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ABSTRACT

MSc THESIS

INVESTIGATION OF THE PERFORMANCE OF A PULSATILE FLOW
MICROMIXER COUPLED WITH ICEO

Mehmet Melih TATLISOZ

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF BIOMEDICAL ENGINEERING

Supervisor : Asst. Prof. Dr. Cetin CANPOLAT
Year: 2018, Pages: 105
Jury : Asst. Prof. Dr. Cetin CANPOLAT
: Asst. Prof. Dr. Ahmet AYDIN
: Asst. Prof. Dr. Ilyas KARASU

In this study, the characteristics of two miscible liquids are investigated under
pulsatile flow conditions along a microchannel with certain obstruction width
numerically. The types of fluid are defined as Newtonian, power-law, and Carreau.
Although micromixing capability can be enhanced using pulsation and obstruction,
induced-charge electro-osmosis (ICEQO) is needed for acceptable mixing efficiencies at
desired time and length. The ICEO electrode is defined on the top side of obstructtion.
Mixing indexes are plotted concerning the magnitude of external potential difference,
width and length of the obstruction and frequency of pulsatile flow. Streamlines and
concentration maps are presented for various magnitude of external potentials. Mixing
performances during the last period of pulsatile flow are plotted according to the width
and length of ICEO electrode for each external potential difference, as well. The effects
of pulsation frequency on average mixing indexes are demonstrated for various
obstruction widths. It is observed that mixing performance is increased with the
external potential difference due to strong ICEO vortices. However, this situation is not
evident, when an obstruction is present. The extended length of ICEO electrode
significantly diminishes time-dependent variations in mixing indexes. Mixing index is
increased using pulsation frequency until the frequency of f=1Hz and then decreased.
When the obstruction width increases, higher mixing indexes are obtained for smaller
frequency values compared to f=1Hz. As a result, mixing indexes of 99% and 94% are
successfully obtained using correct parameter combinations for Newtonian and non-
Newtonian fluids, respectively.

Keywords: Micromixing, pulsatile flow, induce-charge electro-osmosis,
microobstruction
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YUKSEK LISANS TEZi

ICEO ILE BIRLESTIRILMIS SALINIM AKISLI BIR MiIKROMIKSERIN
PERFORMANSININ INCELENMESI

Mehmet Melih TATLISOZ

CUKUROVA UNIVERSITESI
FEN BiLIMLERIi ENSTITUSU
BiYOMEDIKAL MUHENDISLiGi ANABILiM DALI

Danisman : Dr. Ogr. Uyesi Cetin CANPOLAT
Yil: 2018, Sayfa: 105
Juri : Dr. Ogr. Uyesi Cetin CANPOLAT

: Dr. Ogr. Uyesi Ahmet AYDIN
: Dr. Ogr. Uyesi ilyas KARASU

Bu calismada, iki karistirilabilen sivi engelli mikrokanal boyunca saliniml
akis kosullar: altinda niimerik olarak incelenmistir. Akiskan tipleri Newton tipi,
power-law ve Carreau olarak tanimlanmstir. Salinimli akis ve mikroengeller ile
karistirma performans: arttirilabilmesine ragmen, istenilen uzunluk ve zamanda
kabul edilebilir bir karisma verimi icin induklenmis yik elektroosmosuna
(Induced-Charge Electroosmosis — ICEQ) ihtiya¢ duyulmustur. ICEO elektrotu,
dikdortgen kesitli mikroengelin Ust yizeyine tanimlanmistir. Karisma indeksleri
harici potansiyel fark buytkliugl, mikroengel genisligi ve yuksekligi ile salimml
akis frekansina bagh olarak incelenmistir. Akis cizgileri, ¢ozlnen turlerin dagilim:
potansiyel farklara gore cizdirilmistir. Son periyotta karisma performanslar: her
potansiyel fark icin ICEO elektrotunun genisligi ve yuksekligine gore incelen-
mistir. Sahmm frekans: birka¢g mikroengel genisliginde ortalama karisma indeksi
icin gosterilmistir. Kuvvetli ICEO girdaplarindan 6turti harici potansiyel fark ile
karigma veriminin arttigi gézlemlenmistir. Fakat bu durum mikroengellerin varlig
ile gecerli degildir. Karigsma indekslerinde dalga-lanmalar uzun ICEO elektrotu ile
onemli dlglde azaltilmistir. Karisma indeksi 1Hz degerine dek artmis, sonrasinda
azalmistir. Fakat mikroengel varliginda f=1Hz’e gore dislk frekans degerlerinde
daha yiksek karisma indeksi elde edilmistir. Sonu¢ olarak, dogru parametrelerin
kullanimr ile Newton tipi ve Newton tipi olmayan akiskanlar icin sirasiyla %99 ve
%94 karigsma indeksi basar ile elde edilmistir.

Anahtar Kelimeler: Mikrokaristirma, salinimli  akis,  indiklenmis  yik
elektroosmosu, mikroengel



GENISLETILMIS OZET

Bu calismada, iki farkli akiskan mikrokanallar icerisinde karigtirilmistir.
Karisma oncelikle yalmzca salimmli akis altinda gerceklestirilmistir. Dogas: geregi
srekli hiz blyukligu ve yon degisimi barindirmasindan dolayi, salinimli akis,
karisma verimini arttirabilmektedir. Fakat tek basina salinimli akis ile kabul
edilebilir seviyenin ¢ok altinda bir karisma verimi elde edilebilmistir. Bundan
dolayi, mikrokanal icine bir adet mikroengel yerlestirilmistir. Mikroengel kanal
genisligini azaltarak karismaya katki saglayabilmektedir. Yine de yalnizca
sahmmli akig ile elde edilen karigma verimi cok disuk bir miktarda
arttirilabilmistir. Sonugta, tasarim igin akim gizgileri arasinda ileri seviyede
dizensizlik yaratacak ayri1 bir bilesene ihtiya¢ duyulmustur. Bu da spesifik bir
elektrokinetik olay ile, yani indliklenmis yik elektroosmozu (ICEO - Induced
Charge Electroosmosis) ile saglanmistir. ICEO olayimin klasik elektroosmozdan
(EO) farka ilgili kutuplanabilir malzeme Gzerinde yiikin harici bir elektriksel alan
ile indliklenmesidir. Buna gore, bir elektrolit ¢cozeltisine daldirilmis ve dis elektrik
akimina maruz brirakilmig iletken malzemenin bir yarisinda pozitif yukler
indlklenirken diger yarisinda negatif yikler indiklenir. Sonugta, ICEO akim
cizgisi boyunca es girdaplar Uretilir ve yiksek bir karisma veriminin 6nl agilir.
Akigkan akisina, ayrica, harici elektriksel alan da elektroosmozun olusumu ile katki
saglar. Sonucta, kanal boyunca akis hizi salinimli hiz, basing farki ile olusan hiz ve
elektroosmotik hizin sliperpozisyonu ile elde edilir.

Bu ¢alismanin amaci, ICEO ile birlestirilmis salinimli akis kosullar: altinda
mikrokaristirict  verimlerini sistematik olarak incelemektir. Optimum mikro-
karistirict parametreleri, karisma verimi akiskanlar icinde c¢oziunen kimyasal
tirlerin kanal cikisindaki konsantrasyon degerleri temel alinarak belirlenmistir.
Tasarlanan mikrokanal L=1mm uzunlugunda ve sol sinir1 giris, sag sinirt Gikis
olarak belirlenmistir. Akis, Navier — Stokes ve sireklilik denklemleri ile

modellenmistir. Akiskanin dogasi Newton tipi ve sikistiritlamaz olarak belirlendigi
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icin bu denklemler lzerinde gerekli sadelestirmeler yapilmistir. Cozlinen turlerin
tasinimi, Nernst — Planck denklemi ile modellenmistir. Nernst — Planck denklemi
tirlerin konveksiyon ve diflizyon akilarin: barindirirken, kimyasal reaksiyon terimi
ihmal edilmistir. Ote yandan, sadece salimml akis ile ¢ikisa yeterli miktarda
¢cOzunmis turin tasinamadigr da saptanmistir. Bunun igin salinimli akigin dalgali
hiz degerlerine kararli bir hiz degeri eklenmistir.

Harici potansiyel fark degerlerini belirlemek icin mikrokanal boyunca
cesitli gerilimler, V=10V - 20V - 30V - 35V - 40V - 45V - 50V, denenmistir.
Maksimum salinimli hiz degeri ve Poiseuille akisi ile elektroosmotik akisin
toplamindan olusan daimi hiz degeri arasindaki oran dikkate alinarak secim
yapilmigtir. Bu oramin disuk secilmesi ¢Ozinmis tir tasinimini engellerken,
yuksek secilmesi salimmli akisi baskilamaktadir. Buna gére V=20V, 30V ve 40V
simulasyonlar igin harici potansiyel fark degerleri olarak secilmistir.

En yuksek karisma indeksine ulasmak adina harici elektriksel potansiyel
fark degerinin buyukligl, mikroengelin, dolayisiyla ICEO elektrotunun, genisligi
ve yuksekligi ile salinimli akisin frekans: sistematik olarak degistirilmistir.

