the design of contactors/reactors since the rate of energy
dissipation controldie distribution of the drop/bubble size of the flowing dispersion as
well as governs the rate of heat and mass transfer between the (Alzames Al
Taweel, 2011)Azizi and Al Taweel (2011proposed a ondimensional approach that
can accurately predict the spatial variation of the energy dissipatioiraténd the
screen for a wide range of operating conditiorss designs. In their study, they divided
the turbulence decay profile into a region of constant high energy dissipation rate
prevalent over a distance governed by the mesh size and a region of fast decay that
could be described by the homogeneous isotitopiulence decay equation. Other
studies tackling the same topic are thosRadiche (1986andKurian and Fransson

(2009)

One example of a study tackling the hydrodynamics in STSM is the
investigation ofOkolo et al.(2019). The authorgarried outhreedimensionalCFD
simulations of low turbulence fluidtstudy the flow behavior through woven wire
screens employed for noise reduction. For this reason, they tested two numerical grids,
one with extended domain sides éplicate the behavior of the flow through the
screens in external flow circumstances, while the second is tightly fitted within the flow
channel. The author tested different turbulence models, namely the st&@daydhe
realizable GF Ythe RNG GF Ythe standar@GF fi, the (SSTGF fi, GF GR fia

and the transition SST model. They found that the stan@d&Fdrand its variants
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outperform the other models in predicting the pressure loss through the screens. The
predicted pressure loss coefficiegtees well with experimental data and other
correlations found in the literature. They also studied the velocity in three regions,
namely the upstream region, the region in the vicinity of the screen and the downstream
region. The maximum velocity is enauered within the screen apertures and is

inversely correlated to the screen porosity in the case of the second grid. A fully
developed velocity profile is obtained after/60The first grid reveals different

behavior, but sincthe current research is limited to bounded flows, thereakéow

casewill not be listed hereThe downstream turbulence deadgained in this study

does not compare well with the turbulent decaydel ofRoache (1986)

Otherinvestigations attempted to study the effect of the geometric
characteristicef the screen on the mixer hydrodynamacsl mixing efficimcy under
turbulent regimes. Habchi and Azizi (2018) carried o2DaCFD study to inestigate
the effect of thescreen geometry artle operating conditions on the flow behavior and
heat transferThe results showed that betteicromixing and heat transfeould be

achievedoy lowering the fraction open area of the screen.

Abou Hweij and Azizi (2015andAzizi and Abou Hweij (2017%tudied the
hydrodynamics and residence time distribution of sipglase and multiphase flow in a
contactor/reactor mounted with scregpe statianixers. Their first study showetat
screens with smaller @sh openings end up with higher pressure drop and that screens
are two order of magnitude more eneggficient than other commercial static mixers.

In addition, the axial dispersion coefficient was found to increase with the increase of
the Re. Overall ite screens are more efficient than empty tubes since their axial

dispersion coefficient was found to be smaller than those of an empty tube, except for
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the case of highly dispersed phase volume fractions at low flow(fstes & Abou

Hweij, 2017)

RecentlyAbou-Hweij and Azizi (2020a, 2020pbjully characterized the three
dimensionaboundedlow in screertype static mixers by investigating the
hydrodynamis and the mixing efficiency of these mixers. The authors relied on
numerous qualitative and quantitative techniques to assess the distributive and
dispersive mixing. They used the Point to the Nearest Neighbor (PNN) and its filtered
variance, the M numbgand the extensional efficiency. However, their study was
limited to laminar flow conditions and they noted that the screens are not ideal for such

conditions.

2.3Comparative Studies

Few studies compared the mixing performance and the hydrodynamic @®pert
of different static. Most of these studies tackled this subject in laminar regimes. Rauline
et al. (1998) compared numerically the performance of 6 static mixers (i.e. Kenics,
Inliner, LPD, Cleveland, ISG and SMX) evaluating the extensional efficen the
stretching, mean shear rate, intensity of segregation and pressurélgr@xtensional
efficiencyshowed thatheflow is elongational at the edges of Kenasd distributive
within the mixer. This trend was alsbserved in Cleveland, Inlinend ISG. Thus,He
authors deduced thtdte mixingquality in Kenics Inliner, Cleveland and ISG can be
improved if a spacing was left between the eleméiitsn all, they found that SMX is

the most efficient.
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Regner et al. (2006) characterizagmericaly the flowin Kenics and Lightnin
by evaluating the pressure drop, the helicity tretate of striation thicknes3 hey
showedhat the mixing efficiency ifKenicsand Lightnin is better at low flow rates than

at high flow rates

H. Meng et al. (2015¢haracterized the flow i different twisted tape inseyts
namely, the standard helical mixer KM, thght-twist type RSM, the Mype MSM,
and the spiral typ8SMstatic mixers at Re=0-100. By evaluating the Poinéar
section, the stretching history, the extensional efficiency an@ahethey found that

KM performs better than its counterparts.

Recenly, Haddadi et al. (202®Iso compared the performance of Kenics to
SMX, Komax and a new model under laminar regimes (Re&:620) relying on the

results of pressure drop, extensional efficiency @ou.

However a few studies dealt with comparing the performance of static mixers
under turbulent flow condition8arrue et al. (2001dompared the aerodynamic and
mixing performance of a new ggas mixer, namely Oxynator, to Kenics and SMI
static mixers in turbulent regimes. Their study was limited to pressure drop, velocity
and RSM velocity measuramts at the outlet relying on the LDA technique, and their
mixing efficiency evaluation was based on a qualitative technique, namely the laser

sheets visualization technique.

Wadley and Dawson (2008liedon Laserinduced Fluorescence data, to
evaluatehe mixing performance of SMVstandard Kenics and HEV mixers in
turbulent and transitional regiméheir comparison was based upon one parameter

which is theCoV. The authorgocusedin this studyon testing the effect of the flowrate
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ratio,thenumber & elementsand the initial injection positioan the mixing efficiency.

The experimental results GfoV contradictthe correlationsof the manufacturer

In another studyTheron et Le Sauze (2014ajsocomparedexperimentally the
performance of SMV to tother Sulzer mixers, namely SMX and SMK both
single-phase and twphase flow in turbulent regimeThis comparison was done based
on the hydrodynamic and emulsification properties. Pressure drop correlations based on
the hydraulic diameter and theenstitial velocity were developedhis study showed
that loth SMV and the improved version of SMX, i.e. SMa¢e 50% more energy
efficient than the SMX design in single and tploase flowThe analysis of the Sauter
mean diameter distribution as a fuoctiof the mean energy dissipation rate per fluid

mass showed that SMV is the best compé#oete two other mixers.

RecentlyStec and Synowiec compared the performance of Koflo to Kenics
under turbulent conditions (Re=106000)based ompressure drofStec & Synowiec,
2017a) RTD (Stec & Synowiec, 2017pandCoV (Stec & Synowiec, 2019)Their
results show that Koflo is 30% more enegfficient than Kenics. This was attributed
to the compact geometry of Koflo. It was alsorfduhat Koflo presents lower values of
CoV (Stec & Synowiec, 2019ut Kenics has the narrowest RTD with the highest

maximum and the smallest residence time.

Meng et al. (2020) also compared the hydrodynamics, the themubthe
mixing performance of Kenics to another SM, i.e. Lightnin under the turbulent flow
conditions. They tested different turbulent mode®~( Yand GF fi families) and

found that the&sST GF fiyields the most accurat€hey found that for AR>1.5 the

44



Lightnin is more energgfficient than the Kenics but its ability to enhance the

dispersion mixing becomes less important.

2.4Conclusiors

Thereviewof the available literature shows that:

1. The majority of the investigations about Kenics assessed their performance under
laminar flow conditions, whildittle emphasis was placed on their efficiency under
turbulent flow regimes.

2. The investigations tackling the mixing efficiency of SMV consideome or two
elements only even though a larger number of elements is needed to achieve nearly
full homogeneity.

3. Most of the studies tackling the fluid flow through woven wire meshes focused on
modeling the downstream turbulence decay, assessing the faydnoids inside these
mixers and characterizinggyvo-phase flove.

4. Few of the available studies about the hydrodynamics of STSM were conducted for
bounded flow cases.

5. The mixing efficiency of STSMor singlephasedurbulentflows was assessed from a
macronixing point of viewusing RTD. However, none of these studies assessed the
dispersive mixing behaviaf the screens

6. Few studies fully characterized the mixing efficiency of the three mixers at hand.

7. Only five studies compared the performance of statiemsix

8. STSM has never been compared to any other commercial static mixer from a

hydrodynamic and mixing point of view.
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9. The aerial distribution method and the M number approach have never been applied to
the three mixers at hand under turbulent flow condstion

10. The available studies do not allow for a direct comparison of the three mixers at hand
since they were conducted under different operating conditions and applied to various

dimensions
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CHAPTER 3

SOLUTION METHODS

In this study, 3D CFD simulationsere carried outusingAnsysFluenf to
investigatethe flow hydrodynamicsand compare the mixing efficienoy three static
mixers, namelKenics, Sulzer SMYanda modified geometry adcreenrtype static
mixer denoted by NM, i.e. New Mixeat different flav conditionsunder turbulent

regimes.

3.1 Geometric and Computational Domains

Thecomputationatlomain of the three mixers consists of a horizontal pipeline
of roughly the samanternaldiameter &equipped with an arrangementtafo, four or
six mixing unitsof either Kenics, SMV or the new mixeiith 1 &and 5&empty tube
sections placed upstream of tifenlixing unit and dowstream of the last mixing unit
respectivelyThe adjacent units agranged at 90° with respect to each othgyure4
represents the geometric domaguipped wh two units of each geometry an&l1

upstream and downstream of the mixing sestion

Kenicsgeometry wageneratedn Ansys DesignModeleand it consists o
series of rectangular plates of lengtgL tvavx | ,diameter& £ L & L sxayll
and thickness? L sl | twisted by an angle of 18@fockwise and counterclockwise

alternaely.
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Figure4 The flow domain of the three mixers from left to right: SMV, new mixer and
Kenics.

SMV was modeled in AutoCAD due its complexity(Figure5). Each SMV
unit comprises five intersecting corrugaf@dtesof & £ L syl |l , width equals
sWywl and.gzL sw | . The axis of the corrugatisfiorms an angle of 45° to the
flow axis, i.e. the zaxis.It is worth notingthatthe SMV elements were placedan

pipdine of a diameter&that is2% larger tlan & zdue to meshing complications.

Figure5 One SMV unit
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Themodified geometry of STSMsed herevasproposed andbtained from
Abou-Hweij (2022) Each hybrid unit consisbf a combinatiorof awoven wire mesh
thatis tightly fitting into a pipdineof & L sxdvd | and 2divergentinsertsor flaps of
length .y L t & y5gMand thicknessR L r&uwl placed at& t downstream ofthe
screenThe flaps are separated by a distadgey L t & wand rotated in opposite
directions by 30° armnd their top faces hescrees arecharacterized by the centter
center distancthat separates two adjacevites, i.e. mesh sizé , the wire diameter;
the fractional open aredlandthemesh number/ J, that representthe number of
openingpe unit length Figure6). The consecutive screens were separated by a
distance ofv&in the proposed design andol hybrid elemergxtends from the screen
inlet downto the trailing edge of the inserts and hemag alength .z L t>E & t

E:t& w;...urk

Figure6 Geometric properties of a screen

The geometric properties of tdesignsnvestigated in this study are
summarizedn Table2 and those of the new mixer are illustrated=igure? . In the
table 6represents the void fraction or porosity of the mixer and is calculated as the
ratio of the mixer voluméo the empty pipeline volumend &gis the hydraulic dimeter

and isestimaéed based o&q.(5) for Kenics and SMV and E¢5) and(6) for STSM.
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Figure7 Geometric properties of the new mixer

It is worth noting that the differences between the diameters of the pipaiaes

negligiblesincethedeviationbetween the smallest and largest diameters is estimated at

2%.

Table2 Geometric properties of the thrgeometries investigated in this study

Kenics SMV New Mixer

p:“ 16.37 16.7 16.51
Poy ¢ 16.37 16.37 16.51
ps:“* 8.56 3.24 +
X, 4 24.56 15 14.43
Xe Poy 0 15 0.92 0.87
§ v 1 0.43 +
D F; 0.95 0.86 +
# testedelements 2,4,6 2,4 4

Geometric propeties of the screeny” L b Wlone
~ :H“ ; y:““ ; )):" ; pz:ﬂli ; Q:F;
0.2286 0.508 30.06 0.3612 0.61

Geometric properties of the inserts

V&E: {13 ; X@E: 113 ; XCE: (113 ; XT'@ CE: {13 ; angle
0.635 6.604 6.604 8.25 urt
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3.2Working Fluid and Operating Conditions

Water whose physical properties &@ arelistedin Table3, wasused as the
working fluid for bothhydrodynamicend mixingassessmestit was employeas a
primary anda secondarfluid to avoid disturbing theflow pattern by using fluids of
different propertie§GonzalezJuarez et al., 2017The 2 fluids werded separately at

the inlet crossection divided into two sentircles.

Table3 Physical properties of the working fluid (water) at 25°C

Density, E:‘e “ U; 998.2
Viscosity, £:| @V 0.001003
Thermal conductivity, wg:f “ @w; 0.6
Specific heat,o_ :v ‘¢ @w; 418
Water self-diffusion coefficient, Dw.w (M?/s) 1x10°

Table4 Operating conditions investigated in the current study

Kenics SMV New Mixer
~Cl ¢y Yot MO s 9:n O s Yor« TR
5,000 2,776 0.307 1,153 0.301 179 0.304
10,000 5,512 0.614 2,306  0.602 357 0.609
15,000 8,268 0.921 3,460 0.903 N/A N/A
20,000 11,024 1.228 4,613 1.203 715 1.217
25,000 13,780 1.535 5766  1.504 N/A N/A
30,000 16,535 1.841 6,919 1.805 1,072 1.826

The simulationsvere undertakem turbulent regimes fd8 pipe Reynolds

numberdq 4 A y s;gpanning a range between 5,000 and 30,000irMestigated
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operating conditions atestedin Table4 where 4 Ayis the hydraulic Re number and is

equal to4 A L —¥nd @epresents the average superficial velocity of the fluid.