Diiz kanalda artan harici potansiyel fark ile karisma indeksinin de arttig
gozlemlenmistir. Bu durum daha yiiksek ICEO hizi, dolayisiyla da daha yuksek
vortisite ile aciklanabilir. Ayrica, en ylksek harici potansiyel fark igin periyot
boyunca karisma indeksinin degisimi belirgin dl¢lide daha kararhdir. Mikrokanala
mikroengel eklendiginde ise harici potansiyel fark ve karisma indeksinin artik
dogru orantili olmadigi tespit edilmistir. Mikroengellerin genisligi ardisik
similasyonlar igin W.=0.01mm olarak arttirilmistir. En dlstk mikroengel genisligi
icin (W:=0.01mm), karisma indeksi yikselse de takip eden genislik degerleri
(W=0.02mm ve 0.03mm) ig¢in azalmistir. Bu geometrik konfigurasyonlar icin
duslik harici potansiyel farklarda yuksek karisma indeksi elde edilmistir. Kanal
boyunca artan blokaj, ¢c6ziinen turlerin tasinmasini 6nleyerek, karisma indeksinin
diismesine sebep olmustur. Kanal boyunca artan basing diisum tarlerin tasinimin

kolaylastirmigtir. mikroengel genisligi  W.=0.05mm i¢in karisma indeksi
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W,=0.04mm degerine gore daha distktir. Bu da kanal blokajinin asir1 artmasi ile
aciklanabilir.

Bir periyot stresince karisma indeksinin degerindeki degisimlerin miktari,
akis hizina 6nemli 6lglde baghdir. Ayni mikrokanal geometrisi ylksek harici
potansiyel fark degerlerinde daha stabil karigma indeksleri gdzlemlenmistir.
Bununla birlikte, daha yliksek ICEO hizina sebebiyet veren uzun elektrot ile de
periyot siiresince stabil karisma indeksleri hesaplanmistir. Uzun elektrotun kisa
elektrota gore bir diger farklilig: ise diisik potansiyel farklar igin daha yiiksek bir
karisma indeksinin elde edilmesidir. Bununla birlikte, uzun elektrot ile artan
potansiyel fark degerlerine gore karisma indeksinin distigi kritik gerilim V=35V
olarak tespit edilirken, kisa elektrot icin bu durum V=30V degerine karsilik
gelmektedir.

Vortisite degeri yukarida ifade edildigi gibi harici potansiyel fark ile
arttirilabilmektedir. Bununla birlikte, ICEO elektrotu lizerinde indlklenen yuk
miktar1 da elektrotun boyutu ile dogru orantihidir. Dolayisiyla, blyik boyutlu
elektrotlar ile daha yiksek vortisite degerlerine ulagilmigtir.

Karisma indeksinin Strouhal sayisina 6nemli 6lglide bagli oldugu
simiilasyonlar esnasinda acik¢a gozlemlenmistir. Bu baghligin birincil sebebi
cozunen tarlerin ¢ikisa tasinma miktaridir. Similasyonlarin tamami baslangigta
f=1Hz ile yurutilmus, devaminda f=0.5Hz, 1.5Hz ve 2Hz ile salimmli akisin
uygulanma suresi sabit tutularak ¢ézimlemeler yapilmistir. Diiz kanal icin karisma
indeksi f=1Hz’lik frekans degerine kadar artan bir egri ¢izmistir. Takip eden
frekans degerleri boyunca da surekli azalmistir. Yiksek frekanslarda ¢dzlinen
tirlerin tasinimi igin sahip olunan slre daha az oldugu gorilmis ve cikis
sinirindaki konsantrasyon degerleri énemli 6lcide azalmigtir. Bu azalma, f=2Hz
degerinde kabul edilebilir seviyenin de altina indigi icin daha ylksek frekanslarda
similasyon yapilmamstir. Mikrokanala mikroengel eklendiginde ise diiz kanala

gore biraz farkl bir sonug¢ alinmistir. Karisma indeksi, f=1Hz degerinin ardindan
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benzer bigimde azalirken, f=0.5Hz igin daha yiiksek bir karisma indeksi elde
edilmistir.

Sonugta, Newton tipi akiskan igin, L.=0.1mm mikroengel uzunlugu,
W.=0.01mm mikroengel yiksekligi, V=40V harici potansiyel fark ve f=1Hz
sahmmli akig frekanst mikrokarigtirici icin  optimum parametreler olarak
belirlenmistir. Bu parametreler ile %99 oraninda karisma indeksine ulasilabilmistir.

Newton tipi akiskan ile similasyonlar sona erdikten sonra Newton tipi
olmayan akiskanlar ile analizlere devam edilmistir. Ayni parametreler, ayni akis ve
kanal geometrisi kosullar1 altinda incelenmis ve sonuclar Newton tipi akiskan
sonuglar ile karsilastirilmigtir. Simulasyonlara V=40V harici potansiyel fark ve
f=1Hz salimml: akis frekans: ile baslanmistir. Power-law ve Carreau modelleri ile
akigkanlar sisteme tanitilmistir. Model parametreleri, literatiirdeki referanslara
dayanarak, kan olarak belirlenmistir. Power-law ve Carreau modellerinden alinan
sonuclar arasindaki farkin cok az olmasindan dolay:, bu calismada verilen
parametreler ile kan akisinin her iki modelle de ¢ozimlenebilecegi ispatlanmistr.
Gunku bu akigkan modellerindeki parametreler kan akisi icin literatlirden Ozel
olarak secilmistir.

Newton tipi olmayan akigkanlar ile elde edilen girdaplar, Newton tipi
akiskan ile elde edilenlere gore her mikroengel yuksekligi igin daha zayiftir.
Bundan dolay1 diz kanalda Newton tipi akiskan ile elde edilen karisma indeksi
Newton tipi olmayana nazaran daha yuksektir. Fakat mikroengel genisligi 0.03mm
degerine yukseltildiginde Newton tipi olmayan akiskanlar igin de mikrokanal
cikisinda Uniform bir konsantrasyon profili elde edilmistir. Newton tipi akiskan
icin ise ¢ikistaki konsantrasyon ortalama degerin altina inmistir.

Newton tipi akiskanda elde edilen girdaplarin daha kuvvetli olmasindan
dolay1 diz kanalda ve mikroengel genisligi W:=0.01mm durumunda Newton tipi
akigkan ile son periyot boyunca elde edilen karisma indeksi Newton tipi olmayan
akiskanlara gore daha yiiksektir. Fakat mikroengel genisligi W,=0.02mm degerine

arttirildiginda Newton tipi akiskan igin karisma indeksi duserken, Newton tipi
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olmayan akigkanlar icin yukselmistir ve sonugta Newton tipi olmayan akiskanlar
icin daha ylksek karisma indeksi elde edilmistir. Bu egilim, mikroengel genisligi
W.=0.03mm degerine yikseldiginde de surddrilmustir. Bu durum, kuvvetli
girdaplarin ¢dzinen tlrlerin tasimimina engel olmasi ile agiklanabilir.

Degisik harici potansiyel fark degerleri de (V=20V ve 30V) sisteme
uygulanmustir. Elde edilen sonuglar bir periyot boyunca ortalama karisma indeksi
olarak farkli mikroengel degerlerine karsilik ayri ayri degerlendirilmistir. Diz
kanalda V=20V icin, Newton tipi akiskan ile Newton tipi olmayan akiskanlardan
elde edilen ortalama karisma indeksi degerleri arasindaki fark ¢ok yuksekken, artan
mikroengel degerleri ile bu fark azalmistir. Hatta en yliksek mikroengel degeri igin
(W.=0.03mm) Newton tipi akiskan ile elde edilen ortalama karisma indeksi degeri,
Newton tipi olmayan akiskan tarafindan asilmistir. Diiz kanalda V=30V ve
W.=0.01mm mikroengelli geometri icin yeniden Newton tipi akiskan ile elde
edilen ortalama karigma indeksi degeri Newton tipi olmayan akiskanlara gore
yuksektir. Fakat aralarindaki fark, onceki duruma gore daha azdir. Nitekim,
Newton tipi olmayan akiskanlar icin ortalama karisma indeksi degeri W.=0.02mm
mikroengel genisliginde Newton tipi akiskam asmustir. Bu fark Wc=0.03mm
degerinde ise daha da artmistir. Bunda, yiiksek mikroengel genisliklerinde
(W=0.02mm ve 0.03mm) Newton tipi akigkanin ortalama karisma indeksi
diiserken, Newton tipi olmayan akiskanlarin yukselmesi dnemli 6lgude etkilidir.
Ayrica, V=40V igin de V=30V durumundaki ortalama karisma indeksine benzer
bir kalip elde edilmistir. Newton tipi akiskan ile elde edilen ortalama karisma
indekslerinin yiiksek voltajlarda ve yiiksek mikro-engel genisliklerinde diismesi,
cozunen turlerin tasimimindaki azalma ile agiklanabilir.

Salinimh akis frekans: karisma indeksine ciddi Olcide etki eden bir
parametredir. Salinimli akis frekansina gore karisma indeksindeki degisim bitun
mikroengel genisliklerine gore ifade edilmistir. Diz kanal ve W.=0.01lmm
mikroengel genisligi icin butlin akiskanlarda farkl: frekans degerlerine gore benzer

egriler elde edilmistir. En yuksek karisma indeksi f=1Hz frekans degeri icin elde
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edilirken, en dustk karisma indeksi f=2Hz frekansi igin gdzlemlenmistir. Newton
tipi akigkan ile elde edilen karigma indeksi, Newton tipi olmayan akiskanlara gore
daha yuksektir. Tanimlanan egri, Newton tipi olmayan akigkanlar i¢in W;=0.02mm
ve W, =0.03mm mikroengel genisliklerinde de gecerlidir. Fakat Newton tipi
olmayan akiskan icin f=0.5Hz frekans degerinde daha yiksek karisma indeksi elde
edilmistir. Karisma indeksi f=1.5Hz ve f=2Hz frekanslarinda yine dismistir.
Ortalama karisma indeksi f=1Hz frekans1 i¢in Newton tipi akiskan i¢in Newton tipi
olmayan akiskanlarin ortalama karisma indeksi tarafindan asilmistir. Ortalama
karisma indeksi W.=0.03mm mikroengel genisligi i¢in, hem f=1Hz hem f=1.5Hz
frekans degerlerinde Newton tipi akigskan icin Newton tipi olmayan akiskanin
ortalama karisma indeksi tarafindan asilmustir.

Bu c¢ahsma ¢Ozlnen tdrlerin  karismasina reaksiyon eklenerek
genigletilebilir. Bu sayede antikor-antijen baglanmasi, protein-ligand reaksiyonu

gibi her tiirlt biyokimyasal etkilesimler incelenebilir.
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1. INTRODUCTION

1.1. Microfluidics

Performing rapid and accurate analysis is a critical issue for the scientists
and clinicians in micron scale, in which total analysis system (TAS) was proposed
as a solution by Kopp et al. (1997). It is proved that TAS is capable of performing
a laboratory analysis for applications of mixing, separation, detection, and
isolation; however, significant disadvantages still exist, such as long duration for
the analysis, necessity of high sample/reagent amount and low separation
efficiency (Rios et al., 2012). Following the general trend of miniaturizing, micro
total analysis system (uTAS) was reported by Manz et al. (1990), which was
successfully adapted into different fields of the research and expressed with a
general term as Lab-on-a-Chip (LOC) (Rios et al., 2012). As a result of
miniaturization, LOC has the advantages of portability, low fabrication cost, low
analysis time, high separation efficiency, low mixing/reagent consumption and
high sensitivity (Trietsch et al., 2011), and thus, the drawbacks of TAS are
overcome with the aid of LOC.

Many disciplines; such as physics, chemistry, electronics, and micro-
engineering are included in the field of LOC. Integrated structure is imposed to the
LOC with the components of injector, preparator, transporter, mixer, reactor,
separator, detector, controller and power supply (Lim et al., 2010). Therefore,
development in this field is directed mainly by the study of fluid flow naming as
microfluidics (Jain et al., 2009). Microfluidics is defined as manipulating and
processing the fluid in microchannels, which has at least one dimension smaller
than a millimeter (Martinez et al., 2010, Stone et al., 2004). A sample for a
microfluidic device is shown in Figure 1.1 for the study of Godin et al. (2006)
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Figure 1.1. Microfluidics system with various components as an example (Godin et
al., 2006)

To the best of our knowledge, the microfluidic chip was introduced to open
literature in 1994 and attracted significant attention after 2005 with a slow
evolution pace, which can be seen in Fig 1.2 (Fung, 2016). The research topics in
microfluidics can be classified as capillary, pressure-driven, centrifugal,
electrokinetic and acoustic using platforms for driving the liquid, which is
schematized in Figure 1.3 (Mark et al., 2009). Here, some specific application
areas within this discipline: Laser processing (Malek, 2016), micro reaction
engineering (Jensen, 1999), printing (Bhattacharjee et al., 2016) and optics (Psaltis
et al., 2006). In biomedical engineering perspective, some specific applications are
biomolecule detection (Diercks et al., 2009), pathogen detection (Wang et al.,
2009), separation of DNA particles (Krishnan et al., 2008), generating bone

microtissues (Shimizu et al., 2015) and gene mutation detection (Li et al., 2010).

== o mE 1

Figure 1.2. Published scientific papers related to the microfluidic chip during the
years of 1994 - 2014 (Fung et al., 2016)

2
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Figure 1.3. Major microfluidics platforms which are classified according to the
fluid driving mechanism (Mark et al., 2009)

1.2. Newtonian and Non-Newtonian Fluids

Deformation rate exhibits linear proportionality with respect to shear rate
for Newtonian fluids, which are primarily stated by Sir Isaac Newton (Cengel and
Cimbala, 2006). Therefore, the viscosity of the fluid, which is the ratio between
shear stress and deformation rate remains constant for each value of shear rate.
Water, air, and oil are some typical examples of Newtonian fluids. On the other
hand, the relationship between the rate of deformation and fluid shear exhibit non-
linear behavior for non-Newtonian fluids which are mainly branched into three
different categories according to variation in viscosity values under different
magnitudes of shear rate. Since lower viscosity values are observed for higher
shear rates in shear-thinning fluids, (or pseudoplastic), viscosity values are
incremented for higher shear rates in shear-thickening fluids (or dilatant) (Zhao et
al., 2008). Another type of non-Newtonian fluids is Bingham plastic, which
includes threshold stress level for starting the fluid flow (Rubenstein et al., 2012).
The most of the biofluids such as blood, saliva, urine possess non-Newtonian
nature as well as shear-thinning behavior. The plot showing shear stress-
deformation behavior of Newtonian and non-Newtonian fluids is demonstrated in
Figure 1.4.

Characteristics of non-Newtonian fluids must be deeply understood for
estimating the behavior of the microfluidics system (Tang et al., 2009). Power-law

model (Chakraborty, 2007), Carreau model (Zimmermann et al., 2003), Powell-
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Eyring model (Goswami et al., 2015) and Bingham model (Das et al., 2008) are
some of the successfully utilized constitutive models for numerical non-Newtonian
fluid analyses. In this study, the fluids are modeled as Newtonian, Power-law, and

Carreau.

Bingham

plastic

Preudoplastic

Shear siress, 7

Mewlonian

latant

Rate of deformation, deey
Figure 1.4. Shear stress curves against the rate of deformation for Newtonian and
non-Newtonian fluids (Cengel and Cimbala, 2006)

1.3. Pulsatile Flow

Pressure difference is another tool for driving the fluid in our design. If the
pressure gradient between inlet and outlet of a microchannel is not time-dependent,
generally Poiseuille flow regime is observed. In contrast, the magnitude of pulsatile
flow velocity has time-dependent nature. Pulsatile flow is initially introduced in
1930 (Tikekar et al., 2010). In some studies, such as Mao and Xu, (2009) and
Fallenius et al., (2013), it is reported that pulsatile flow regime enhances
micromixing performance. Parabolic laminar flow profile is observed in the
pressure-driven systems, because of the no-slip condition on stationary walls of the
channel (Figure 1.5). That is, the flow velocity is zero at the boundaries and
reaches maxima at the centerline of the channel.

Micropumps with and without microvalves are employed for generating

pressure differences. Microvalves are designed as a part of the micropumps and act

4
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in controlling the fluid flow and/or species transport (Au et al., 2011). However,
microvalves suffer from fatigue and switching control, which diminish the
performance and reliability of the system (Nejat et al., 2014). Therefore,
micropumps excluding microvalves are much more popular in engineering
applications (Van De Pol, 1989). Nevertheless, a pressure difference is generated
via mechanical parts, which may cause friction and heating as well as high costs.
Similarly, pulsatile flow can be generated via dynamic controllers (Li and Kim,
2017). However, the designs excluding dynamic controllers are preferred for

preserving simplicity.

Figure 1.5 Parabolic flow profile

1.4. Electrokinetics

Electrokinetics is another topic in microfluidics, which utilizes electrical
field to manipulate fluid and species transport (Kamali et al., 2016). In contrast to
pressure-driven flow, fluid flow is driven without any mechanical part, which leads
to popularity in the use of microfluidics applications, such as mixing (Shin et al.,
2005), bioparticle detection (Wu et al., 2005), separation (Garcia et al., 2008), drug
delivery (Chung et al., 2007), soil remediation (Zhou et al., 2004). Although issues
of specificity and robustness are not fully resolved; sensitivity, portability, and
efficiency are critical accomplishments for electrokinetic microdevices (Chang,
2006).

Three types of primary electrokinetic effects are commonly studied in the
open literature, which are named as electroosmosis (EO), electrophoresis (EP) and
dielectrophoresis (DEP). In electrokinetic phenomena, electrostatic or Coulombic
force, which is exerted upon charged fluids and suspended particles, is derived
from the externally applied electrical field for inducing the movement in

5
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electrokinetics (Qian and Ai, 2012). This external electrical field can be applied as
DC (Direct Current) or AC (Alternative Current). The mechanism behind this

phenomenon is briefly explained in the following subchapters.

1.4.1. Electrical Double Layer

Electrical Double Layer (EDL), which is responsible for the movement of
charged ions in a fluid adjacent to a solid object, is the cornerstone of the
electrokinetically driven microfluidic systems. When a charged solid surface
interacts with suspended fluid, positively or negatively charged ions in the
electrolyte are either attracted to or repelled from the surface (Hunter, 1981).
Approximately after 107 seconds, which is the timescale for the system
establishing Poisson — Boltzmann equilibrium, a charge cloud with nonzero charge
density is observed near the surface (Halpern and Wei, 2007). This charge cloud is
known as Electric Double Layer (EDL) as shown in Figure 1.6, which screens the
electric potential of the surface charges. The EDL, which has a characteristic
thickness of the order of 10 nm consists of the Stern layer and diffuse layer to the
extent of electrolyte mobility (Probstein, 1994). lons in the Stern layer are
immobile because of the high surface attraction force; however, the ions within the
diffuse layer are free to move. If the diffuse layer is sheared off via an externally
applied electric field, the ions adjacent to the wall start to move from anion side to
cation side and thus electroosmosis or electrophoresis are observed (Masliyah and
Bhattacharjee, 2006). In electroosmosis, the fluid within the rest of microchannel is
occupied by bulk solution leading to electrically neutral, i.e., same amount of
positively and negatively charged ions, follows ion motion in the diffuse layer in
electroosmosis.