3.3Computational Domain Discretization

Unstructured meshes with tetrahedral elemesgi® generated first in ANSYS
automatic meshing toaindthen converted toglyhedral mesheis Ansys Fluerlt. The
main advantage of polyhedral meshes over tetrahedral ones is their capability to
produce more accurate solutions at lower cell candtreduced computational tirime

general 'DQPRYi HW DO + OHQJ HW DO

Special caravas takerto generate &ine enougtboundary layer mestear the
wall in such a wayhat the valuesf the dimensionles&) at the wall ofall the mixes
and the tube maintains an averagkie near 1 and a maximum valass tharb as
recommendetly (Ansys, 2013)This step is essential to resolve the viscous sublayer
where important phenomena, such as flow reversal, are expected to takéhace
whole region of the mixer was Weefined in order to capture the details of the
turbulent flows that most probably will be retained further downstream of the mixing

section.

The accuracy of the solution depends heavily upon the desdity Therefore,
it is important to ensure thatsafficiently refined mesh is created so that the computed
solution is in the asymptotic range of convergence. However, very fine meshes could
result in unjustified computational cesthena gridindependent solution could be
obtained for dower grid densy. For this purpose, three gsdf increasing densities

were generatefbr each geometrgnd agrid sensitivity analysisvas conductedt the
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highest 4 A, (; 59 select the optimal grithat ensures a grithdependent solution at the
lowest possible cosThe pressure drop across the mixers an€th\éat various
locationswithin the mixersvereselected to analyze these gribfsaddition the elative
error between the predicted parameters based on two consecutis@ieeéhement is
selectd as a criterion to select the final meghe results of the mesh sensitivity

analysis are discussed in Chapter

3.4 Numerical Model
Ansys Fluert, a Finite VolumeMethod (FVM}based solvemwasusedin this
study tosolvethe continuity and transport equatidos the flow througtthe three

investigatednixers.

Turbulent flows are characterized by irregular fllations around a mean value
in space and time which renders the direct solution of Navier Stokes equations
impractical. The Direct Numerical 8nulation(DNS) in this case, requires the use of an
extremely fine mesh whose elements should be smaller taaotmogorov length
scalebesides thevery small time stepeededMoukalled et al., 2015)To reduce the
computational efforts tied to DNS, an approach based on solving the Reynolds
Averaged NaviefStokes (RANS) equations has emergad wasadopted for the
current simulationsThis approach consists of decomposing the instantaneous vilues o
aflow variable of interesfior instancethevelocity :Té&R, into a mean value $ T&P)

and a fluctuating component {: T&P):

TP L $TRE TT# (22)
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Due to the averaging process, an additional term known as the Reynolds stress
tensor : F*%% appears in the momentum equation (£5), andconsequentlya
problemof closurearises. To close the set of RANS equations, the Reynolds stress
tensoris modeledbasedon the Boussinesq hypothesis thattedahe Reynolds stress
tensor to the mean velocity gradient by a linear function through the introduction of a
new term: the turbulent viscosity or the eddy viscosityThe problem, hence,
transforms into computing the eddy viscositg. accomplistthis, severakurbulence

models were developed over the years.

In the currenstudy, he Two-Equationrealizable GF Yturbulence modebith
the enhanced wall treatmemtisemployed. This model consists of solving two
additional transport equations, ndynthe equation of the turbulent kinetic ener@y
(Eq(26)), and that of the rate of dissipation of kinetic energy per unit nBg(27)).
This selection is justified bthe fact thatGF Yis animproved variant of the standard
GF Ymodelthatwas successfully employed in many similar studied has
demonstrateds ability to correctly predicthe solution of similar problem€oroneo et
al., 2012; Kumar et al., 2008; Lang et al., 1995; Montante et al., 2016; Okolo et al.,
2019) Therealizable GF Ymodel hashe advantage of beingoresuitable for
applications involving strong streamline curvature, vortices and rotatidnasuixing

applications in static mixe gnsys, 2013)
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3.4.1Governing Equations and Assumptions

A steady, single@hase, incompressible and isothermal fleasassumed, and
the effect of the gravitgnd external forcewas gnored. The modedquatians are

represented below in vector form.

Eddy viscosity
e
3. L é%— (23
a; L €% v
Mass Conservation Equation
TalLr (24)
Momentum Equation
Ol& =L FILE&T® Félad (25)

In Eq(24) and Eq(25), is the mean velocity vectoL,is the static pressure,
éand aare the desity and the dynamic viscositf the working fluid which is the

water inthe current study

Turbulent Kinetic Energy Equation

é@G;L@édaE%‘;p@@E)pE)@FévEsb 26)

Rate of Kinetic Energy Dissipation Equation

@AY L @maE%‘pQJHE %5 F é%

Y
E% — % )s5E5 27)
GEAY Bl
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Where% L 1=TB & LBTQCEfS L5086 L ¥t 55 &u,v) pis the generation of the
turbulent kinetic energdue to the velocitgradient,) gis the generation of the
turbulent kinetic energy due to buoyan@gand % are constantsé,and é are the

turbulent Prandtl number foBand Y 5.and 5 are usedefined source term3$he
default vdues of these parameters were used in the simulations.

Species transport Equation

& Gi: ;LFQé'té&é?éQ;E—ZEQ;; 29)

with ; being the mass fraction of the secondary streamégtite tubulence Schmid

numbemwhich assigned a value of O(Coroneo et al., 2012)

3.5Computational Methods and Boundary Conditions
All thesimulationswvereperformed in double precisi@nd the solution methods

are the following:

x Computational modelTherealizable GF Ymodel with the enhanced

wall treatment (EWT)
X Pressurevelocity coupling The coupledalgorithm
x Discretization of the gradient termBhe Leastsquarebasedmethod
X Pressure interpolatiohe secongrder scheme

X Discretization of the convectivand tubulenceterns: Thesecondorder

upwind (SOU) scheme
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X The solutiorwasdeemed convergent when the following three criteria

weremet

The scaled residuals for each transport equation are reduced by at least three

orders of magnitudéCelik et al.,2008)

X The solution of static pressutége standard deviation of mass fraction of

the tracer, and k and epsilegades a steadgtate

X The net difference between the mass flow rate at the inlet and outlet

approaches zero.

To reduce the length of theroputational domainully-developed turbulent
velocity profileswere imposeat the inlet of thg@ipesthrough a usedefined function
(UDF) where the axial velocity@) is estimated based on the eseventh powelaw

velocity profile(H. Meng et al., 2020)ith n=7 as follows:

ol on

tJESsS;:JEs; Nz
] ] _ (29)
t J6 @F4 ®

Outflow boundary conditiosrwere imposedt the outleandall thewalls of the

>

QL

emptytube andhemixerswereset to no sligpoundary conditionsThe nonreacting
species transport model available in Fifemasused to solve the species transport
eqguation along with the continuity and momentum equatibms.mass fraction dhe
se®ondary streamvas set to zerandoneatthe first and second inketo ensure that the

two streams are initially separated.

3.5.1Model Validation

The computed valueswere used for model validation. For each mixer, the

Fanningfactors over the tested Re range were computed@ng@arechgainst the
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availableliteraturedata and the result®r Kenics, SMV and the new mixer are

discussed irsections.1.1, 6.1.1 and7.1.1

3.6 Hydrodynamic and Mixing Assessment

The velocity and pressure fieldereobtained from solving the ctanuity and
momentum equations. The pressdigributionwas firstused tagquantify the pressure
drop Lacross each mixeand to locate the regions of pressure lossies.VElocity
profiles werehenthoroughly analyzed to provide a deep understanditigeomixing

phenomena taking place inside each mixer.

The solution of the local mass fraction of the secondary fluid was used to
compute the parameters used in the mixing assessment investigation. One parameter
was selected to assess the dispersive effigi of the three investigated mixers, namely,
the extensional efficiencyJ(Eq(14)). Whereas, three other parameters were used to
guantify and qualify the distributive behavior of these mixers, namelg@dive
(Eq(12), the / -number (Eq17)) and the Aerial distribution. Details about these
parameters were provided in Sectibt.3andwill be further discussed itine following

chapters
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CHAPTER 4

MESH SENSITIVITY ANALYSIS

For each mixer, three tetrahedral meshes with different refinement levels were
createdor a twoelement configuratiowith Grid 1 being the coarsest and Grid 3 the
finest The ratio between the average cell siaesvo consecutive levewas keptat
~1.3 for all the mesheBetails about these meshes are providethinie5 through
Table7 for the three investigated mixers. To account for the-nadireffect, a different
number of inflation layers was employed with a fixed first layer thickness and a growth
rate varying between 1.05 and 1.2. In all gle@eratedneshes, dJ O vwassatisfied

(cf. Table5, Table6, andTable7)

All the tests were done at the highest Re number, igeRe0,000 since under
high turbulence, more fluctuations are expectedinvestigate the edtt of the grid on
thesolution accuracy, thpressure drop 2was calculated across the total length of the
mixersfor the different generated mestaagl the results were repedin the tables
Similarly, theCoVvalueswere computed dhe exit of the mixing chambeand denoted
by % B, ;; @andat varioudocationsdownstream of the mixing section in the empty tube
and denoted byt By 5 5 The value of % Kdgeneratinghe maximum relative error iime

downstream sectiowasreported in the tabldsr each case
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Table5 Kenics grid sensitivity analysis

Case Grid 1 Grid 2 Grid 3
#Tetrahedral cells 1,768,232 3,131,770 6,563,175
#Polyhedral cells 745,385 1,136,088 2,440,226
Average cell size (mm) 0.19 0.13 0.10
First layer thickness 0.01 0.01 0.01
#Inflation layers 8 10 12
Yice. 3.5 3.7 3.6
T 1.09 1.15 1.19
¢| 7896 7913 7871
d%]d - 0.0022 0.0053
0°, «u3 ! ; 41.88 38.86 37.95
Loz For 2, i 0.072 0.024

0 .3
0e, «_ 1" 4.83 5.46 5.66

- 0.13 0.039
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The relative errbetween the computed paramet&rsnvo consecutive grid

refinement levelsvereestimatedas followsand the resuit werereporteal in the tables

:UF 5

———d (30)

Where =Vand =% > arethe resultanparameters from the low and high grid
density leels,respectivelyTo select the final mesh, a threshold for ithlative erroiis

set at0.03

For Kenics simulations, the finest mesh, i.e. Grid/&s selected. It is worth
noting that Grid 2 could have been selected since the relative error between Grid 2 and
Grid 3 is less tha8% for allthe tested parametetseowever at the eby stages of this
study, the GCI paramete(Celik et al., 2008as employed for the grid sensitivity
analysis. Th&Cl values showed that Grid 3 is the optimal mesh. Later on, this same
method rendered very high valuesG€I with the two aher mixers, this is why the

relative error was used agriterion for the grid sensitivity study instead.

The same grid settings were then used to discretize the domain of a mixer
comprising 4 and 6 Kenics inserts amtbtalof 4,738,393nd6,975840 respectively,
elements were obtainet is also worth noting that grids with lower densities were also

tested, but they rendered unstable solutions.

A schematic of the polyhedral grid generated for the Kenics tadepicted in
Figure8. This figure perfectly shows the refined asaathe crosgunctionwherehigh-
velocity gradients are encountefigecause of the sudden change in the fluid direction.

It also shows the inflation layers placed at the pipe and Kevadis.
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Figure8 Mesh of 2mixing units of Kenics over the yz plane

The results of thergl sensitivity analysis for the-@lement configuration of
SMV are reported iTable6. It canbe clearly seen that the relative erna@sulting
from the set ofGrid2 and Grid3 are below the set threshold value# except for
thoseof the CoV downstream of the mixing sectio% B; ; 5 that are estimated at 31%
and 15% between GriddndGrid2, and Grid 2 and Grid 3, respectivelhese errors
are deemed acceptable sitice values of% B; 5 sare smaller than 5% which is desired
for industrial application§Wadley & Dawson, 2005HoweverGrid 2 was selected
since in general, it ended up with relative errors lower than 3% 2and % B ;s The
number of elements obtained for thelément configuration of SMV using the same

mesh setting is 37,892,059.
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Table6 SMV grid sensitivity analysis

Case Grid 1 Grid 2 Grid 3

#Tetrahedral cells 25,655738 61,849,131 129,619,678

#Polyhedral cells 9,494,290 20,395,538 36,969,083

Average cell size (mm) 0.152 0.121 0.088

First layer thickness 0.006 0.006 0.006

#Inflation layers 10 9 7

Y; e 0.67 0.65 0.6

\ 2.9 2.84 2.66

¢| (Pa) 15303 15192 15119
Wd - 0.0073 0.0048
0«05 1 ; 1360 12.96 12.68

i OZF > oy . 0.0467 0.0219

0, «_ " 1.67 1.15 0.98
0%, Foe, &Y

d . d - 0.31 0.15
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An illustration of the polyhedral mesli SMV is represented iRigure9. This
figure shows thénflation layers and theefinement zone that are locaiadhe

proximity region betweento neighboring plates.

Grid 2 was selected for the new geometry simulations and a total of 116M
elements was obtained fammixer conssting of4 hybrid units A representation ahe

refinement regions in the new mixer is depicte&igure10.