Electrokinetically driven microfluidics is modeled via several methods,
which are PNP (Poisson-Nernst-Planck), Poisson-Boltzmann (PB) and Debye-

Huckel approximation. In some numerical models similar to this study EDL is
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wholly left out of the consideration to decrease computational cost. Because the

fluid domain is large enough to neglect the effects of EDL during computations.

@ Diffuse layer

Stern lay : ERLAp !
Figure 1.6. Charge distribution near a solid surface which holds nonzero electrical
potential (¢s). Electrical Double Layer (EDL) is illustrated as Stern
Layer plus Diffuse layer (Ap). Zeta potential ({) is induced in the shear
plane, which is the defined boundary between the Diffuse layer and
Stern layer (Qian and Ai, 2012).

1.4.2. Electroosmosis

If an external electric field is applied across a microchannel, ions in the
diffuse layer of EDL migrate towards oppositely charged electrode, which results
in dragging bulk fluid in the same direction (Li, 2004). This process is known as
electroosmosis (EO) as demonstrated in Figure 1.7 (Sadeghi et al., 2013) which is
identified by Reuss in 1809 (Arulanandam and Li, 2000). It is observed that
velocity magnitude of the fluid, which is normal to the surface of the channel and
increases within the EDL (Hunter, 1981). In bulk solution, the wvelocity is
maximum and constant in every location. As a result, plug-like flow profile is
generated dissimilar to parabolic flow profile, which is obtained in pressure-driven

flow. Electroosmosis is a widely used mechanism for driving the fluid (Wang et al.,

7
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2006). Zeta potential is an important parameter, which is the electrical potential on
the interface of the Stern layer and diffuse layer (Sze et al., 2003). Electroosmotic
fluid velocity is varied linearly with zeta potential and external electric field
strength (Canpolat et al., 2013).

Figure 1.7. IIIustratlon of electroosmosus phenomena W|th plug -like flow profile
(Sadeghi et al., 2013)

1.4.3. Electrophoresis

Transport and manipulation of synthetic/bioparticles are emerging research
field in microfluidics (Toner and Irimia, 2006). When a particle is confined in a
charged solution, freely suspended ions in the electrolyte migrate towards the
particle surface, and the EDL is formed as shown in Figure 1.8 schematically. Net
motion of ions within the EDL triggers particle movement under the externally
applied electric field, which is known as electrophoresis (EP) (Qian et al., 2006).
EP is a popular method in microfluidics science because low heat dissipation is
generated during processing, the higher electrical field could be utilized for rapid
analysis, and sample/reagent consumption is relatively low (Wu et al., 2007).
Therefore, many applications are governed with electrophoresis; such as sorting
(Kriiger et al., 2002), separation (Wainright, 2003), enzyme assay (Xue et al.,
2001), immunoassay (Cheng et al., 2001).
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Figure 1.8. Formation of EDL around negatively charged particle in ionic media as

well as electric potential distribution as regards particle surface (Velev
etal., 2017)

1.4.4. Dielectrophoresis

Dielectrophoresis (DEP) is the motion of dielectric particles under non-
uniform external electric fields (Pethig et al., 2010). DEP motion is observed only
under non-uniform electric fields, which is the distinctive characteristics of DEP
from the other electrokinetic phenomena previously listed in this study (Morgan
and Green, 2002). Initially, the translational movement of particles is solely
classified as DEP; however, the other electrokinetic effects, which drive the
particles under non-uniform electric fields are also included to this topic
(Srivastava et al., 2010). Travelling-wave electrophoresis and electrorotation are
typical examples of non-uniformly induced electrokinetic effects.

DEP force is quite sensitive to the electrical properties of the media and the
particle (Zhang et al., 2010). If the polarizability of the particle is higher than the
media, DEP force takes positive value, otherwise negative DEP force is observed
(Morgan and Green, 2002). Particles are directed to the higher electrical field
regions in positive DEP (pDEP) and the lower electrical field regions in negative
DEP (nDEP) (Frénéa et al., 2003), which is illustrated in Figure 1.9. Wide range of
applications is carried out with DEP; such as particle separation (Pommer et al.,

1992), detection (Gascoynea et al., 1997), mutation identification (Castellarnau et
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al., 2006), immunosensing (Yamamoto et al., 2012) fabricating gas sensor
(Suehiro, 2006).

Uipper
Electrode

Lower Electrode

{a) (B)
Figure 1.9. While moving direction of the particle is (a) towards to sparser
electrical field region in nDEP, (b) opposite conditions are applied in
pDEP (Jones, 2006).

1.4.5. Induced-Charge Electroosmosis

In linear electrokinetic phenomena, DC must be applied to maintain the
electric field and targeted electric field strength is reached for high potential
differences, which restrict the application area of electroosmosis and
electrophoresis (Bazant and Squires, 2010). These drawbacks have created the need
for nonlinear electrokinetic phenomena (Bazant and Squires, 2004). In nonlinear
systems, the fluid velocity does not vary linearly with applied electric field
strength, and the flow topology exhibits different characteristics than linear
electrokinetics (Ramos et al., 1998, Ajdari, 2000). When an electric field is applied
across an electrolyte solution containing a freely suspended polarizable material,
ions in the electrolyte solution are attracted to the surface of the material. Thus,
ions in the electrolyte solution migrate to either side of the material, and an induced
EDL is formed around the conducting material (Squires and Bazant, 2004). This
phenomenon is known as induced-charge electro-osmosis (ICEQ), which is firstly
termed by Squires and Bazant (2004). In conventional EO, the zeta potential of the

surface is considered as a simple material property; however, it is induced by the
10
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externally applied field in ICEO (Squires and Bazant, 2006). Meanwhile zeta
potential is constant in conventional EO continuously; non-uniform zeta potential
is exhibited in ICEO. This situation also yields dramatic difference in velocity
magnitudes. In conventional electroosmosis, velocity magnitude is dependent on
electrical field linearly; in ICEOQ, instead, this dependence is quadratic. The first
power of electric field generates induced zeta potential, and the fluid flow is driven
by the second power (Squires and Bazant, 2004). In contrast to linear electrokinetic
phenomena, ICEO can be observed under AC and DC electric fields.

In ICEO, conducting material is electrically isolated from external
electrodes. Therefore, the total charge on the conductor is fixed. On the other hand,
the electric potential can be fixed according to external electrodes by means of
charge flowing towards and off the material (Squires and Bazant, 2004). This
phenomenon is known as fixed-potential ICEO. If non-uniform zeta potential is
imposed to the channel walls, direction of the flow can be manipulated, thus
mixing becomes possible using ICEO. Four identical vortices are obtained around
the cylindrical conducting material, which has zero net charge density as shown
experimentally in Figure 1.10. (Canpolat et al., 2013) and numerically in Fig 1.11
(Sharp et al., 2011). In case of nonzero charge density, the vortices are no longer
identical, thus the symmetry in ICEO flow breaks down as indicated in Figure 1.12
(Squires and Bazant, 2004). The asymmetry in the flow field is presented for fixed
potential ICEO as well as demonstrated in Figure 1.13 (Ren et al., 2013). In our
study, whose flow field is represented in Figure 1.14, ICEO material is embedded
upon the straight channel wall, which leads to two identical vortices. As a result,
mixing performance of the system can be efficiently increased by implementation
of ICEO.
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Figure 1.10. Created ICEO vortices with various potential differences and
frequency values for external source around a conducting material
with no charge density. (Canpolat et al., 2013)
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Figure 1.11. Numerical surface plots for velocity field around cylindrical ICEO
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Figure 1.12. ICEO vortices around a conducting material with charge density
(Squires and Bazant, 2004)
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Figure 1.13. Asymmetric vortices of fixed-potential ICEO (Ren et al., 2013)

-~ S

Fiure 1.14. Two mmetrical vortices obtained upon ICEO material in our study

1.5. Mixing

Mixing is considered as one of the most widely seen application in
microfluidics (Suh and Kang, 2010). These fields can be mainly categorized as
chemical applications, analytical processes, and biological applications.
Subcategories of chemical applications are a chemical synthesis, extraction,
polymerization; analytical processes are Nuclear Magnetic Resonance
Spectroscopy (NMR), Fourier Transform Infrared Spectroscopy (FTIR) or Raman
spectroscopy and biological applications are enzyme assays, biological screening,
protein folding (Jeong et al., 2009). Some applications could include the
combination of two or more research fields, whose interactions are schematically
represented in Figure 1.15. In biomedical engineering, mixing is exploited in many
specific applications; such as enhancing antibody-antigen binding (Gao, 2015),
enabling PCR (polymerase chain reaction) (Kim et al., 2009), nanoparticle
synthesis (Valencia et al., 2010). Moreover, an efficient mixing must be secured for
rapid analysis in a microfluidic chip (Fan et al., 2017).
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Figure 1.15. Application fields for micromixing (Jeong et al., 2009)
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Mixing is majorly characterized by dimensionless Reynolds number (Re)
and Peclet number (Pe). Reynolds number is the ratio of inertial forces over
viscous forces (Frommelt et al., 2008). Due to microscale size, Reynolds number is
quite low (Re<1) for microfluidics. That is, viscous forces are dominant over
inertial forces in microfluidics systems, which pave the way for strict laminar
velocity profile (Fowler et al., 2002). The Péclet number is the ratio of mass
transport mechanisms, which are convection and diffusion (Lee et al., 2016). Under
the low Reynolds number condition, mixing is dominated by molecular diffusion of
chemical species, which requires excessively long micro channel and mixing
duration. (Chang and Yang, 2004). On the other hand, surface to volume ratio is
dramatically high in microscale, which is an advantage for the mixing (Yang et al.,
2005). The key to adequate mixing is creating an extensive contact between the
fluids, by this means, decreasing time for the diffusion (Afzal and Kim, 2015).

Mixers are broadly classified into two categories: passive mixers and
active mixers (Nguyen and Wu, 2005). Passive mixers, which are based on the
channel configurations and molecular diffusion, have geometrical complexity as
compared to active mixers. The designs are carried out for the enhancing the

interfacial contact of the fluids to be mixed. T-shaped and Y-shaped microchannel
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inlet configurations are the fundamental designs for mixing applications (Galletti et
al.,, 2012). Also, the obstacles, flow compression, zig-zag channels, nozzles,
channel branching, the plates with multi-holes are used for passive mixing (Hessel
et al.,, 2005). Assay sensitivity may be lower in passive mixers, because of the
hydrodynamic dispersion (Harnett et al., 2008). Types of passive mixing
techniques are schematically shown in Figure 1.16. For active micromixers,
external energy supply is required to run the system for increasing the mixing
performance (Shamloo et al., 2016). Acoustic, dielectrophoretic, electrokinetic
time-pulse, pressure perturbation, electro-hydrodynamic, magnetic and thermal
techniques are the external energy supplies, which are used in active mixers (Lee et

al., 2011). List of active mixing methods is represented in Figure 1.17.

T-chaped

Y-shaped

Obstacles

Flow- compression

PASSIVE-MIXERS

= Zig-rag-channels

Nozzles

i

Flow-division-and-recombination

Plates-with: multi-holes

Figure 1.16. Passive mixer types (Hessel et al, 2008)
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Figure 1.17. External energy sources used for active mixing (Lee et al., 2011)

1.6. Obijective of the Study

In this work, optimum parameters of an efficient pulsatile flow micromixer
coupled with a nonlinear electrokinetic effect are aimed to be determined
numerically. Newtonian, Power-law, and Carreau models for the fluids are used for
numerical analyses. Induced-charge electro-osmosis (ICEO) is generated around a
floating electrode, which is embedded in a wall of the straight microchannel to
create disturbance along the interface between two fluid streams. To decrease
mixing length, a rectangular obstruction is placed upon channel wall, where the
floating electrode is located. The magnitude of the external electric field, the length
of floating electrode, the frequency of pulsatile flow and the width of rectangular
obstruction are systematically varied to constitute a comprehensive parametric
study. Their effectiveness on micromixing is studied using time-dependent
distributions of streamlines, concentration, and vorticity. Moreover, mixing index
values are plotted according to obstruction width, electrode length, and Strouhal
number. The resulted mixing index values are compared among Newtonian,

Power-law, and Carreau models under same circumstances.
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2. LITERATURE SURVEY

Topics of microfluidics, non-Newtonian fluids, pressure-driven flow and
electrokinetics, are within the scope of the present investigation. The studies, which
are incorporated within these fields, are reviewed in compliance with the specific
application of this study, namely mixing. This review includes both experimental
and numerical works. Due to scope of current investigation; the studies in

macroscale with same topics are not taken into consideration.

2.1. Mixing with Non-Newtonian Fluids

Investigating non-Newtonian fluid behavior is an attractive and significant
topic for the researchers. Das and Chakraborty (2006) analyzed investigating the
velocity, temperature and concentration distribution of a biofluid under pure
electroosmotic flow conditions. The coefficients of power-law model were
determined based on the experimental solutions as the aim of their work.
Numerical solutions according to specified model parameters agreed well with the
experimental results as shown in Figure 2.1. These coefficients are preferred in the
present study. Zhao and Yang (2011) conducted numerical work for understanding
non-Newtonian behavior under electroosmotic flow conditions. The viscosity of
the fluid was described with the power-law model. With the lower fluid behavior
index value (n), more plug-like flow was observed across the cross-section of the
channel and fluid velocity decreases towards to the upper and lower boundaries of
the channel with increasing EDL thickness as shown in Figure 2.2, respectively.
Tang et al. (2009) investigated non-Newtonian fluid flow under pressure driven as
well as electroosmotic flow conditions. Power-law model was used for modeling
viscosity behavior. Parabolic flow profile was sharpened with increasing n value
for both flow mechanisms as shown in Figure 2.3. The same rule was valid, when
EDL thickness increases. Goswami et al. (2015) investigated non-Newtonian fluid

flow. Velocity distribution and volumetric flow rate were determined for Power-
17
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Eyring fluid and compared to the case of a Newtonian fluid. The slip length was
defined as the distance where velocity magnitude decreases to zero. This length
was used for evaluating the variations in the considering parameters. The results of

these parameters are presented in Figure 2.4 and Figure 2.5, respectively.

addi EETRTASE TR B atien et L g --ha .r".
a 1 il /g a1 / 3
<Ly - ,-'_:-" il o
- -
(@) . (b - (c) r
e
< e e
ru . i ot i '_.<“{
i ot
<a T o e -
T T o L

p— — | =

m  omm oam am mmoaT a3 oM t ™ [ va 7] 1
WTEA R 4] (£ H

Figure 2.1. Experimental results as compared to numerical solutions for the
parameters of (a) velocity distribution (b) Temperature distribution (c)
Concentration distribution (Das and Chakraborty, 2006)
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Figure 2.2. (a) Velocity distribution for the cross-section of the microchannel about
different n values (b) Velocity distribution according to various
channel width-EDL thickness ratio with different n values (Zhao and
Yang, 2011)
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Figure 2.3. Flow profile for (a) pressure-driven flow and (b) electroosmotic flow
(Tang et al., 2009)

1 — g

.8 | D g YT R l\,\‘

\ ) |2 SR

| - ( ) L T \ _'.I-_

! ,Z_ B £ = . ol '\__.. ||
k| = = 5o o0 \

03 \ e \ !I

an | —Sewtmn Y o (C) "-_l

|- - Puweli—Eyring !

Y%7 64 o8 am 1o 4 0z 64 _ 08 &8 i SR T Y S T ] d

i i

W [
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Figure 2.5. Ratio between volumetric flow rates of Powell-Eyring and Newtonian
fluids for various slip velocities (Goswami et al., 2015)
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Channel geometry is a highly influential factor on micromixing. Hadigol et
al. (2011) investigated micromixing for uniform straight channel. Fluid was driven
electrokinetically, and EDL was modeled according to Poisson-Boltzmann
approach and non-uniformities were defined for the surface potential on
microchannel boundaries. By using creation of the vortices, strong perturbations
are observed along the flow. Concentration distributions are evaluated according to
various flow behavior index (n) values for every cross-section of the microchannel
as shown in Figure 2.6. Reynolds number was utilized for describing mixing
efficiencies with various n values as illustrated in Figure 2.7. Cho et al. (2012)
investigated mixing efficiency along microchannels, which include rectangular or
wavy blocks as demonstrated in Figure 2.8. Higher mixing efficiencies were
obtained for both longer rectangular and wavy blocks with increasing surface
potential as shown in Figure 2.9a. Moreover, the better mixing efficiency was
achieved for rectangular blocks compared to wavy blocks as shown in Figure 2.9b.
Afzal and Kim (2014) conducted a numerical micromixing study in T-shaped and
serpentine microchannels. Fluid viscosity was defined using Carreau and Casson
models. Mixing index values were calculated for various mass flow rates as shown
in Figure 2.10. Higher mixing index values were obtained for the lower mass flow
rates due to the lower velocity magnitudes. Kunti et al. (2017) proposed a
numerical micromixer which operated with non-Newtonian fluids. While electrode
pairs were defined to the upper boundary, the grooved pattern was imposed to the
lower boundary. The shear dependency of the fluid viscosity was modeled using
power-law approach. The fluid was driven by AC electrothermal micropump.
Mixing performance increased with rising flow behavior index values in contrast

with aforementioned studies, which is seen in Figure 2.11.
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Figure 2.6. Concentration distributions in every cross-section of the microchannel
for various flow behavior index values (Hadigol et al., 2011)
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Figure 2.8. Schematic of a microchannel with (a) Rectangular blocks (b) Wavy
blocks (Cho et al., 2012)
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Figure 2.9. Mixing efficiencies according to various block lengths with increasing
surface potentials for (a) Rectangular blocks (b) Wavy blocks (Cho et

al., 2012)

Figure 2.10. Mixing index values for Cf-ifreau and Casson models under various
mass flow rates (Afzal and Kim, 2014)
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Figure 2.11. Concentration profiles at the outlet (Kunti et al., 2017)

Stirred tanks are useful tools and thus, widely appealed for micromixing

applications. Shamsoddini et al. (2012) numerically investigated non-Newtonian

fluid mixing in a tank, which includes stir bar (Figure 2.12). Various flow behavior

index values under distinct Strouhal numbers as well as two different Reynolds

numbers were tested for mixing efficiencies. Higher mixing efficiencies were
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obtained for both lower Strouhal numbers and higher flow behavior index values as
shown in Figure 2.13. Han et al. (2012) numerically investigated micromixing
effect on chemical reactions in a tank. The experimental conditions were simulated
with the discretization of feeding time for decreasing computational work load. In
their study, fresh feeds were introduced to the exhausting portions, consecutively.
Mixing performance was enhanced with the lower viscosities and higher agitation
speeds. Therefore, the reaction rate was increased. It is concluded that mixing
performance was also influenced by reaction plum trajectory. The volume of
reaction plum approaches to the maximum in the mixing-reaction process as seen
in Figure 2.14.
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Figure 2.13. Mixing performances for various Strouhal numbers under Re=20 (b)
Re=72 (Shamsoddini et al., 2012)
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Figure 2.14. Reaction plum volumes in the stirred tank during the numerical
analysis (Han et al., 2012)

2.2. Mixing with Pulsatile Flow

Pulsatile flow is a sub-branch of time-dependent or unsteady flow regimes
(Ozding Carpinhoglu and Giindogdu, 2001). Periodically oscillating velocity
profile is generated using pulsation. Pulsatile flow has critical importance for
biomedical engineering because blood flow in human arteries is typically described
as a non-Newtonian pulsatile flow, which is surrounded by a tapered elastic
conduit (Yilmaz and Gindogdu, 2008). The first study in pulsatile flow in open
literature was proposed by Sexl (1930), and this study was adapted to the blood
flow in arteries by Womersley (1955) according to the report of Rao and
Devanathan (1973). Pulsatile flow characteristics investigated by Tikekar et al.
(2010), experimentally. The results for average root-mean-square (RMS) pressure
drop were presented as a function of duty cycle, pulsation frequency, and mass
flow rate. Average flow rate behaved linearly with the flow rate, whereas RMS
pressure increased quadratically. While average pressure drop was linearly
proportional to flow rate, quadratic increase was observed for RMS pressure.
Moreover, RMS pressure was linearly dependent to pulsation period and there was
no natural variation between duty cycle. Mass transport was another central
component of the present study. Horner et al. (2002) reported that the pulsatile
flow could enhance mass transport.