Figure10 Local Mesh refinement of the new mixer
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Table7 NM grid sensitivity analysis

Case Grid 1 Grid 2 Grid 3
#Tetrahedral cells 39042134 50,034,738 102,324,983
#Polyhedral cells 32,647,736 58,632,617 77,732,023
First layer thickness (mm) 0.003 0.003 0.003
# inflation layers 5 8 11
Vi 0.62 0.5 0.62
T 3.23 2.56 2.52
¢| (Pa) 3328 338% 3398
¢| . F ¢| O>U
ele - 0.0178 0.0029
0°, «.5 . 38.74 31.74 30.90
o, i, Foe,EY
Pz T Otz i 0.181 0.0264
O°, «.3
0% - ’ 31.46 27.03 26.40
0¢ i Foe, &Y
ek - d - 0.141 0.023
Oe, i«
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CHAPTERS

KENIC STATIC MIXER: HYDRODYNAMICS AND
MIXING EFFICIENCY

5.1Hydrodynamics and M odel Validation

In this section, the hydrodynamics oétfiow through Kenics mixers are
investigated. The pressure was first computed and the pressure drop data was compared
against the available literature data to validate the computational model. The velocity
fields were then calculated as they carry infaroraabout the flow pattern that greatly
affects the mixing efficiency of the mixer. Moreover, velocity fields are primordial to
evaluate some parameters used for the assessment of the mixing efficiency such as the

extensional efficiency.

5.1.1Pressure Dropand Model \alidation

Predicting the pressure drop across a mixer is a key vanifle early design
stages. The pressure drop carries information about the cost of the energy needed to
achieve the required degree of mixing, and a proper estimatiors afriicial for sizing

pumps.

In the current work, pressure drop was computed as the difference between the
areaweighted average static pressure on two planes placed 1 mm before the first mixing
element and 1 mm downstream of the last element. Thesemesnts were done at
different empty pipe Re numbeiRea)pe) rangingbetween 5,000 and 30,000 and
equivalent to hydraulic Re numbédRe,) of 2,760and16,535 respectivelyRe and

Revipe are used interchangeably in this manuscript.
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The predicted presseidrop values across six Kenics inserts were expressed in
terms of the Fanning friction factddand compared against the available literature data
in an attempt to validate the currently used computational approach. A literature search
showed that a couple of numerical and experimental studies reported pressure drop data
for Kenics mixers undehe studied Re range, naméhlearn, 1995)Berkman and
Calabrese (198850ong and Han (2005andKumar et al. (2008)The literature values

along with the predicted ones are depidteBigurell.

0.55F ¢

050 g B 0% 0%

0.45 :—%h?qw o - - © -current study
~0.40 ' ‘a QO O O ' ' O Berkman and Calabrese (1988)
- - g § x Hearn (1995)
~ 035l I R O Kumar et al. (2008)

. . fd hebnd : e - P-Song and Han (2005)

00—

0.25

0 10000 20000 30000
Re ()

Figurell Comparison of Kenics Fanning friction factortained in this study to the
literature data

One can first notice that the friction factor follows the same decreasing trend in
the different studies except in those of Hearn (1995) and Song and Han (2005). In the
former, randonfluctuations are observeder low Re numberand thismay be due to
experimental errorsvhereas in the latteBis constant over the tested Re range.
Moreover, it is important to note that in the current stusgpproaches an asymptotic

value of roughly 0.495 at around fe=15,000 beyond which it becomes independent
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of Re. This observation is in line with thedings of Berkman and Calabrgd€88).
Hence, one cannot but notice the analogy between the flow in Kenics static mixer and
fully developed turbulent pipe flows whettee friction factor decreases until reaching a

valueindependent of the flow rate.

The comparison presentedrigurell also shows good agreement between the
simulated results and the literature data which validates the cuppoiagh. The
average Fanning friction factor is 0.510 in the current study, while it is 0.485, 0.435,
0.450, and 0.291 iHearn (1995)Berkman and Calabrese (1988umar et al. (2008)
andSong and Han (2005)udies, respectively. While the calculated values are close to
literature data, th best fit was found for the data of Hearn (1995) where an average
relative error 0f3.1% and a maximum error of3% were obtained over the tested Re
range. An average relative error of 19.12%, 22.10% and 76.63% was obtained for the
study of Berkman an@alabrese (1988), Kumar et al. (2008) and Song and Han(2005),
respectively. The observed inconsistency between the computed Fanning friction factor
and the available data could be a result of the different geometries used in the various
studies. To illustte this,Table8 summarizes the differences iretgeometries of these
studiesFor instance, the results obtained by Song and Han (2005) are the lowest
because the authors neglected the blade thickness in thesrinal simulation and only
assumed a thin wall. Although this simplification is favored in easing the mesh
generation process, it is prone to erroneous results. In addition, the pressure drop is
highly dependent on the blade geometry, i.e. its thickaspgct ratio, material and

mode of constructiofSimpson et al., 2016)
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It can therefore be concluded that relying solely on the data and correlations
available in the literature may not always render a good outcome for the case of Kenics

mixers because of two nmreasons:
I.  The available empirical correlations are usually validated over a limited Re
range, and hence are not valid outside of it.

ii.  Any modification to the geometry can lead to huge discrepancies in the results.

Table8 Geometrial aspects of Kenics used in the current and the literature studies

Pt 5 X p Tg‘zg‘nifs & p
Current Study 16.37 15 1 0.061
Hearn (1995 40 1.5 N/A N/A
Berkman and Calabrese (1988) 19.1 1.5 N/A N/A
Kumar et al. (2008) 254 1.5 2 0.079
Song and Han (2005) variable >1 Thin-wall 0

The variation of pressure drop across 2, 4, and 6 elements withi®Re
represented ifigurel2a. As expected, the pressure drop increases with thberwh
elements and Re since it is directly proportional to the distance traveled by the fluid and

its velocity inside the mixer.

To better understand the effect of the number of elements on the pressure
distribution, the pressure drop per elemegg, with n being the number of inserts,
was evaluated as the ratio of the pressure drop across the mixer to the corresponding

number of mixing units and is illustratedkigure12b. One can notice thatZyvaries

in the three configurations in such a V\Jl-% L sdz and:—2 L s&yThis
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observation contradicts the findingskKdmar et al. (2008)vho reported that the

number of elements does not significantly affect the pressure drop per unit element.
However, air findings follow a similar trend to that observed by Hearn (1995), who
reported that the pressure drop for 6 elements was larger than twice that measured for 3

elements.

To explain this, it should be observed that@lé@nent mixer contains one single
junction, i.e. the region between two consecutive elements, whitdesn¥ent mixer
contains 3 junctions and agbement mixer contains 5. While these junctions are the
main contributor to pressure drop because the fluid has to change its rotation as it
crosses them, it is therefore expected to obser®g P 2xg P 25 In reality, the
Kenics mixer is mostly effective at the transition between two consecutive elements
(Simpson et al., 2016} is also worth mentioning thatZx F 2 M 238 F 255
This shows that the pressure is not uniformly distributed along the mixer length. The

following elaborates more on the previous observations.

30000F T T T T » 6000
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—#—4 elements
| —»—6 elements
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25000 | —»—6 elements
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pipe pipe

Figurel2 a) Pressure drop and b) Pressure drop per 1 elemehtdfipand 6 Kenics
mixer versus Ree
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5.1.2Pressure and Velocity Btributions

Figurel3represents the axial variation of the avezighted average static
pressure and its rate of variation per unit length of then{itL @ ;Vh a Kenics mixer
comprising 6 elements atA ; sgquals 5,000 and 30,000. The abscissa represents the
normalized axial position z/D where z=0 corresponds to the tube inlet. The grey dashed

lines in the figures indicate the axial positiéhl WKH LQVHUWVY OHDGLQJ DQ

edges.
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Figure13 Axial distribution of static pressure inkaenics mixer (red curves) and rate of
pressure variation per unit length (blue curves) aih&8,000 (left column) and 30,000
(right column).
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Based orFigurel13, it can be observed that a regular repetitive pattern is
obtained after the™element before which the distribution shows odd patterns (bumps).
This indicates that the turbulent flow is not fully established until downstream of this
element. This observation is in accordance with other stididdurasiewicz &
Zakrzewska, 2019; Simpson et al., 206 focused their study on the middle of the
fifth Kenics element sice previous LDA measurements Agamiak and Jaworski
(2001)showed that in this region the flow can be considered.filbyreover, the
previous observation suggests that pressure lossestareemty distributed along the
length of the mixewhich explains the reason behind2x F 25 M 238 F 25
However, it is worth noting that the observed disturbances in the pressure distribution
are less important at Rg=5,000 than at Rge=30,000 which justifies that the chaotic

nature of turbulence is behind the observed irregids.

In the following, the analysis will be restricted to the frdigveloped flow and
the 3" element will be used as a representative e pressure profile in one Kenics
insert can be divided into two main regi@awcording to the values of d@/¢cf. Figure

13):

- Aregion of highpressure drop at exactly the transition between two consecutive
elements assigned with a high negative value of the axial pressure gradient
dp/dz. The effect of the transitios $een up to 30% of tihength of the element

- Aregion of almost constant values of pressure around the middle of the element
where dp/dz approaches zero. This region extends up to 2/3lehgtk of the
insertafter which the pressure starts decayaggin under the influence of the

downstream element.
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To provide a better insight into the observed trend, the axial velocity profiles
overlaid with the resultants of the tangential and radial velocity componentsyover
planes at different axial locatisrwithin the %' element are shown Figure14. The
represented planes are normal to the flow direction, and their axial positions are

normalized and represented bgsuch that

(31)

where \4 represents the-zoordinate of théeading edge of the" element edge. The
composite plotén Figurel4reveal the formation of complex and strong secondary

flows within the mixing setion.

Figurel4 The resultants of the radial and tangential velocity components (2D
streamlines) superimged on the contour plots of the axial velocity at various axial
locations within the 8 Kenics unit at Re=30,000

As the fluid enters the elementg L r), itis divided into 4 regions of high

momentum. In this region, the flow is redirected argtrigngly reversed becausetbé
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alternating positiosiof right and lefthand elementBoundary layer separation occurs

and high velocity gradients are created as indicated by the abrupt change in the color of
streamlines from green to red in this reg{eee also the streamlinesHigure15a).

This is, therefore, the reason behind the fpgissure drop generated by the cross

junction.

One can also discern the formation of recirculation zones characterized by
negative velocity values behind the intersection of the inserts with the tube wall. These
low-pressure regions are suitable for the development of vortices as indicated by the
swirling structures irFigure14 and theblue spirallike lines inFigure15a. Two
attached vortices are created directly downstream of the leading egge fay)in
each half of the mixer: a small one in the vicinity of wedl of the tubeand a larger one
near the Kenics surface (See also the high values of vorticity encountered directly
behind the entrance of the elemenFEigurel15b). The small vortex called free vortex,
and the large vortex, or forced vortex, were already observed and reported in the
literature(H. Meng et al., 2020; Rahmani et al., 2008)vectal by the flow, these
vortices interact with each other to form one vortex whose center starts moving toward
the tube wall. This region is surrounded by areas of high axial velocity. In fact, as the
fluid hits the first element, it starts accelerating, urile influence of centripetal
forces, following the curvature of the plate. This effect is seen up to approximately 30%
(.8 L s u;) of the length therefore resulting in high pressure drops. Beyond this
length, the flow starts decelerating followirigetsmooth path of the Kenics curvature,
the velocity gradients diminish and the vortices start dissipating. Consequently, the

constant values of pressure obtainethia region are justifiable.
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Figurel15 Velocity Field throughKenics at Rgpe = 30,000 (aBtreamlines of the
flowing fluid through 6 Kenics elemendsd(b) vorticity contours over the central
vertical plane

The evolution of the flow downstream of the last mixing element is shown in

Figurel6aat different axial locations represented @/L I'%3Where V is the axial

position of the trailing edge of th&@lement, i.e. the leading edge of tiendixing

element. The graphs Figurel6b show the axial velocity profiles at the same axial
locations and along the vertical diameters of the same planes at Re=5,000 and
Re=30,000The fully developed turbulent velocity profile extracted from the fully
devdoped region of an empty tube is also overlaid on these grapbsdhation. For

ease of comparison, the axial velocity was normalized by the centerline axial velocity at
the inlet of the tube and is represented?éySimilarly the radial position was non
dimentionalized by dividing it by theadius of the tub®&. It is worth mentioning that

the representation of the fluid velocity distribution was limited to one case, i.e. for

Re=30,000, as the obtained distitions for the other cases were qualitatively the same.
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Figurel6 (a)Axial velocity contour plots overlaid by the tangential and radial velocity
components ah(b) normalized axial velocity profiles at different axial positions
downstream of the last mixing element in-Kénics elements mixer at Re=30,08@
5,000

From the velocity contours overlaid by the 2D streamlines, one can notice that
the fluid coreexits the mixing zone while rotating en masse. This behavior is seen even
after 4 pipe diameters. The observed pattern reveals the strong effect of the last mixing
element on the fluid flow. This is further justified by the dip present in the velocity
profile at @ LO.5just in the center of the tube (r/R=0) indicating, therefore, the
formation of a wake region behind the last mixing plate. This region seems to weaken
as the fluid travels further downstream as reflected by the blunt shape of theyvelocit
profiles that starts approaching the one of a fully turbulent flow. However, it is worth

mentioning that the oeveryof the flow in Kenics is slow since a fully developed flow
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was not established at the exit of the tube. The variation of the Re nwsabars to
have a slight influence on the core region; however, it greatly affects the flow near the

wall where steeper velocity gradients are obtained at higher Re values.

Based on the aforementioned observations, one can deduce that Kenics features

many nteresting characteristics that can be summarized as follows:

i.  The crosgunction in Kenics is a region where most of the important phenomena
take place
ii.  the helical shape of Kenics and the relative position of two adjacent elements are
responsible for thereation of very complex secondary flow structures and
recirculation zones
iii.  The flowrecoveryis slow and complex
The influence of these features on the mixing efficiency will be discussed in the next

section.

5.2Mixing Efficiency

The dispersive and distribue mixing efficiencywereassessed quantitatively
and qualitatively in this sectiofror this purpose, four parameters, namely the
extensional efficiency, the coefficient of variatid®ol)), the Mnumber, and the aerial
distribution of the tracer massafition, were used and the results are represented and

discussed in the following.
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5.2.1Dispersive Mixing: ExtensionaEfficiency

In order to assess the dispersive mixing efficiency in Kenics, the extensional
efficiency Uwas adoptedUmeasures the relative strength of the elongational flow to
the rotational flow(De La Villéon et al., 1998Elongational flows, i.e. high values of
U are desired for an effective breaj and dispersion of agglomerates throughout the
volume of the mixe(De La Villéon et al., 1998; Nyande et al., 202any previous
studies have used this parameter to characterize the dispersive mixing in Kenics static
mixers for laminar flowgHaddadi et al., 2020; H. Meng et al., 2014; Nyande et al.,

2021; Rauline et al., 1998)ut none were reported under turbulent regimes.

The axial variation of the areseighted average oflin a Kenicsmixer
comprising éelementsat 4 A 4 & 30,000 is shown ifigure 17 and a visual

representation of its distribution at different crssstions within the%element and

downstream of the mixing zone is representeigure18.
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Figure 17 Axial variation of the extensional efficiency fosienics elements at
Re=30,000
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The average value dilover the entire mixing section is displayed in the
rectangular box on the figure and is graphically represented Inptizental red lineit
can be easily discerndidat the highest values djare reached at the entrance of each
mixing element with a repetitive pattern obtained starting from frel@ment. This
observation was also noted previously when analyzingrésspre patterns, which
further confirms the fact that the turbulent flow in Kenics mixers could not be

considered fully turbulent until after th& #ixing unit.
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Figure18 contour plots of extensional efficiency at different locations within the 5
Kenics unitand downstrearof the mixing section &e=30,000
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Ureaches a maximuwf 0.75 when the fluid hits the first element. This
behavior is expected since the fluid is subject to disturbances when it meets an obstacle
for the first time. Slightly lower maxima of approximatél.71 (after the @element)
are then observed at the entrance of each subsequent element. These high Vhlues of
encountered in the transition region between consecutive elements are due to the high
velocity gradients generated following the strongvfl@versal at the croganction.
This furtherindicates that the flow is highly dispersive at the leading edges of Kenics

elements.

Just downstream of the leading edge, the extensional efficiency drops abruptly
until reaching a minimum of 0.55 at appnmstely 30% of the mixing element length,
after which it starts increasing in a relatively slower fashion until peaking again at the
crossjunction of two adjacent elements. Such behavior is expected since in the region
limited by 30% of théength of the Eement the formation of vortices was already
witnessed which might be the cause behind the drop in the valieBaie spots
indicating highly rotational flow are discernedrigure18in the same regions of
formation of vortices (cf.Figure14). The variability of Uvalues along the length of an
element suggest that the flow within the mixing element is far from being a simple shear
flow. Moreover, it highlights the coptexity of the mixing pattern induced by the

helical mixer.

Downstream of the last mixing element, the flow becomes highly rotational as
indicated by the low values dfand the blue color thabvers the core region Rigure
18. This is also in line with the observations reporteBigure16a where a rotational
flow dominates downstream of the last element as well as thésguré16b where a

flat velocity profile was recorded. In factidecreases immediately to reach a value of
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0.32 after approximately 2D. Subsequently, a gradual increasesafbserved which
indicates a slowecovey of the fully-developed turbulent velocity profile. It is worth
mentioning, however, that a fullyeveloped pipe flow could have beeneastablished if

a longer tube section was available.

The effect of fluid velocity on the extensional efficiency is reportdeignre19
andFigure49. One can at first expect that Re has a slight influence on the dispersive
behavior of the mixer as reflected by the average valugtiot varies between 0.56
and 0.59 for the two extreme cases, i.e. for Re=5,000 and Re=30,000. The first peak has
a magnitude of 0.75 regardless of the Re number. However, Higher valUleseof
observed at higher Re numbers within the mixing sectitbereas lower values are
observed downstream this section. It can therefore be deduced that operations under

higher Re numbers improve dispersive mixing.
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Figure19 Axial variation of the areaveighted average extensionafieiency Ufor a
Kenics mixer of 6 units
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5.2.2Distributive Mixing

The distributive mixing was assessed in this section by means of 2 parameters,
namely the coefficient of variation (CoV) and the aerial distribution that measure the
intensity and scale of segregatioespectively. The former reflects the deviation of the
concentration distribution from the average, while the latter quantifies the distribution

of a crosssection in terms of the intensity of mixing

5.2.2.1 Coefficient of Variation

TheCoVwas computed in Fluémt a given plane as the ratio of the standard
deviation to the areaeighted average mass fraction over this plane. To assess the
effect of varying the fluid velocity and the number of elements on the distributive
mixing in a Kenics mixer, the axial vation ofCoVis shown inFigure20 andFigure
21 The former shows the variation @bV for different number of elements, while the
latter reports th€oV at the outlet forhie various configurations. 8oV of 1 typically
reflects a completely segregated system, whereas a value of O denotesmaxkedly
system. A commonly accepted value of 5% or lesser indicates that the mixture could be

considered as completely mixgstec & Synowiec, 2019; Wy & Dawson, 2005)

It could be discerned fromigure20that the first element slightly improves the
mixing as theCoVhits a value of about 78% at the outlet of this element for the three
configurations regardsés of thevelocity of the flow The 29and 3¢ mixing elements
have the greatest effect on the mixture homogeneity as a sharp decrease of
approximately 42% and 30% in tk®V values is recorded at their exits. This
observation was previously noted Rghmani et al. (200&nd illustrated irFigure22.

The latter represents the contour plots of the mass fraction of the secondary fluid at
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different Re numbersnd clearly shows that the flow is neaHgmogeneous after the
39 element. It also indicates that the first few elements have the greatest impact on the

mixing efficiency compared with subsequent elements.

) M #2 ) #1 #2 #3 #4
10 i ' ‘ ‘ ‘ 10 T T T
| | | | | X | . —*—Re=5,000
| | | I : ! —<—Re=10,000
| | l \ | , | , —*—Re=20,000
| ! ! ! ot PN\ Re=30,000
oL IR\
S S S 5T
2 A 3 A
© : l l I i . | |
0% 0% o
L1 —*—Re=5000 A
| | | —<+—Re=10,000 A
! ! : —#—Re=20,000 S
a) : : —+—Re=30,000 1 )
—1 1 1 1 n L L N 1 - 1 1 1 1 1 1 n n L
10O 1 2.5 4 5 6 7 &8 9 00 1 25 4 55 7 8 9 1011 12
z/D (-) z/D (-)
. #1 #2 #3 #4 #5 #6
10 I 1 T 1 T
PN 101 —e—Re=5,000
! ! ; ! ' ! —-<—I Re=10,000
! ! ' ! ' ! +I Re=20,000
1L 1 I 1 | 1 +Re=30,000_
-~ U S \
S s e
> T Lo
8 A \\ Y
TSI
EEEEED t
el oo ’
-1 L L L L L | L .
10 01 4 7 10 13 15
z/D (-)

Figure20 Axial Variation of CoV in a Kenics mixer comprising a) 2 b) 4 and c) 6 units
at different Re numbers

When comparindrigure20a, Figure20b andFigure20c, one cannot but notice
that 2 elements were not sufficient to achieve the desired homogeneity level unlike the

case of 4 and 6 elements. However, lower valu&xdfcould have been obtained, for
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the 2 elements case, if a longer tube used. This would have been achieved due to
the contribution of the empty pipe and the complex flow structures transported

downstream of the last mixing element.

Higher Re numbers seem to improve the distributive mixing as transverse flow
is promoted atigher velocities, yet this effect becomes insignificant after the 4
mixing element where a value 6bV=5% has already been reach&dy(ire20b, 10c,
andFigure21). On theother hand, the value @foVat the exit of the pipe increases
slightly with Re when considering a mixer with 2 elemehkigire20a) andFigure

21). Two reasons may be kel this behavior:

i. atlower velocities, a particle has a larger residence time compared to the case
of higher velocities. Consequently, the particle has more time to intermingle
with other particles instead of bypassing the mixer immediately.

ii.  The boundaryayer might be a great contributor to mixing, and since it becomes
thinner at higher Re numbers (steep velocity gradients séggurel6), then a

slight decrease in mixing efficiency might be observed.
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Figure21 Variation of the CoV at theutlet of the mixer chamber of Kenias a
function of Re numbers
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One can therefore conclude, that 2 Kenics elements with a sufficiently long
downstream empty tube section, i.e. greater than 5D, may be enougleteach
homogeneity in applications involving fluids whose physical properties are close to
those of water. This suggestion ensures the production of amixatl system but at a

lower energy cost.
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Figure22 Contour plots of the nss fraction of the secondary fluid in a Kenics
comprising 6 elements for Re=5,000 and Re=30,000

5.2.2.2 Aerial Distribution

The aerial distribution is a more rigorous way to quantify the distributive mixing
inside static mixers. Proposed Alperini et al. (2014)this method aims at sorting a
crosssection in the mixer according to different levels of mixedniesthis study, 5
levels of mixedness were considered, precisely 95%, 90%, 80%, 70%, and 60%. That is,
a cell on a crossection is said to be at least 95% fully mixed if its mass fraction lies
within £ 5% of the completely mixed state, i.e. an averagesrraction of 0.5. The
distributions of the mass fraction of the secondary fluid over different planes normal to
the flow direction were exported from Fluent and the data waspposéssed in

MATLAB using the code shown in Appendix A.
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The discrete disitoution of area fraction in terms of intensity of mixing for 2, 4,
and 6 Kenics mixing elements is depicted by the bar gragfigime23 for Reipe =
5,000 and 30,000. This distribution was evaluated at 7 diffeseal positions as
indicated by the horizontal axis: the inlet of the tube, just at the exit of the last mixing
element in each configuration (K24Kand K6), and at 5 positions further downstream

of this element and whose axial positions are reprerﬂ;chyt@

The two fluids enter the tube fully separated as indicated by the first bar
showing an intensity of mixing lower than 60% for all the cases. For the two elements
cases, the mixture leaves the mixing zone partially mixed since differentdévels
mixedness prevail in this region (second bar in the first row). For the two represented
Re, the system at the exit of the pipe is almost fully mixed; however, a better
homogeneity is achieved at lower Re, i.e. at Re=5,000, 90% of the mixture has an
intensity of mixing > 95% while the same level of mixedness is prevailing in only 80%
of the system. Increasing the number of mixing units ensures the achievement of a

homogeneous mixture.

Similar results were obtained from the analysi€o¥ data. Neverthess,
through the analysis of the aerial distribution of mass fraction in Kenics, one can make
sure that no segregated regions are formed in the system. This makes of the aerial
distribution a better tool to assess the distributive mixing efficiency. lajueg ofCoV
mask, sometimes, the presence of such regions which may be detrimental for various

critical applications.
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Figure23 Stacked bagraphs showing the discrete areal distribution of the mass fraction
of the secondary fluid in Kenics at different locations for Re=5,000 (first column),
Re=30,000 (second column), and for different numbers of mixing units: 2 elements
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5.2.3M-Number

The M number was proposed by Medina et al. (2019), whereby the efficiency of
a static mixer igpproached from an economic and mixing efficiency perspectives.
Unlike the other parameters, it considers the contribution of the natural mixing induced
by the empty pipe. In the following, the M parameter is computed at 4D downstream of
the last mixing element in an attempt to evaluate the effect of the number of elements
and flow velocity on Kenics efficiency. Its variation along with thatigfs sand

Ay aferepresented ifrigure24.
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0.40¢1 S

M number (-)

[ —@—2 elements
—#—4 elements
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Figure24a) M number, b) fiy {dashed lines) andh, o s(solid lines)for 2, 4 and 6
kenics elements.

Table9 shows the results fofiy 5 Ay M number ancCoVfor 2, 4 and 6
kenics elements at Re=30,000. For 6 Kenics elements, it could be noticed that in the
ideal case, the mixer would perform upfig &z L tu ™, yet in reality it reached a
performance offi;y .k Sz . In this case, the mixer is 77% as effective as an ideal
mixer. The same analysis would apply to the two other cases, i.e. 2 and 4 elements.

According to this parameter, the additionareénts do not improve the overall mixing
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efficiency, yet they worsen it given that M is higher for 2 elements than for 4 and 6
elements as indicated Trable9 andFigure24a. This decreasing trend, therefore,

contradicts that reflected IyoV (Figure21 and the last 2 columns Trable9).

However, one should recall that the M number accounthéenergy losses
that are more significant for a higher number of elemdhtgi{e12 a) which explains

the observed trend.

Table9 fizas AWM number andCoVfor Kenics mkerat Re=30,000

# elements O15() O. () M-number(-) CoV (%)
2 0.39 0.36 0.93 6.10
4 0.30 0.26 0.85 1.09
6 0.23 0.18 0.77 0.20

The effect of Re on the M parameter is illustrateBigure24a. For the three
configurations, higher velocities seem to exacerbate the efficiency of Kenics. A
decrease of nearly 7%, 15%, and 22% is observed when Re goes from 5,000 to 30,000
for 2, 4, and 6 kenics elements respectively. On another note, the drowiti Re
becomes more significant when the number of elements increases. This decrease in
performance is attributed to the additional pressure drop generated by the higher

velocities and the added mmg units.