Pulsatile flow can be generated via micropumps as mentioned in the
previous chapter. However, heating and friction effects were derived from
mechanically moving parts. Wang et al. (2011) proposed a pulsation system with

no moving parts as schematized in Figure 2.15. The actuator was driven by the
24
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thermal bubble and acted analogously to the human heart. Moreover, it can be used
for biological applications due to thermal bubble, which was suspended inside the
actuator. When the actuator was utilized for mixing applications, 94% of mixing
efficiency was acquired at high frequencies. In some researchers, the pulsation was
generated by dynamic controllers, such as solenoid valves (Nauman et al., 1999),
voltage supplies (Egnor et al., 2002) and function generators (Shiose et al., 2010).
Similarly, Kim et al. (2015) developed an oscillator, which can generate pulsations
without dynamic controllers as shown in Fig 2.16. Gravity water head generates
flow, thereby system was designed without dynamic controllers. Moreover,
complexity and cost of the system were significantly reduced. However, switching
frequency could be increased with only increasing flow rate, which leaded to low
mixing efficiency. Li and Kim (2017) solved this problem by distinguishing
oscillation and mixing components of the system as shown in Figure 2.17.
Therefore, the component of mixer controlled the flow rate, while oscillator

controls switching frequency,
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Figure 2.15. Schematic of the bubble-driven actuator (Wang et al., 2011)
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Figure 2.16. (a) Image for oscillator array chip and schematic of single oscillator
sub-circuit (b) Schematic of the microfluidic oscillator (Kim et al.,
2015)
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Figure 2.17. (a) Phdiogrp of the components of micromixer (b) Schematic of the
components of micromixer (Li and Kim, 2017)

Pulsatile flow is significantly affected by microchannel geometry. Goullet
et al. (2006) numerically investigated mixing efficiency whether ribs exist along
the lower wall of the microchannel. Mixing efficiency was increased with ribs,
even better mixing was obtained for out-of-phase (180°) pulsing. The concentration
profiles were depicted for four different configurations in Figure 2.18. Ammar et
al. (2014) investigated mixing of pure water and Rhodamine B for four different
geometries, which possess same width and length. These geometries were right

angle intersection, Y intersection, T intersection and arrowhead intersection, as
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seen in Figure 2.19. The best mixing was performed using arrowhead intersection
in their study. Afzal and Kim (2015a) numerically investigated pulsatile flow
mixing in various types of channel geometries which were straight, square wave,
zigzag, sinusoidal, convergent-divergent as shown in Figure 2.20. The best mixing
performance was obtained from convergent-divergent with out-of-phase pulsing.
This model was optimized with a numerical method by the same authors (Afzal
and Kim, 2015b). Cortelezzi et al. (2017) proposed a scalable micromixer, which is
depicted in Fig 2.21. Although the diameter of microchamber, where the mixing
occurs, was altered for which same dimensionless numbers (Reynolds, Péclet, and

Strouhal), and mixing efficiency remained constant.
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Figure 2.18. Concentratlon profiles of two species with (a) no pulsing and no
obstacles (b) no pulsing and ribs (c) pulsing and no ribs (d) pulsing
and ribs (Goullet et al., 2006)
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Figure 2.19. (a) Right angle intersection (b) Y intersection (c) T intersection (d)
arrowhead intersection (Ammar et al., 2014)
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Figure 2.20. Investigated microchannel geometries and corresponding mixing
indexes (Afzal and Kim, 2015a)
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Figure 2.21. Same mixing indexes are obtained for different size of microchambers
in the work of Cortelezzi et al. (2017)

It can be reported that pulsatile flow enables to create perturbations along
flow streams. Therefore, the pulsatile flow has the capability of being a useful tool
for mixing applications, especially in micron scale. Accordingly, mixing
performances of steady flow and pulsatile flow are compared in the numerical
work of Karami et al. (2014). Micromixing was performed in an irregular
geometry, which was bent at some locations as shown in Figure 2.22. Mixing
performances were evaluated at the inlets of these bends and the velocity amplitude
ratio (), which was defined as the fraction of the peak pulsatile velocity and steady

velocity. Better mixing performance was obtained for all inlets and  values with
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the pulsatile flow as shown in Figure 2.23. Glasgow and Aubry (2003) also
reported that pulsation was able to increase micromixing in T-shaped channels.
Moreover, a further increase in mixing efficiency was provided with the additional
pulsation from another inlet. Specifically, the better mixing was obtained for
pulsation from microchannels with two inlets compared to that of the single inlet.
Maximum mixing efficiency was obtained for out-of-phase pulsing, which agreed
with the work of Goullet et al. (2006). Xia and Zhong (2013) were conducted an
experiment, which is schematized in Fig 2.24a, for mixing two water streams under
pulsatile flow condition. Mixing was performed in Y-shaped jet configuration as
shown in Fig 2.24b. The vortices were produced using pulsation, thus mixing
performance of the system was enhanced. In this study, the best mixing
performance was obtained by out-of-phase pulsing. Bottausci et al. (2006)
developed an efficient and rapid micromixer via pulsation. The system consisted of
two inlets and six secondary channels as shown in Fig 2.25. Fluids were driven
with a steady flow from inlets and vortices were generated by pulsatile flow from

the secondary channel (Fig 2.26).

g A 54
T by

-

Figure 2.22. Bended geometry which is used in the work of Karami et al. (2014)
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Figure 2.23. Mixing performance for steady flow and pulsatile flow with different

B values (Karami et al., 2014)
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Figure 2.14. (a) Schematic of the experimental setup (b) Y-shaped jet configuration
(Xia and Zhong, 2013)
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Figure 2.25. Schematic of the developed micromixer (Bottausci et al., 2006)
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Figure 2.26. Generated vortices at the intersections (Bottausci et al., 2006)

Dimensionless numbers are critical parameters, which are utilized for
characterizing the mixing performance of the system. Reynolds number (Re),
Péclet number (Pe) and Strouhal number (St) are always investigated in the studies
above versus mixing performance of the system. Effects of these dimensionless
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numbers, as well as Stokes number (Sto) and pulse volume ratio (PVR) on mixing
index, were compiled in the numerical study of Glasgow et al. (2004) under
pulsatile flow conditions. Stokes number is defined as the ratio of time duration for
fully developed flow to the period (Sto = (fL?)/v). PVR is a proposed parameter
by the authors of this study for defining the ratio between pulsed fluid volume to
inlet as well as to outlet. Mixing performance was particularly influenced by
Stokes number, Strouhal number and PVR as shown in Fig 2.27 and Figure 2.28,
respectively. Tanthapanichakoon et al. (2006) reported mixing performances inside
slugs, which were modelled two-dimensionally (2D) or three-dimensionally (3D).
Slug geometries are depicted in Fig 2.29. Mixing performances of the slugs were
characterized by a novel dimensionless number, which was termed as modified
Peclet number (Pé*) as shown in Figure 2.30a. Pé* was defined as the ratio
between diffusive time scale and convective time scale (Pé* = U,d?/ID). Us was
defined as steady velocity of the fluid. Although, mixing durations were evaluated
with this parameter as shown in Figure 2.30b, mixing quantification was not

investigated under pulsatile flow conditions.

—imeE

lex
v /\ !
.
AP RIWAY
B e s
1 M o o L w

Garawio Yolawe | mawliern

Oegrem el Marg

i

e =
iy
PN ]

Ed - L] L L2
b e i

Figure 2.27. Mixing index variations for different Stokes numbers. Due to (a) St =
0.094 and PVR = 1.88 (b) St = 0.375 and PVR = 1.88, it can be
concluded that mixing index can be significantly altered by St
numbers (Glasgow et al., 2004)
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Figure 2.28. Mixing performances for (a) various Strouhal number and constant
PVR which equals to 1.88 and (b) two PVR values (Glasgow et al.,
2004)

Figure 2.29. (a) 2D or 3D slug.geometri'és. with boundary length symbols
(b) Generated vortices inside the slugs (Tanthapanichakoon et al., 2006)
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Figure 2.30. (a) Mixing index against 1/Us (b) Mixing index against the modified
Péclet number (Tanthapanichakoon et al., 2006)
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2.3. Mixing with Induced-Charge Electro-Osmosis

Induced-Charge Electro-Osmosis (ICEO) is a robust mechanism for
mixing applications due to its capability of creating strong perturbations along the
streamline via vortices. Various components affect the ICEO, such as the
magnitude of external potential difference, size, and shape of conducting material.
Feng et al. (2016) investigated EO and ICEO mixing according to channel
geometry. Mixing application was carried out in an eccentric annulus, which is
depicted in Figure 2.31, with the endorsement of Lagrangian chaos. Homogenous
mixing was provided for both driving mechanisms under a second as shown in
Figure 2.32. However, superior mixing performance was obtained using ICEO
compared to EO. Alapati et al. (2011) governed a numerical ICEO mixing study in
a microcavity. ICEO electrode was embedded in the bottom of the microcavity as
depicted in Fig 2.33. Mixing performance was enhanced further by via external DC
potential. Due to redistribution was ensured by switching on and off (charging and
de-charging processes), the parallelism between equicharge and equipotential lines

were disturbed and creating additional vortices are enabled which as in Fig 2.34.
ﬂ
» ) v

Figure 2.31. (a) Illustration of eccentric annulus (b) Demonstration of eccentric
annulus according to cylindrical coordinate system Feng et al. (2016)

>
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Figure 2.32. Mixing performances for dimensionless time scale of (a) EO (b) ICEO
configurations. Perfect mixing is described with dashed line (Feng et
al., 2016)
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Figure 2.33. Microcavity which mixing occurs (Alapati et al., 2011)

Figure 2.34. Streamlines for (a) switching on and (b) switching off stages (Alapati
etal., 2011)

Charges adjacent to the floating electrode are induced and correspondingly
electrolytes in the solution are attracted or repelled in ICEO. This mechanism is
strongly dependent on the floating electrode geometry. Wu and Li (2008a)
investigated ICEO mixing with a pair of triangular electrodes, numerically. Mixing
performance of the system was dramatically increased with ICEO, which is

illustrated in Fig 2.35. Further simulations were performed by the same authors
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(2008b). The number of electrode pairs was increased as well as cylindrical and
rectangular electrode shapes were defined. Mixing indexes of these configurations
were investigated along with varying electrode numbers as shown in Fig 2.36.
Rectangular electrodes exhibited the best mixing performance with the number of
three. Also, numerical models were validated with experimental procedures which
are depicted in Fig 2.37. Jain et al. (2009a) proposed a numerical ICEO mixer,
which possessed cylindrical electrodes. The EDL was also modeled with PNP
method for total concentration of charged species. Effects of cylindrical electrodes
radii and the EDL thickness on mixing indexes were reported. Although mixing
index was proportional to electrode size, inverse proportionality was observed
against the EDL thickness in their study. Results are shown in Figure 2.38 and
Figure 2.39, respectively. This research was extended according to different shaped
ICEO electrodes by the same authors (2009b). In their study, cylindrical,
triangular, rectangular and right angle triangular electrodes were tested for
micromixing. On the other hand, EDL was discarded from the model due to
enlarging in channel width. Higher Péclet number was obtained from the design,
which also derives from enlarging in channel width. The best mixing performance
was provided by the right triangular electrode as clearly shown in Fig 2.40. Zhang
et al. (2012) numerically analyzed a micromixer, which incorporates cylindrical
Janus and conducting materials as ICEO electrode. The center of ICEO electrodes
were embedded into the midline of the U-shaped microchannel as shown in Fig
2.41. While four vortices were observed around conducting particle, two and
smaller vortices occured around Janus particle. Approximately, 90% of mixing
efficiency was obtained under various DC electric fields. Harnett et al. (2008)
performed an ICEO micromixing analysis with triangular electrodes. The triangular
electrodes were aligned in a horizontal direction, successively. The analysis was
carried out both numerically and experimentally as shown in Fig 2.42. Mixing
efficiency was quantified by the mixing metric, which is described mathematically

in Fig 2.43 as well as the results of numerical and experimental analyses.
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Figure 2.35. Concentration profiles for (a) nhon-conducting triangular electrodes i.e.
ICEOQ is inactive (b) conducting triangular electrodes i.e. ICEO is
active (Wu and Li, 2008a)
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Figure 2.36. Concentrat.i-(lf)n distribution for (a) single ICEO electrode (b) three
ICEO electrodes (Wu and Li, 2008)
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Figure 2.37. Experimental validation of the proposéd model (Wu and Li, 2008)
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Figure 2.2. Mixing indexés (n’) for different sizes of ICEO electrodes. Efficient
mixing is also achieved without ICEO which derives from the small
Péclet number (Jain et al., 2009a)
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Figure 2.39. Mixing index variations according to different EDL thickness. Surface
charge densities remain constant (Jain et al., 2009)
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Figure 2.40 (a) Concentration profiles at the outlet of the microchannel for
different electrode shapes (b) Concentration profiles on the 2D
surface for different electrode shapes (Jain et al., 2009b)
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11]
Figure 2.41. (a) Schematic of U-shaped microchannel geometry (b) Schematics of
conducting cylinder and Janus cylinder (Zhang et al., 2012)
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Figure 2.42. Flow visualization after loading the fluids (a, b) and mixing (c, d) for
experimental (a, ¢) and numerical (b, d) studies (Harnett et al., 2008)

=*f=l—%. .-1;-=M
- SN

Y SR R S e e
0.56F
0.48F
=" 04F
s o32f
- o24f

06 F

0.08

mpasured

(- B =
b
L

I:I:B}d E(b)
Figure 2.43. (a) Calculation of mixing metric. (b) Mixing metric results for
numerical and experimental analyses (Harnett et al., 2008)
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If a particle is suspended in a conductive medium, electrophoresis
phenomena is considered. Kazemi et al. (2017) numerically analyzed induced-
charge electrophoresis (ICEP). A conducting particle was defined in the middle of
the microchannel as depicted in Fig 2.44. Mixing efficiency was investigated under
the variations of electrical fields (Figure 2.45) and the distance between two inlet
boundaries (Figure 2.46) as well as induced zeta potential magnitude with various

particle diameter (Figure 2.47).
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Figure 2.44. Defined microparticle in the microchannel with dimensional
parameters for the application of ICEP (Kazemi et al., 2017)
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Figure 2.45. Mixing efficiency variations under various electrical fields compared
to two different zeta potentials on the upper and lower walls of the
channel (Kazemi et al., 2017)
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Figure 2.46. Mixing index variations for the distance between two inlet boundaries
of the channel (Kazemi et al., 2017)
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Figure 2.47. Induced zeta potential variations according to variations in the particle
diameter (Kazemi et al., 2017)

EX)

Until this point, mixing applications were conducted with fixed charge
ICEOQ, i.e. symmetric vortices. Mixing efficiency under asymmetrical vortices was
investigated by Wu et al. (2017). Asymmetrical vortices were generated by fixed
potential ICEO. Two floating electrodes, which have different potentials, were
defined at the bottom of the Y-shaped channel. Floating electrodes and the
designed channel were depicted in Figure 2.48 and Figure 2.49, respectively.
Mixing efficiency of the system was evaluated according to floating electrode
potential (Figure 2.50a), conductivities of the electrolytes against frequency of
externally applied AC field (Figure 2.50b), phase shift between the external fields
(Figure 2.50c) and type of AC signals which are sinus wave and square wave

(Figure 2.50d). Simulations were validated using the experimental studies.
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Figure 2.48. Asymmetrical vortices upon floating electrodes for (a) 4V fixed
potential and (b) 1V fixed potential (Wu et al., 2017)
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Figure 2.49. Microfabricated Y-shaped channel for fixed potential ICEO
experiments (Wu et al., 2017)
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Figure 2.50. (a) Mixing efficiency under different ratios between the potential of

first and second floating electrodes (V1-V;) and external potential (b)
Mixing efficiency variations for electrolyte solutions which have
different conductivities (c) Mixing efficiency for phase shifts
between external electrodes (d) Mixing efficiency for the type of AC
signal (Wu et al., 2017)
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3. MATERIAL AND METHODS

Two-dimensional (2D) simulations are carried out with a finite element
modeling (FEM) package, COMSOL Multiphysics 5.3a. A microchannel with a
rectangular cross-section, whose dimensions are Width (W)=0.1mm x Length
(L)=1mm is utilized for this study. A micro rectangular obstruction with various
widths of W.=0, 0.01, 0.02, 0.03, 0.04, 0.05 mm is employed to increase mixing
efficiency. Two rectangular obstruction lengths of L.=0.1mm and 0.2 mm are
tested. The top side of the obstruction is also defined as floating ICEO electrode.

The microchannel geometry along with key parameters is shown in Figure 3.1

% O e
Figure 3.1. Designed microchannel geometry

Mesh independence test is performed for 6450, 13492, 21436 and 26676
triangular elements, consecutively. In addition, mesh density around the
rectangular obstruction is refined to get a more precise solution. Same
microchannel geometry and identical flow conditions are defined for every mesh
density. A typical mesh distribution used in current simulations is shown in Figure
3.2. To be able to determine an optimal number of elements in mesh domain,
maximum relative error in mixing index between successive mesh densities of 1%
is chosen. Therefore, the mesh with 21436 elements is selected as an optimal mesh
density and used in every simulation. Simulation duration is also determined using
a similar approach. Durations of 10s and 20s are simulated successively for no

obstruction and similar flow conditions. The relative error of average mixing index
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at the outlet is under 0.2%. Thus t=10s is selected to decrease computational
workload.