One, however, should mention that the intetg@tion of the M parameter alone
without looking at the values di; 5 sdoes not reflect the real performance of a static
mixer. The latter reveals the maximum capacity of the static mixer to improve the level
of mixedness after subtracting the etfef the empty pipe. The comparison of this

parameter for the different configurations shows that shorter mixers have more potential
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to improve the mixing efficiency than longer ones since in this case, the particles have
lower residence time as mentior@@viously. Moreover, the increasing trendfof ¢ &

with Re indicates that mixing gets worse in empty tubes at higher velocities. The reason
behind this observation could be the shear layer that becomes thinner under these
conditions(Cengel & Cimbala, 2017; Dimotakis, 2009herefore, static mixers seem

to have more work to do to improve the mixing efficiency at higher Re numbers. It is
worth mentioning, however, that for all the cases the relgtiger values offiy 5 s

where a maximum and minimum of 39% and 9% encountered at the highest and lowest
Re numbers for the 2 and 6 elements cases respectively, shows that originally little

potential was left for the mixer to improve the efficiencyref system.
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CHAPTERG

SMV STATC MIXER: HYDRODYNAMICS AND MIXING
EFFICIENCY

6.1 Hydrodynamics and M odel Validation

The hydrodynamics of the flow through a Sulzer SMV static mixer is
investigated in this chapter by adopting the same approach emplogbdjier5. The
analysis is restricted to 2 and 4 elements only since the CFD data showed that the
addition of supplementary elements does not further improve the mixing efficiency. To
accomplish this, the flow astested in the Repipe range of 5,000 and 30,80G;h

correspondto a hydraulic Reynolds number, iRbetween 1,150 and 7,000.

6.1.1PressureDrop and Model \Alidation

In order to validate the adopted computational model, the hydraulic Fanning
friction factor,fn, computed from simulations was compared agjahe experimental
data ofHearn (1995and the correlations ¢faroui and Costes (199&8nhdTheron and
Le Sauze (2011)sted inTablel. It should be noted that the dataH#arn (1995) was
converted tdnto get a global comparison. Thegsults are shown iRigure25and the
average, maximum, and minimum relative errors between CFD calculations and

experimental data are listed Tiable10.
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Figure25 Comparison of SMV hydraulic Fanning friction factor obtained in this study
to the literature data

It can be discerned frofigure25 andTable10that the CFD results compare
well with the available literature data where a maximum relative error of 25.6% was
recorded at Re1150. The best fit was obtained with the data of Hearn (199&)ewh
the average and maximum relative errors were found to be 1 and 2%, respectively, over
the complete range of Ré.e., 350015,450) that was considered in the study of Hearn
(1995). The observed discrepancies could be attributed to differencesongheess
of the material of construction used in the different stfdlesron, 2009)Theron and
Le Sauze (2011), used a stainless steel mixer whereas plexiglass was employed in the
work of Karoui and Costes (1998). In the current wdik, roughness was neglected
and this could be the reason behind the low valuegwhen compared to the work of

Theron and Le Sauze (2011)
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Table10 Average, maximum and minimum % relative error between the mea&yred
and the available literature data For SMV

% relative error ( &;

Average Max Min
Hearn (1995) 1.40 1.90 1.06
Karoui and Costes (1998) 11.92 13.83 9.64
Theron and Le Sauze (2011) 20.52 25.60 15.64

To assess the effect of the number of mixing elements on the pressureirop
and the pressure drop per unit elemers were plotted against Bg-for a 2 and a4
element mixer irFigure26a and b, respectively. It can be clearly noticed that the
number of elements has almost no effect dgin the SMV mixer. This observatios i
in line with the findings of Karoui and Costes (1998) who reported tBgt the same
for 1, 2 and 3 elements. However, it should be mentioned that Theron and Le Sauze
(2011) claimed that the number of elements affe@gup to 10 mixing uris beyond
which  Zzbecomes constant. The authors calculat@gfor 5 elements and found it
greater than that using 10 elements and attributed this to the entrance effect that could
not be ignored when a small pipe diameter of 9.45 mm was Tkedeffect was not
observed in the current study nor in that of Karoui and Costes (1998) possibly because

larger diameters of 16.7 mm and 50 mm, respectively, were investigated.
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Figure26 Pressure drofa) 2across the wHe length of the mixeand(b) perl
element 2Z) for 2 and 4elements SMV mixers verst&ipe

6.1.2Pressure and Velocitiistributions

The axial variation of pressure in aaement SMV mixer at Rge=30,000 is
depicted inFigure27. One case is represented here since the patterns are qualitatively
similar for the tested Rge numbers. It can be noticed that, unlike the Kenics mixer, the
pressure losses in SMV are not concentrated at the interface betwemmsegoutive
elementgcf. Figure13), but rather they are evenly distributed along the length of the
PLIHU 7KLV FRXOG EH DWWULEXWHG WR WKH FRPSOH[ C
mixer where two adjacent sheéitersect at various locations. This could further
confirm the previous observation wher@zwas found to be independent of the number

of mixing units.
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Figure27 Axial distribution of static pressure in aefement SMV mier at
R&ipe=30,000

Figure28aFigure28b representhe contour plots of the radial velocity and the
axial velocity overlaid with the resultants of the tangential adhraelocity
components over various planes normal to the flow direction within"thaiger
element in a 2lement mixer. It should be mentioned that the axial positions of these
planes are normalized and represented gmyhich is calculated based &u.(31) with

JLt

When the fluid hits the first element, it is divided into many substreams. Each
stream then crosses separately a horizontal channel. Inside these chanfiels,ith
diverted in opposite directions following the inclination of the folded edges in the
adjacent layers as indicated by the positive and negative values of the radial velocities
in Figure28a (cf. the strafied streamlines irFigure28b). This promotes the radial

distribution of the flow and consequently affects the radial mixing within a channel.
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Figure28b also revealthe development of vortices in the wake region behind
the touching points of two adjacent layers. This is further illustrated by the high
vorticity values that prevail in these regions as indicated by the vorticity contours
represented ifigure28c. For example, one can notice that a set of vortices are present
at .g:1/4 at the same locations where the sheets me%t:aﬁ). These vortices are
convected along the mixer length where they either merge with the vortices generated at
the subsequent touching points or dissipate. The same streamlines sikagure28o
were colored by the axial vorticity and depictedrigure50 The latter reveals the
formation of clockwise vortices that are assigned with a negative value of axial vorticity
and colored by blue in addition to counterclockwise ones (colored by red and assigned
with positive values) which reflects the complexity of the flow inside the Sulzer SMV
mixer. The formation of streamwise vortices was already reported in the literathee in
study ofLang et al. (1995)vhich suggests that these structures are behind the enhanced

performance of the Sulzer mixer.
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[s"-1]
Figure28 Velocity field through an SMV mixer at Re = 30,0Q8) contoumplots of the
radial velocity,(b) resultants of the radial and tangential velocity components (2D
streamlines) superimposed on the contour plots of the axial velocity at vatiaus a
locations within the ' SMV unit, and c) vorticity contour over the longitudinal plane
located at r/R =0.4.
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Figure29a andFigure50b describe the motion of the ftbdownstream of the
last mixing element. It can be noticed that the flow is highly chaotic downstream of the
mixer (@':0.5) where distorted counterclockwise and clockwise vortices are present in
the core region of the mixer and two other smaller clas&wortices are found near the
wall of the pipe. These vortices were either created in the mixing section and advected
by the flow or developed in the wake region of the blunt body. This chaotic behavior is
further revealed by the highly distorted axialacity profile at @-0.5 and shown in
Figure29b. In this figure, high values of the axial velocity can be observed near the
tube wall since a fluid bypass takes place in this region. This is due to the inherent

geometry of the BV mixer where two adjacent sheets do not have the same length.
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Figure29 a) Axial velocity contour plots overlaid by the tangential and radial velocity
components at &30,000 and b) normalized axial velocity profiles at different axial

positions downstream of the last mixing element iRSMY/ mixer at Re=5,000 and
30,000
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Further downstream, the small clockwise vortices dissipate and the larger ones
coalesce to givase to one large and one small countgating structures that now
cower the entire crossection of the pipe and persist even afteD4dbwnstream of the
last mixing element. This further explains the stewo\ery of the fully-developed
turbulent vebcity profile in the downstream pipe section, with teeowery being
slower at higher velocities. It is also worth noting that these vortices are swirling in
opposite directions which inhibits their coalescence and leaves them to dissipate as their

magnitude decreases the further they flow Ggure50b).

The analysis of the velocity fields therefore revealed important features about
the flow through an SMV mixer. These features are summarized below and their effects

on the mixng performance of this unit will be discussed in Seddi@n

i.  The flow through an SMV mixer is continuously divided due to the complex

structure of the mixer where stacked sheets intersect at different Igcation

ii.  The radial distribution of the flow is promoted due to the relative position of two
adjacent sheets that divert the flow in opposite directions

iii.  Swirling structures and vortices are created behind the touching points of two
adjacent layers and in the watdethe mixing body which further promotes the
radial distribution of the flow

iv.  The complex swirling structures are advected by the flow and prevail over
extended distances downstream of the mixing section which delays the re

establishment of the fullgevdoped velocity profile.
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6.2 Mixing Efficiency
In the following sections, the dispersive and distributive behavior of the Sulzer
SMV mixer is qualitatively and quantitatively assessed based on different parameters

namely, the extensional efficiend@pV, the aeal distribution and the M parameter.

6.2.1Dispersive Mixing: Extensional Hiciency

The axial variation of the areseighted average extensional efficiency for 4
SMV elements at different Rg:is depicted irFigure30and an illustration of its
distribution at different planes normal to the flow direction gipgge30,000 is shown in

Figure31.
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Figure30 Axial variation of the extensional effimey fora 4SMV mixer atvarious
Ré&vipe
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One cannot but notice that the velocity has almost no impact on the dispersive
behavior within the mixer as reflected Bygure30 which reflects patterns that are
guantitaively and qualitatively the same. This observation is further confirmed by the
average values ofidisplayed in the rectangular boxesFigure51 and that show
almost no variation in the value &f Ureachests highest value at the entrance of the
15! mixing unit since the fluid is subject to elongation as it crosses the narrow channels
of SMV (cf. the contour plot at‘g: 0 inFigure31). The value ofUthen sarts to
decrease until the flow reaches the second element beyond which the pattern becomes
repetitive. At the entrance of th&92ind subsequent elements, less pronounced peaks of
magnitude 0.6 are observed and this is further illustrat€dyure31, where at. 2: 0
the highest values oflare only seen around the sharp edges and the touching point of
the plates. Within the elements, the valueli$ close to that of a shear flow. This was
expected since the flow within the elements undergoes simultsmettion and
elongation under the effect of the developed vortices and as it crosses the narrow

passages formed by two adjacent sheets, respectivelidafe29b).

As the fluid leaves the mixing section, imdual decrease in the value Of<
0.5) is observed, however, a value of 0.5 was never reached even at the exit of the
investigated pipe. This further confirms the sl@govey of the fully-developed flow
described in Sectiof.1.2and isdue to the rotational nature of the flow downstream of

the mixing elements. A purely rotational flow is characterized byhat approaches 0.

The contour plots of the downstream regioifrigure31 show that jus
downstream of the last mixing element@kt0.5, regions with high values dfare

present indicating that the fluid particles are still beirmmgated as they exit the mixer.
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This is expected since, in this region, the axial velocity profiles disterted
and hence velocity gradients are large fojure29%). It can also be noticed that further
downstream, red and yellow blobs that reveal that highly dispersive regiexist
These blobs are locatetithe same region between the two large swirling structures
reported inFigure29a. This indicates that the fluid is being squeezed and deformed by
the two counterotating vorticesThe presence of regions wherapproaches 0 in the
downstream section can also be observed notably at Iocaﬁms 7KHVH UHJLRQV

indicate areas where thigiifl elements are being rotated

Mixing Section
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Figure31 Contour plots of extensional efficiency at different locations through the
SMV static mixer at Rge=30,000

10z



6.2.2Distributive Mixing: Coefficient of Variation and Aerial Distribution

The axial variation o€oVfor 2 and 4 elements is shownkigure32a27b, and
the distribution of the mass fraction of the traceRa#p,e=5,000 and R&=30,000 are

displayed inFigure33.

As can be seen frofigure32, the fluid exits the first mixing element partially
mixed with aCoV of approximéely 55% and 47% at Rg=5,000 and 30,000. This
slightly enhanced efficiency at higher velocities esdimcause the particles inside the
separate channels are mixed by convection rather than diffi@msequentlythe
mean radial velocities created thye deviation of the flow in opposite directions and the
transverse flow created by the induced vortices are responsible for this behavior. The
effect of radial mixing can be clearly discernedrigure33 at theexit of the first
element where horizontal mixed layers are observed. The next element is rotated by 90°

so that the homogenization occurs in the vertical direction.
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Figure32 Axial Variation of CoV in aSMV mixer comprisinga) 2 b) 4unitsat
different Re numbers
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Figure33 Contour plots of the mass fraction of the secondary fluid in an SMV mixer
comprising 2 elements for Re=5,000 and Re=30,000

At the exit of the mixing section, ti&oV continuedo drop under the influence
of the increased intensity of turbulen@aroui et al., 1998and the trasported
vortices, the desired degree of homogeneity (Le\/ < 5%) is achieved after 1D for
Reipe > 5,000 and after 2D otherwise when 2 elements are used. When considering the
4-element configuration, @oVvalue that is slightly larger than 5% was iead at the
exit of the & element before it drops to < 5% after tifeelementfor all the Re values
These findings can imply that the use of 2 elements (with an additional empty pipe
stretch downstream) may be deemed sufficient to achieve a good degrieang
without the need for the added operational cost that would arise by inserting additional
mixing units.The results are further confirmed by the aerial distribution bar graphs
represented ifigure52in Appendix 2. Thes plots clearly shows that downstream of
the mixingsection the homogeneity is drastically improved afte2[1 of the mixing

sectionfor the 2element configuratioat both Re numbewhereas a fully
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homogeneous system is obtained directly at the exiiteofixing section of the-4

element configuratian

The effect of the flow velocity on th@oV at the outlet of the mixing chamber
for a 2 and 4element mixer configuration is representedrigure34. It shoud be
mentioned that the mixing chamber also compris&l3 ampty pipe section
downstream of the last mixdfigure34 shows that th€oV valuesare quasconstant
and fluctuate between 1 and 289en Regipe varies etween 5,000 and 10,0@0the 2
element onfiguration..The CoVat the exit of the mixing chamber of theelement
configuration seems to drop betweeniRe 5,000 and 10,00®efore increasing again
beyond Rgpe = 10,000.. However, this effect caretneglected as this case, th€oV

varies between 0.14 and 0.58% at Re = 10,000 and 30,000 respectively.
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Figure34 Variation of the CoV athe exit of the mixing chambef SMV with Reipe

25000

6.2.3M-Number

To further assess the effexftthe number of elements and the flow velocity on

the mixing performance of an SMV static mixer, the M number was evaluated at a plane
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located at 4D downstream of the last mixing elenagctits variation with Rgeis

represented ifigure35.

It can be easily discerned fraangure35 that a 2element configuration is more
efficient than a 4element configuration since higher M numbers are obtaifi@dis

due to thdact that the former configuration can achiemally-mixedsystem at lower

energy losses.
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Figure35 SMV M-numbervariation withRepipe
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CHAPTERY7

NEW VARIANT OF SCREW-TYPE STATIC MIXER:
HYDRODYNAMICS AND MIXING EFFICIENCY

7.1Hydrodynamics and Model Validation
In this Chapter, the hydrodynamics of the singhase flow through a novel
hybrid static mixer that consists of an arrangement of alternating dyysestatic
mixers and inserts is characterized, and its impact@miking efficiency is
investigated in Section.2 Due to the large computational cost imposed by the
presence of plain woven meshes that requires high levels of refinement, the analysis
was restricted to 4 ements. For this purpose, the simulations were carried out at 4
different Rgipe Numbers spanning a range between 5,000 and 30,000 and corresponding

to Re of 179 and 1,072

7.1.1Pressure Drop and Model idation

Because of the lack of experimental datatifier newly proposed geometry, the
pressure drop values across the screens alone were used to validate the ability of the
model to correctly predict the flow behavior through the novel mixer. For this reason,
the hydraulic Fanning friction factor was comguitaccording to E¢32) and compared
against the available literature data:

$2%D° &g
B L tég . (32)




In the above equation,is the screen thickness aiscequal to 2l§Azizi, 2019) and
& L rauxstVvl . The overall pressure drop across a tubular reactor/contactor
equipped with STSM results from the frictional losses induced by the fluid as it crosses
the screens besides the losses generated at the tuljelatehi & Azizi, 2018)
Therefore, the pressure dropZ, across one screen can be calculated as follows:
Zel "9F 20 F 25340 (33
Typically, in mixers that only comprise STSMggand 2; are the areaveighted
average static pressures a thlet and outlet of the mixing section, respectively, and
25 a5 ¢is the pressure drop across an empty pipe of the same length as the static
mixer. However, in the current study, since the mixer comprises additional inserts that
are placed at distance of 0.&downstream from the center of the screeqgnd 2
were evaluated at two planes located at &@pstream and downstream of the center

of the screen, respectively.

Quantifying the pressure drop across STSM has been one widin aspects
tackled in the studies related to flow through screens. Hence, pressure drop
measurements and a couple of correlations can be found in the literature. However, the
values of the hydraulic Fanning friction factor computed in the current stedy
compared against only the correlation of Azizi (2019) represented (@45cand the

results are shown iRigure36:

tté
%LWgLsErmry{ (39

7KH ODWWHU FRUUHODWLRQ ZDV XVHG VROHO\ EHFL
with the literature data. The author derived it using datacthadrs60 different screen

geometries atha wide range of flow conditions (Re27-7600) and tested it against a
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total of 1700experimental data points that were either obtained in his study or extracted
from the literature. However, the author claimed that a deviatid@wof * should be
alwaysexpected when employing this correlation. To account for this, two dashed lines

representing these limits were plottedrigure36.
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Figure36 The Fanning Friction factor of the screetena compared to the correlation
of Azizi (2019)

It can be clearly discerned froRigure36 that simulated data compare well with
the correlation of Azizi (2019) with the average and maximum relative errors&éing

and 14.4%, respectively.
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7.1.2Pressure and Velocity Btributions

The axial distribution of the aremeighted average static pressure along the
mixer length is plotted iffigure37a. The axial position was rené@ernondimensional
by dividing by the tube diametsuch that. UL :<Fs;o& The grey dashed lines
indicate the axial position of the screens centers whereas the redatteshlines point
to the positions of the leading and trailing edges of thertsisFrom this figure, the
repeatability of the pressure profile along the mixer length can be clearly diseedhed
RQH FDQ FRQFOXGH WKDW WKH SUHVVXUH ORVVHV DUH
A closeup on the region around thed3nixing unt limited by the green dashed
rectangle is shown iRigure37b. This figure clearly shows the major pressure losses

and recovery regions as the fluid passes through the screen and/or inserts.

Accordingly, the presse profile inFigure37 can be divided into 4 main

regions:

1. Aregion of pressure loss around the screens: The pressure drops significantly in
this region. This drop is a result of the flow accelerating as itstiterapertures
of the screens because of the sudden reduction in the effective flow area. This is
further illustrated by the highelocity jets that emerge in this region as

represented by the contour plots of the axial velocifyigure38.

2. Aregion of pressure recovery downstream of the screens: As the fluid exits the
screens, it starts to gradually decelerate as the individual jets start to coalesce.
However, this is not sufficient to fully recover the lost presss is obvious in

Figure37b and commonly agreed upon in the literature. The pressure starts

11C



plateauing after a very short distance from the center of the screens and extends

up to the entrance of the flaps.

. A regon of pressure loss along the length of the flaps: Again as the fluid passes
through the narrow throat of the flaps or the constricted regions between the
flaps and the wall of the pipe, the pressure steadily decreases until reaching their

trailing edgesThe same explanation adopted in region 1 applies here.

. A region of pressure recovery downstream of the flaps: At the exit of the flaps,
the pressure starts to increase but in a slower fashion compared to that observed
in region 2. This slow recovery isid to the behavior of the jets leaving the

flaps. This could be perfectly discernedrigure38, where the flow

downstream of the flaps is not entirely decelerating unlike the jets leaving the
screens in a paralland similar fashion. While the part of the fluid that is

leaving the throat of the flow starts decelerating, the parts confined between the
wall of the pipe and the trailing edges of the inserts start accelerating which
slows down the pressure recovefe pressure recovery is further hindered by

the presence of the screens downstream of the flaps.
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Figure37 Axial distribution of the areaveighted average static pressure (a) along the
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Figure38 Axial velocity contour plot at the centrgt planeof the new mixeat
R&ipe=30,000

7.2Mixing Efficiency
7.2.1Dispersive Mixing: ExtensionaEfficiency
Figure39a represents the axial variation of the anegghted average
extensional efficiency for the novel geometry of STSM at varioygdralues.One
cannot but notice that repeatable patterns are obtained for the 4 tested cases which
sugess WKDW WKH GLVSHUVLYH EHKDYLRU ZLWKLQ WKH PL
clearly seen that these patterns are quantitatively and qualitatively the same for all the

tested Re numbers except forpRe5,000
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Figure39 Axial variation of the extensional efficienégr 4 mixing elementsf the new
mixer a) at variousReipe, b) zoomed around thé*Bybrid element

To better analyze these profiles, a clogeview of the region near th&'3
mixing element as wellssthe &' screen alone are depictedrigure3%. The plots for

Re&ipe= 10,000 and 20,000 were omitted from the figure since no considerable
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difference was noticed at these 2 Re numbers and‘ker8en was useas a

representative unit.

Three major peaks can be clearly discerned fragure39b: two sharp ones
around the screen and a broader one spanning the region occupied by thiectapise
clearlydiscernedhat Udecreases beforetits its highest valueU  r 4w just
upstream of the screen center for both Re numbersisldhige o the rotation oftie
fluid elementdeforebeing elongatedsthey enter the screen apertu¢agizi et al.,
2022) The rotaton is more pronounced at fge 5,000 than R&e =30,000, probably

because at lower velocities, the flllas more time to rotate.

As the fluid crosses the screéime flow attempts to revert back to a simple shear
IORZ L H before peaking agndownstream of the screefhis new
elongation/stretching region most probably coincides with the location of coalescing
jets as they exit the woven mesh. One can clearly observe that the location of this
downstream peak shifts to the right as Re iresawhich might further explain the fact
that at larger velocities, the individual jets exiting the screen require a longer distance
before they coalesce agaifhe value ofUthendecreases again t#0.5 before
increasing again as the fluid prepares to enter the constricted space between the inserts
downstream of the screen. The extensional efficiency reaches a new maximum value of

DW WKH OHDGL QBeyoal WHicR it stErks b ¢rapviaiytéciéase

towards its 0.5 value at the trailing edge. Due to the fact that fluid elements accelerate to
pass through the narrow space between the leading edges of the inserts, and this
acceleration continues in the neeall regions where the available flow area diminishes
DV WKH IOXLG QHDUV WKH WUDLOLQJ HGJHV RI WKH LQV

the complete length of these inserts.
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Downstream of the trailing edge of the flaps, the valu&dfops gradally to
reach0.5 andmaintains this quagionstant value until it approaches the following

mixing element and a similar trend restarts.

These results clearly show that the dispersive behavior of the woven meshes is

further enhanced by the use of theserts.

7.2.2Distributive Mixing: Coefficient of \ariation and Aerial Distribution

Distributive mixing was studied by analyzing the evolution of both the
coefficient of variation and aerial distributions in the current mixer. The axial variation
of theCoValong the mixer length as well as the effect of changing Repipe on its value
at the outlet of the piparedepicted inFigure40aFigure40b, respectively. The dotted
red lines are placed at&downstream of the center of each screen,1(e85&from the

trailing edges of the flaps and midway between two consecutive screens.
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Figure40 Axial variation of CoV in 4 mixer elements the new mixen) along the
mixer length b) at the exit of the mixing chamber at various,Re
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The evolution of the aerial distributions are also showrigare41 at different
axial locations for Rge= 5,000 and 30,000. In these plotsxStands for the axial
position of a plane that is similar to that of the red dotted lines placEdjore40a, i.e.

SF1 stands for the midway plane between thantl 2¢ screens, etc.

As can be discerned fmoFigure40a, the flow velocity has a great impact on the
distributive mixing in the novel geometry. However, this impact weakensygt Re
P10,000. Infact, at lower velocities, the fluid particles reside foorger period inside
the mixer and therefore have more time to interact with each other. This effect could be
further illustrated irFigure40b, where an increafeom 10.35 to 7.5%n theCoV
value at the outlet dhe mixing chamber is noticed whenpggincreases from 5,000 to

30,000.

Re =5,000 Reépipe = 30,000

Figure41 Discrete distribution of the aerial distribution of the mass fraction of the
tracer in the new mixer at Re=5,000 and Rgpe=30,000

From the current data, it can be deduced that the first element does not

significantly improve the homogeneity of the mixture as indicated by the high values of



CoV. This is also reflected by the aerial distribution of the masddraat SF1, where

less than 5% of the entire cressction is fullymixed, i.e. has an intensity of mixing

{w "at the reported Rge As the fluid travels further downstream in the pipe,Go¥
keeps on dropping until reaching a valuelof * and the hormgeneity improves
dramatically after at Reipe= 5,000 (cfFigure4l, SF3 at Rgpe= 5,000). This is
expected since the flaps, in two adjacent elements are rotated by 90° to each other so
that the flow is akrnately diverted in the horizontal and vertical directions.
Consequently, the radial distribution of the tracer elements is improved. This effect,
however, diminishes at higher Re numbers where |@w&fvalues are obtained at the

exit of the mixing seabn.

Downstream of the last mixing element and afiige 30,000, theCoV
continues to drop but in a slower fashion as indicated by the aerial distribution where a
slight variation in the mixing efficiency after $i5 observedin general, the
distribuive mixing is improved because of the presence of the flaps and not the screens.
Since these flaps are spaced, one therefore can expect their effect to be concentrated in
their vicinities. This observation clearly indicates the need for optimizing andhimgtc
the geometry of the mixer to the flow conditions. For example, a longer insert and/or
longer intermixer spacing might be required at higher Re values to obtain more

efficient distributive mixing.

7.2.3M-Number

TheCoVresults analyzed in the previous ts&c are further confirmed ifable
11where the M parameter, along with, a5 2 CoVand theCoVin an empty pipe,

CoVpipe, Of the same geometrical aspects as the mixer are listed.
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As can be seen, the-number decreases asplg@ncreases similarly t€oV.
For instance, the novel mixer 8% as efficient as an ideal mixer atke5,000,
whereas this efficiency drops to 59% apiRe30,000. This is expected since a better
homogeneity is achieved latver energy cost at lower Re numbers (cf. columns 3 and 5
in Tablel11). However, as suggested by the authors (Medina et al. (2019)), one should
also take the value af, ,into account as it reflects how much potential is left for the
mixer to improve the efficiency of the system. In the current study, the values of the
latter parameter are extremely low even at the highest Re number and show that most of
the work isactually done by the empty pipe instead of the static mixer, even though the
values ofCoWipe Show the opposite, especially for the highest flow conditions. It is
worth mentioning that these results are obtained for a pipe length8adrid®according
to the literature an empty pipe of :200&length is required to achieve a fullyixed
system(Karoui et al., 1998; Lang et al., 1995; Paglianti & Montante, 208 refore a
iy & 4.7% seems to be not reaable and the Miumber cannot be relied on for an
accurate evaluation of the mixing efficiency Therefore, this parameter will not be used

later to compare the performance of the three mixers

Tablell fizas 2 M parameterCoVandCoVpipe at 4&downstream of the mixing
chamber for thenodifiedgeometry of STSM

Raipe Oy ¢ ol E; number  CoV (%) COoVhipe(%0)
5,000 0.047 2,438 0.976 0.68 25
10,000 0.034 8,473 0.889 5.84 22
20,000 0.115 30,886 0.742 8.15 39
30,000 0.254 66,846 0.593 9.04 56




CHAPTERS

COMPARISON BETWEEN HE THREE STATIC MIXERS
INVESTIGATED IN THISSTUDY

In this chapter, the performance of Kenics, SMV, and the modified stypen
static mixer is compared from both a mixing and energyieffay perspectives. For
this purpose, all the configurations studied in the previous chapters were considered and
compared based gessure dropgzoV, and extensional efficiency. To reduce the
clutter, the various mixer configurations were renamed basé¢dedr geometry anthe
number of elements. For exampleiKénics stands for a Kenics mixer that consists of 6
HOHPHQWY HWF« $00 WKH FRQI4 @ U W tdn@ridal YH D GL

empty pipe stretch downstream of their mixing sections.

8.1 Pressure Drop
The pressure drop across the various geometries is plotéglire42a at
differentpipe Reynolds numbers. Accordingly, the following observations can be

deducedaccordingly:

1. When the performance tfe 4element configurations (i.e-Kenics, 4SMV
and 4Screens) is compared, it can be clearly discerned that for all the tested Re
values, the pressure losses across the novel geometry are the highest and those
generated by Kenics are the lowé@ste pressure dropaluesacross the £TSM
mixer are~1 and3 times highethanthosegenerated by the mixers comprising
the same number of units of SMV and Kenics, respectively. One may at first

attribute these huge discrepancies to differences in the lerfgtiestbree
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geometries, i.e.go 4 g a B EI7 MM, . g7j £7= 158 mm and. g» ¢ £~ 330 mm.

However, it is not the case because the novel hybrid geometry, unlike the two

others, does occupy a small fraction of the total length of the housing and the

losses generatedrass the empty pipe, in this case, are negligible compared to
those induced by the static mixer itself.

2. The pressure drop across the new mixer geometry is substantially impacted by
the geometry of the screens. Accordingly, the use of a lower solidityrwove
mesh would therefore positively impact the pressure losses across this mixer.

3. Thepressure drop values acr@MV are greater than those generated by
Kenics even thougthe former geometry imore compact in size, where an
SMV element is ~1.5 times shertthan a Kenics one. In fact, the pressure
losses across any SMV configuration, are on avesagdime higher thathose
across a configuration containing the same number of Kenics mixers over the
tested Re range. One is also referre@igble12 thatsummarizes the main
results of this investigation.

These observed differences could be attributed to differences in the void
fractions of the various geometries. The screens alone have the lowest void fraction (
0L r&s”) comparedto SM\{ 6 L r&x )andKenics (6 L {w’). Flows are more
hindered in volumes with high solidity, i.e., loand result therefore in higher

pressure drops which explains the observed trends.

For a fairer comparison, the pressure drapsga static mixer could be
expressed in terms of a dimensionless quantity such as the drag coefficiem, latter

coefficient is equivalent to the ratio of total pressure drop across a static mixer to the
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dynamic pressure of the fluid flowing thigiuthe mixer(Azizi, 2019; Habchi & Azizi,

2018)

- L
S 3
Epe (39
In other words, it is the ratio of the pressure forces to the inertial forces and it
measures the resistance of the flow. The drag coefficient was calculated based on the
pressure drop for one mixingit and plotted for the different designsHigure42b. It
can be clearly discerned tHagure42b confirms the previous observations where the

novel geometry seems temerate the highest pressure losses among all the designs

followed by the screens, then SMV and finally Kenics.

Figure42 Pressure losses across the investigated geometries at diffeggsnfaRen
terms of pressure drop2across the entire volumand (b) in terms of drag coefficient
;- ;for one mixing unit
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8.2Mixing Performance

In chapters 4, 5 and 6 four parameters, namely the extensional effi¢teacy
coefficient of variation, the aerial distribution and Menumber wereemployed to
characterize the mixing efficiency of each desigimce the aerial distribution rendered
results that are similar ©oVwhile theM-parameter proved to be not reliable, the
comparison of the mixing efficiency was based here on onlgxtensional efficiency

and the coefficient of variation.

8.2.1Extensional Hficiency

In order to compare the dispersive behavior of the three investigated geometries,
the axial variations of the aregeighted average extensional efficiency of thendt
configurations were overlaid on the same plotEigure43for the two extreme Re
values. To accomplish this, the axial position for each mixer was rendered non

i 215

dimensional by dividing by the length of one mixing eégrihsuch thatV Lx where

<YL rcoincides with the axial position of the leading edges of treleiments in

Kenics and SMV and the center of tiféstreen in the novel mixer geometry. The
element length, 4 is taken as the intexcreen spacmin the novel geometry to account
for the downstream effect of the screens and the inserts. Grey dotted lines pointing to
the entrance and exit of the mixing units and green solid lines indicating the value of a

shear flow: E28J L r & are also plottedn the same figure.
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Reépipe = 5,000

Repipe = 30,000

Figure43 Axial distribution of the areaveighted average extensional efficiency for
Kenics, SMV and the novel geometry of scrégme static mixer at Rge= 5,000 ad
30,000

These plots show that both Kenics and SMV feature a major peak of magnitudes
of 0.75 and 0.88, respectively, at the inlet of the mixing sections and less pronounced
ones at the entrance of the subsequent elements and whose magnitudes are slightly

higher for Kenics (J10.7 and 0.6or Kenics and SMV, respectively). Nevertheless, the
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novel mixer shows a different trend since repetitive patterns with three major peaks
prevailing around the screémserts regions can be observed Fefjure39 for a close

up view around the peaks). The highest peak of magnitude ~0.95 is encountered just
before the entrance of the screens and the two slightly less important ones are found at a
very short distance downstream lbétwoven meshes and at exactly the leading edges

of the inserts (3-0.8 andD.85 respectively,

Elsewhere within the mixing units, the extensional efficiency values are the
highest for Kenics and this observation is more pronounced at higher Re values as
indicated by the profile at Rg.= 30,000 compared to thatR&ipe= 5,000. However,
for SMV these values slightly fluctuate and approach the value of a shear flow with
almost no noticeable variations at the various displayed Re cases. As for the novel
geometry, the flow within the mixing unit downstream of thditrgedges of the
inserts is highly dependent on the fluid velocity as it becomes highly rotational at lower
velocities upstream of the wire meshes. This is due to the fact that the flow is not
continuously within the mixer boundaries but it flows in ampéy pipe and needs to
rotate before it flows through the approaching screersgftion7.2.1). Downstream of
the mixing sections, the values tfrop in all the configurations but in a more

pronounced fasbn in Kenics especially at the highest Re number.

One can therefore conclude that the three configurations exhibit excellent
dispersive behavior at their leading edges while the best results are being achieved by
the novel geometry followed by Kenics athén SMV even though SMV shows better
performance than Kenieg the entrance of the mixing section. The addition of the
inserts in the hybrid geometry rendered the mixer more dispersive as revealed by the

enhanced values ditthat are no longer limited to the near screen regions, however they
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now prevail over a larger region that extends up to the trailing edges of the inserts.
Similarly, the fluid particles in Kenics, precisely at high Re values, are subject to
continuous dformation and elongation as they flow over the twisted tapes as indicated
by the relatively high values dflcovering larger regions of the mixer compared to

SMV. In the latter mixer, the highly dispersive regions are limited to the entrance and
transiton zones between consecutive elements. However, one should always recall that
the average values ddmay mask sometimes the presence of higligpersive regions.

This is for example highlighted by the contour plots of the extensional efficiency
revealirg regions with high values dflat the interface between the countatating

pair of vortices downstream of the mixing section of SMV Fajure31).

The observed distinct patterns bfre attributed to theifferent flow patterns
induced in these three geometries. In short, the highly dispersive regions corresponding
to high values ofUin Kenics are mainly encountered in the regions of flow reversal and
high velocities prevailing in approximately the fil$8 length of the element, however

they prevail in the confined and higlelocity regions of the screens and SMV.

The extensional efficiency results were further quantifigéigure44a and44b
that depicthe volumetric cumulative distribution of the extensional efficiency for the
different geometrieat Reip,e= 5,000 and 30,0Q0@espectivelyThis representation
allows a more comprehensive comparison of the dsspgeefficiency of the various
geometry Haddadi et al. (202D) The ordinate values represent gegcentof the entire
mixer volume that has an extensional efficiency greater than or equal to the values

indicated by the corresponding abscissa.
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It can be clearly noticed from the above graphs that the extensional efficiency is
higher than 0.4 in the entire volume of the novel geometry and SMV but in only ~ 70%
of the Kenics mixer for both Re values. This shohat the flow is more rotational in
Kenics than in the two other geometries. EbR r &y the percent cumulative volume of
SMV is always lower than that of the two other geometries at both Re values which
suggests that SMV is less dispersive than the thera@eometries under the tested Re
range. This is expected because extensional flows in SMV coexist only around the walls
of the channels and in the narrow passages between the corrugated sHegts¢cf.

31). Nevertheless, rotational flowsl{ O r & predominate elsewhere, i.e. inside the

open channels and downstream where vortices are found.

Figure44 Volumetric cumulative extensional efficiency for the different desigia)at
Re&ipe = 5,000 andb) Reipe = 30,000 over the entire mixing chamber

On the other hand, one can notice thatrféwO U O r & \the curve of Kenics at
Reipe = 30,000 always lies above those of the novel geometry with 40% of the entire
volume of Kenics is beingoveral with r & tO U O r & ywheras this same range af

is encountered in only 5% of the novel geometry vol(Rigure44b). Values of U P



r & vare more frequent in the new mixer than in Kenics wheredbegr10% of the

entire volume of this rve geometryat both Reipe.

The analysi®f thesegrapts might be confusing at first because it undervalues
the dispersive capabilities of the STSM that proved to be perfect for dispersions and
drop breakup and coalescence according to the litergiaia & Al Taweel, 2011)

One, however, should always recall that the novel geometry, as opposed to the two
other designs encloses large empty sections dominated by rotational flow which might
be afecting the results. For a fair comparison, the same gitiwn inFigure44 are

now reproduced tooveronly the region of the mixers occupied by the mixing units,

and the results are depictedrigure45s.

Figure45 Volumetric cumulative extensional efficiency for the different desigia)at
Raipe = 5,000 andb) Reipe =30,000 over the regions of the mixers occupied by the
mixing units.

The graphs irrigure45 perfectly show that the optimized geometry of the
STSM outperforms its two counterparts in terms of dispersive behavior, since for high

values of U:BA4J P ravw & O U O s;the curve of STSM is alway top of the
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two others for both Re numbers. However, this outperformance is less important at high
Re numbers as can be seen fiiéigure45. On another note, it is worth mentioning that
the flow conditions seeito only affect the dispersive behavior of Kenics where better

efficiency is realized at the highest Re value.

8.2.2CoV

To compare the distributive efficiency of the three designs, the variation of the
CoVat the outlet of the mixing chambers for the varioudigarations over the tested
Reiperange is depicted iRigure46. First of all, it can be clearly seen that apiRe
5,000, all the mixers exhibit perfect mixing K ® w ). Beyond this Re value, the

variousconfigurations reveal distinct behaviors.

Figure46 CoV at the exit of the mixing chamber for the various configurations versus
Ré&vipe

In the new mixer, the distributive mixing efficiency seems to diminish with an
increase iRejpe Where theCoVvalues increase from ~ 0.5 to 8% asiR@&creases
from 5,000 to 30,000. This is expected since at low velocities, the fluid particles have

more time to change their spatial location which confirms the ascending tr€od/af

12¢



Re ncreases. This trend was also observed in$8M¥ (for Reipe > 10,000) and the
2-Kenics configurations. In reality, th@oV values, for all the geometries except for the
novel one, are quasbnstant over the tested Re range, and values < 5% wereyalread
reached in all the geometries except for the novel geometry anekibiei& mixer (cf.

Tablel12).

The improved distributive mixing efficiency of SMV and Kenics compared to
the novel geometry can be attributedhem being prevalent over the total length of the
mixer, as opposed to the novel geometry where two consecutive elements are spaced.
The flows in the conventional geometries are constantly split and rerouted and
secondary flows that proved to be crudalthe distribution of the fluid particles across
the mixers, are continuously induced which fosters the distributive behavior of these
mixers compared to the novel geometry. However, for the same number of units, SMV
results in loweCoVvalues than Kens. This could be attributed to the inherent
geometry of SMV which encloses corrugations and folded plates that imposes longer

paths for the particle to cross.

On another note, theenics mixer and the-3MV mixers have comparable
distributive performaces as they show almost no differences in tieV values that
fluctuate around the value @b K B sa@v "over the tested Re range. In general, the 6
Kenics mixer achieved the lowdgSbVvalues over the entire Re range, however could
be compared to the @MV mixer as they were both able to reduce@o&/to values

less than 0.5%.
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8.2.3Global Comparison

To perform a global comparison between the considered caseX, K@ 5D
downstreanof the mixing section for each configuratiasas plotted against the

pressure drofor that respective geometry at the tested Re vatuEgure47.

It can be noticed that the novel geometry is the least efficient geometry at high
velocities in distributive mixing as revealed tne combined higitCoVand 2values at
high Re. On the other hanithe 2SMV and the 4Kenicsmixer present the optimal
solutionfor the distributive mixing problem¥Vhen these two configurations are
compared to the-8MV and the &enics mixes, one can notice that the mixing
efficiencyin these two mixers is slightly improved, but this improvaimeas
counterbalancedy high-pressure drops$-or instance, at Re = 10,000, eV values at
the outlet of 2SMV, 4-Kenics,4-SMV, and 6Kenics are 1.231.63,0.12 and 0.27%,
respectively whereas the pressure drops were approximately twice lowefiratthe
geometry. This slight decrease in theV at the cost of excessive energy consumption
is irrelevant sincavalue ofCoV< 5% is deemed acceptable for most industrial
applicatiors. As for the ZKenics mixer which is twice more energy efficientriliae 2
SMV mixer, theCoVvalues at its outlet fluctuate around%. This suggests that this
configuration could be used as an effective alternative for the proposed geometries if a

long empty tube section is added downstream.
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Figure47 CoV of the various configurations verdsiie pressure drop they generat

To further highlight the differences beten the three geometries from an energy
efficiency perspective, theéoVwas plotted against the amount of energy ingautunit
volumevolume : , ;in Figure48where is computed as followgAl-Hassan et al.,

2021)

2H3 (36)

Where 2is thetotal pressure drop across the mix& 2 =
3is the volumetric flowate :1 7 Q&

V is the total volume of the mixerl :
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It can be clearly discerned th&enicshas the best pirmance among the three
geometries since it can achieve the desired degree of homogeneity at low energy
expenditureAt low Re numbers, SMV and the novel geometry exhibit almost similar
performance however the novel geometry has the advantage of impiloeidigpersive

mixing at the same time.

Figure48 CoV of the different mixers versus the amount of the energy input in unit time
and unit volume
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Table12 Table summarizing the results o, UandCoV for the various configurations investigated in the current study

2-Kenics

xLUYa*

2-SMV
xL U0 &

4-Kenics

xLUag-"

4-SMV
xLUp&*

4-NM

xLOUW

6-Kenics

xL UYR"

Repipe

2 | ey CoV

G237 () (%)

2 | eyd CoVv

G241 (- (%)

2 | eyd CoVv

G241 (v (%)

2 | ey CoV

GZ(-) (%)

2 | ey CoV

G237 (-) (%)

2 | ey CoV

:G2; () (%)

5,000

0.24 | 0.56 |5.11

0.56 | 0.53 | 1.35

0.58 | 0.56 | 1.83

1.12 | 0.53 | 0.28

2.44 1 0.67 | 0.52

0.92 | 0.56 | 0.36

10,000

0.93 | 0.57 | 6.33

195 | 0.53 | 1.23

2.18 | 0.57 | 1.63

388 | 0.53 | 0.12

8.48 | 0.69 | 5.24

3.51 | 0.57 | 0.27

15,000

2.03 | 0.58 | 6.46

4.09 | 0.58 | 1.55

4.78 |1 0.58 | 1.39

8.08 | 0.53 | 0.24

N/A | N/A | N/A

7.76 | 0.58 | 0.27

20,000

3.56 | 0.58 | 6.60

6.95 | 0.53 | 1.56

8.35 | 0.58 | 1.37

13.7 | 0.53 | 0.38

30.9 | 0.69 | 7.49

13.6 | 0.58 | 0.26

25,000

5.51 | 0.59 | 6.39

10.6 | 0.54 | 1.30

129 | 0.59 | 1.29

20.8 | 0.54 | 0.47

N/A | N/A | N/A

21.1 | 0.59 | 0.24

30,000

7.87 |1 0.59 | 6.11

149 | 0.54 | 1.04

18.4 | 0.59 | 1.09

29.2 1 0.54 | 0.53

66.9 | 0.68 | 8.25

30.2 | 0.59 | 0.21
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CHAPTER 9

CONCLUSIONS AND REC™MMENDATIONS

In this study the performance ohavelmodified geometry of screegype static
(STSM) mixer was compared to two other commerdesdigns, namely the standard
Kenics and the Sulzer SMV mixerBhis was undertakenom a hydrodynamics and
mixing efficiency perspectives. Various configurations were investigated where the
number of mixing units was varied between 2 and 6. For thiopar@dimensional
CFD numerical simulations were carried out in Ansys FlRiantlifferent Rgipe
numbergangingbetween 5,000 and 30,000. The extensional efficiddesas used to
assess the dispersive behavior of the investigated mixers, whereas three other
parameters, namely the coefficient of variatiGoY)and the aerial distribution of the
mass fraction of the secondary fluid in addition to a parameter proposesliterature
known as théV-Number (Medina et al., 2019), were employed to quantify and qualify

the distributive mixing of the three considered designs.

The predicted pressure drop across all the designs showed an excellent
agreement with the availlbliterature data and correlations. The pressure and velocity
fields of the three designs were investigated for each case and the results provided
insights into the mixing mechanisms. The transition region in Kenibibitedflow
reversal, boundary layseparation and formation of secondary flow structures that
proved to have a great influence on the mixing behavior of this mixer. Formation of
vortices at the intersecting points of two adjacent sheets and mean radial velazities
observedn the narrav channed of the SMV mixer andgreatly impactedhe

distributive mixing behavior dhis corrugated mixer. The addition of the divergent
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inserts to the screeype static mixermprovedthe distribution of the fluid elements as

they are forced to changesir direction periodically.

The comparison of the different designs was based on the pressure drop, drag
coefficient( ; U CoVand the amount of energy input per wadtume : ; ;required
by each mixer to overcome the pressure losses acrosg iadtition of the inserts to
the woven wire meshes induces an increase of ~50% in the pressure drop. The new
mixer was found to generate 3 and 1.2 times more pressure losses compared to a mixer
equipped with the same number of elements of Kenics and Sdpectively. This was
further confirmed by the calculated drag coefficient where the average values over the
entire tested Re range were found to be equaktoy wéa x yal vand 11.28 for Kenics,

SMV, STSM and the new mixer, respectively.

The comparisownf the % Kulues at & downstream of the mixing sections
showed a quasionstant behavior over the tested Re range for all the configurations
except for the novel mixer that exhibits an increaskadtB2nd with Re. All the mixers
showed an excadht distributive mixing efficiency at the Re = 5,000 where &€oVof
5% or less was reached. At higher Re values, the novel mixer and the mixer equipped
with 2 elements of Kenics ended up witRaVv> 5%. TheCoVresults of the latter
mixer suggested #t the addition of a longer pipe stretch may lzalpievethe desired
homogeneity level at lower operating costs. Moreover, it was revealed that 2 SMV and
4 Kenics units are deemed sufficient to achieve the desired homogeneity level and the
addition of suplementary units would end up with a negligible increase in the level of
mixedness at the expense of additional pressure losses (100% increase in the pressure

drop).
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The dispersive behavior showed insensitivity to Re numbers through SMV and
the new mixewhereas a better performance was obtained through a Kenics mixer at
higher flowrates. It was found that the flow is highly dispersive at the entrance and the
leading edges of all the mixers, however highly dispersive regions prevail also within
the mixingunits in Kenics at higher Re numbers. Downstream of the mixing section
values of U O r &were encountered in all the designs. This is due to the presence of
rotating structures transported from the mixing section or created in the wake region of
the bluntbodies.The addition of inserts in the new mixer had a positive impact on the
dispersive behavior of the screens where additional volumes withUviggte
encountered over the inserts regions. Overall the new mixer exhibited the best
dispersiveactionamag all the mixer followed by Kenics and then SMV with an

averageUof 0.68, 0.57 and 0.53, respectively.

Recommendations
The current research was limited to numerically investigating the turbulent
mixing of miscible liquids of similar physical proped under a Re range between
5,000 and 30,000. Future works may include:
x Conduct experimental work to further validate the obtained numerical results
X Test a wider Re range and including values lower thap<Re5,000 since at

low velocities the new mixegxhibited excellent performance



X Optimize the geometry of the new mixer. A different woven mesh geometry will
greatly impact the pressure losses actioss. In addition, the impact of
changing the divergent angle of the inserts, their thickness, locatidiength
will also have a major impact on the results.

X Investigae the effect of the fluid density and viscosity on the mixing behavior of
the three units since actual industrial processes involve the use of fluid of
different properties

X Investigake the effect of the geometric properties (i.e. aspect ratio, thickness of

the plate, roughness) on the mixing and energy efficiency of the mixers.
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APPENDIX1

KENICS MIXER

Figure49 Axial distribution of the extensiom@@ HIILFLHQF\ LQ NHQLFV FRQV
elements at different Re numbers



The areal distribution MATLAB code

% This code plots the bar graphs of the aerial distribution of the mass

% fraction of the secondary fluid

D Description-----------==-=-=m-mmmrmm oo

% the excel file Kenicsl=16.37#th=1-Aerial_DistributionrRe=30Kk.xIsx

% contains the mass fraction attie zarea of each cell on the different

% considered crossections. it also contains the average mass fraction and
% thetotal area of the considered cresgstion

%change the Re number in the file's name

%% Clear Data
clearall
closeall
clc
%% Read data
Data=xIsreadKenicsd=16.37th=1-Aerial_Distibution-Re=30k.xIsX);
=1
fori=1:2:14
m(:,j)=Data(:,i);% Forming a matrix of the mass fraction distribution
m=fillmissing(m,constant0);
z_Sarea(:,j)=Data(:,i+19%matrix of the zZface areas
z_Sarea=fillmissing(z_Sareayrstant,0);
Sarea_tot(1,))=Data(1,i+16); total cross sectional area on each cross section
mbar(1,j)=Data(1,i+15)% area weighted average of the mass fraction of the
%corresponding crossection
=i+l
end

%% Setting the upper amolwer bounds of Mass fraction corresponding to X% level of
mixedness

% ux is the upper bound of the mass fraction corresponding te-gxd-X))*mbar

% Ix is the lower bound of the mass fraction corresponding to-%%%d-X))*mbar

u95=(20.95*mbar; 195=0.95*mbar;

u90=(20.9)*mbar; 190=0.9*mbar;

u80=(20.8)*mbar; 180=0.8*mbar;

u70=(20.7)*mbar; I70=0.7*mbar;

u60=(20.6)*mbar; 160=0.6*mbar;

%% Total surface area where X% mixing is achieved

%o--------mmmm e Example mbar=05-----------------mmmmm e

% for X>=95%---> 0.475 <= x <= 0.525

% for 90%<=X<=94%---> 0.450 <=x < 0.475 or 0.525<x<=0.55
% for 80%<=X<=89%--->0.400 <=x< 0.45 or 0.550<x<=0.6
% for 70%<=X<=79%--->0.350 <=x < 0.40 or 0.600 < x <=0.65
% for 60%<=X<=69%--->0.300 <=x < 0.35 or 0.650 <x<=0.70
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% for X< 60%---> x < 0.30 or x>0.70

%------ Defintions of the surface areesrresponding to each X%-------
% X>=95% SA95//90%<=X<=94%SA90//80%<=X<=89USA80//70%<=X<=79
SAT70//60%<=X<=69%SA60// X< 60%SAr

[SA95,SA90,SA80,SA70,SA60,SAr]=deal(zeros(1,7));
for j=1:7
for i=1:size(m,1)
if (m(i,))>=195(j) && m(i,j)<=u95(j) )
SA95(j))=SA95(j)+z_Sarea(i,));
elseif( m(i,j)>=190(j) && m(i,j)< 195()) || (M(i,))>u95(j) && m(i,j)<=u90(j) )
SA90(j)=SA90(j)+z_Sarea(i,));

elseif( (m(i,j)>=180(j) && m(i,j)< 190())) || (m(i,j)>u90(j) && m(i,j)<= u80(j)) )
SA80(j))=SA80(j)+z_Sarea(i,));

elseif( (M(i,j)>=170() && m(i,j)< 180()) || (M(i,j)>u80() && m(i,j)<= u70()) )
SA70())=SA70(j)+z_Sarea();

elseif( (m(i,j)>=160(j) && m(i,j)< 170())) || (m(i,j)>u70(j) && m(i,j)<= u60(j)) )
SA60(j))=SA60(j)+z_Sarea(i,));

else
SAr(j)=SAr(j)+z_Sarea(i,));
end
end
end
% ------- Area fractions Af corresponding to each area as in the previous pait %

Af95=SA95./Sarea_tot;
Af90=SA90./Sarea_tot;
Af80=SA80./Sarea_tot;
Af70=SA70./Sarea_tot;
Af60=SA60./Sarea_tot;
Afr=SAr./Sarea_tot;

%% Plotting the bar graphs

Af=[Af95;Af90; Af80; Af70; Af60 ;Afr]; % matrix containing all the area fractions
[m%;Re]

Af(:,1)=abs(Af(:,1));

figure (1)

Mbar=bar(Af';stacked'FaceColor'flat);

xt = get(g@, 'XTick’);

set(gca,XTick', xt, 'XTickLabel, {'Inlet,'K4','d*=1",...

'd*=2''d*=3'",'d*=4','Outlet}}, 'FontSize'18,FontName'Times new Romaj’

ylabel(Area Fraction'FontWeight'bold','FontSize20,FontName'Times new

Roman’FontWeight'bold);
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ylim([0,1]);

legend('95-100%,;'90-94%:;'80-89%;,'70-79%;'60-
69%,'<60%,'FontWeight'bold,'FontSize18,FontNameg'Times new
Roman’Location; 1 &)
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APPENDIX 2

SMV MIXER
a)
LZ"=0 L2"=1/4 L2=1/3
Lz=2/3 L2"=3/4
b)
=0.5 a*=1.5

L2*=1/2

L2'=1

a*=4.5

Figure50 Planar velocity streamlines colored by the axial vorticity at different planes a)
within the 2nd SMV element and b) downstream of the mixing section=a0R&0
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Figure51$[LDO YDULDWLRQ RI WKH H[8M/OnikerRiQIEfedert | ILFLHQ
Re numbers
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Re=5,000 Re=30,000

2 elements

4 elements

Figure52 Stacked bar graphs showing the discrete areal distribution of the mass
fraction of the secondary fluid in SMV at different locations for Re=5,000 (first
column), Re=30,000 (second column), and for different numbers of mixing units: 2
elements (first rojvand 4 elements (second row)
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