Another mesh independence analysis is carried out for non-Newtonian
fluids, because of the mesh number is utilized for non-Newtonian case requires
mesh structure different than that of Newtonian case. This can be attributed to the
nonlinear flow equation for non-Newtonian fluids, which is derived from variable
viscosity values. Simulations are performed in a straight microchannel with the
mesh numbers of 21436, 29614, 34457 and 39593. Due to the relative error
between 34457 and 39593 elements is below 1%; mesh with 34457 elements is
used during the simulations as seen in Figure 3.3. Simulation duration is again
determined as 10s because difference between average mixing index values of 10s

and 20s are calculated as lower than 0.2%.

Figure 3.2. Mesh structure for Newtonian fluid

Figure 3.3. Mesh structure for non-Newtonian fluid

The fluids are assumed to be incompressible Newtonian and non-
Newtonian for this study. Left and right ends are the inlet and outlet boundaries of
the channel, respectively. Therefore, fluid flow is determined as from left to right
in numerical simulations. The species, which are diluted in the fluids, are also
identical and having same initial concentration value of Cy=10 mol/m®, Two-step
functions, which are defined oppositely to each other, are defined for separating the
fluids as well as contained diluted species from the middle point of the inlet. The

step functions are depicted in Figure 3.4.
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Figure 3.4. Oppositely defined step functi-ons agéinst c.hanne.lu \}vidih for separating
the fluids at the inlet

The motion of the fluids is described by Navier — Stokes Equation and

continuity equation, which are presented below, respectively.

d 2
p (5 + W) = ~Vp+V.17%u = (.0 + £

L

where u and p is the velocity and the density of the fluid, respectively, p is
the pressure, f is the body force, bold characters are preferred for indicating the
vector quantity. Viscous forces and inertial forces are represented by the second

term of the right-hand and the left-hand side of the equation, respectively. These
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equations are modified due to the incompressibility of the fluid, i.e. density of the

fluid remains constant on every point on the microchannel for each case.

u
pop + @ Vw) = —Vp+nViu+f

Vu=0

The fluids experience body force is evaluated according to the thickness of

EDL, which is calculated by
4 ekgT
< 2 /m

where ¢ is the permittivity of the fluid, which equals to product of the
permittivity of free space (ey) and permittivity of the fluid relative to free space (),
kg is the Boltzmann constant (1.381x10%%), T is the temperature (293.15 °K), e is
the elementary charge (1,609x10™ C), z is the ion valency (1), and n,, is the ionic
number density for 0.001M (=6.02x10*" 1/L). For the symmetric binary
electrolyte, which cations and anions have the same valency, EDL thickness is
calculated less than 10 nm for 1mMol KCI. Due to the EDL thickness is quite
lower than the width of the microchannel, infinitesimal thin EDL approximation
can be conveniently adapted to our system. Because only the bulk solution, which
incorporates zero net charge density (pe), is modeled fluids experience no body
force (f = p.E).

Viscosity term in the Navier-Stokes Equation is a constant value for a

Newtonian fluid. However, it depends on the shear rate for non-Newtonian fluids:

w= u®y)

46



3. MATERIAL AND METHODS Mehmet Melih TATLISOZ

where vy represents the shear rate.
In this study, the viscosity of non-Newtonian fluids is described according

to Power-law and Carreau models which are given below, respectively.

p=murt

gy D)
I = Uoo + (o — Hing)[1+ (A)*] 2

where m is the flow consistency index for Power-law fluid. n is the
common dimensionless parameter for both models which represents fluid behavior
index. While n<l, the shear-thinning behavior is observed; shear-thickening
behavior emerges when n>1. Otherwise, i.e. for the cases of n equals to 1, the
Newtonian behavior is considered. For Carreau model, viscosity equation takes
into account zero shear rate viscosity (uo) and infinite shear rate viscosity (uins). In
addition, X is the relaxation time constant. Values for these parameters are obtained
from the studies of Das and Chakraborty (2006) and Johnston et al. (2004) for
Power-law and Carreau models, respectively.

Reynolds number is the ratio of inertial forces to viscous forces:

ulL
Re: p_
n

where L is the characteristic length scale of the microchannel, which is
taken as the width of the microchannel. Therefore, Reynolds number is determined
as 0.2 in the system, continuously. It can be concluded that viscous forces dominate
inertial forces in the current flow environment.

The transport of diluted species is governed by Nernst — Planck Equation

which is:
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where C is the concentration of the species, R is the chemical reaction term
and N is the total flux of mass transport which consist of diffusive and convective

flux;

where D is the diffusivity coefficient of the species. If the total flux is
substituted in Nernst-Planck Equation and no chemical reaction is considered, the

last form of the equation is obtained:

ac
=+ @.V)C = DVC

The aforementioned Péclet number is the ratio between this convective

flux and diffusive flux:

Pe = C_u
DVC
In the case of relatively low diffusion coefficient, Péclet number is high,
and convection rather than diffusion dominates mass transport.
Electroosmosis is another component of our design, which is explained by
this means: Electrical potential distribution between the charged surface and the

medium, by which electrolytes are suspended, is described by Poisson equation:

Vi = pe
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where ¢ is the permittivity of the fluid which equals to the product of the
permittivity of free space (&) and permittivity of the fluid relative to free space (),
pe IS the space charge density. Resulting potential distribution for a flat surface is

demonstrated in Fig 3.5.

Charged surface

Way Elacirolyls
sclution

®

Distance away from the surface, x
Figure 3.5. Electric potential distribution from the solid surface towards a bulk
solution (Masliyah and Bhattarjee, 2008)

Due to thin EDL approximation, Laplace equation is solved instead of
Poisson equation:
eV2p =0

Thin EDL approximation also affects Dukhin number (Du), which is the
ratio of surface conductivity to bulk conductivity (Crespy et al., 2006). In this study
Du<<1 is constituted. Hence, the effect of the concentration gradient can be safely
neglected. In ICEO, zeta potential possesses a constant value on the upper and

lower walls, which can be calculated as:

_ Ps
Sw £0&rK
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where ps is the surface charge density of the material. In Debye-Hickel
limit, i.e. zeta potential is smaller than 0,025V; EDL exponentially screens the

surface potential:

¢ = e

Electroosmotic flow velocity for channel walls is defined regarding fixed

zeta potential and tangential component of the electrical field.

€0&rlw
u

E,

Uep = —

which is well-known Smoluchowski slip velocity equation and gq and &, are
permittivities of free space and relative permittivity of the fluid, {, is the zeta
potential of the upper and lower walls, E; is the tangential component of the
externally applied electrical field, and p is the fluid viscosity.

Plug-like flow profile is observed through conventional electroosmaosis. In
order to initiate mixing enhancement, a nonlinear electrokinetic phenomenon is
introduced to the system: Induced-charge electroosmosis (ICEO). ICEO theory is
explained for cylindrically shaped electrodes by Squires and Bazant (2004). When
a conducting surface is placed into the medium with an external electrical field,
electric field lines intersect conductor at right angles, which are illustrated in Fig
3.6a. In response to the applied field, free ions in the solution are dragged by a
current (J = oE) to either side of the conductor. Therefore, a dipolar surface charge
is induced on the conducting surface. Amount of the opposite ions are equal with
respect to charge conservation law. The induced EDL is formed around the induced
charges. Equilibrium state is reached when no field lines penetrate the induced
EDL as shown in Fig 3.6b. Fluid is driven from the poles of the particle to the

equator by tangential component of the electrical field.
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Figure 3.6. (a) Electrical field lines mtersect conducting surface at right angles
initially (b) Electrical field lines is expelled from the surface after the
steady-state is constituted (Squires and Bazant, 2004)
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Electric potential is formed by conducting surface at starting time of t=0,

which equals to:

a2
$o = —Epz(1 - r_z)
where a is the radius of the cylinder. Equilibrium electrical potential on the

conducting surface is given by

a2
¢ = —Epz(1 + r_z)

Then, the zeta potential of the conducting surface is expressed as

{(0) = ¢ — ¢(a) = 2Eyacosé

In our study, an electrode is embedded upon the surface of micro
rectangular obstruction and a direct current is applied externally across the channel,
where the positive electrode is located at the inlet, and the outlet is grounded. As a

result, a steady state ICEO flow is generated around a straight floating electrode.
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The electric field can be calculated from externally applied electric
potential, as E= -V ¢. Under this electrical condition, the channel walls are
assumed to be made of a non-polarizable material, thus n-cV¢ =0, where n is the
unit normal to the surface. EDL of the polarized surface can be modeled by three
ways: Guoy’s model (Cp = &/A), Stern’s model (§ = Cp/Cs) and empiric model
(Z(w) « (iw)~#) which is shown in Figure 3.7 (Levitan et al., 2005).

C, C, Cy Z{ta)
(a) (b) (=]

Figure 3.7. EDL of (a) Guoy’s model which consists of a capacitance (b) Stern’s
model which consist of series capacitors (¢) empirical model (Levitan
et al., 2005)

For capacitor models, the electrical boundary condition of the conducting

surface, which incorporates bulk current and the EDL capacitive charging is

d¢
on- V(I):CDE

o represents the bulk conductivity and defined as c=¢D/A’. Diffuse layer
capacitance is denoted as Cp and defined as Cp=¢/\.
For Stern model, the induced zeta potential on the conducting surface is

defined as

_$o—9
1+56
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where ¢, is electric potential across floating electrodes and 6 = C/Cs and
C, is Stern layer capacitance. As a result, the tangential component of fluid velocity

over floating electrodes is

&
u; = ; Vi

Fluid streamlines, which show two identical counter-rotating vortices due

to ICEO solely is shown in Fig 3.8.

Figure 3.8. Counter-rotating identical vortices which derive from ICEO

Externally applied potential differences are selected within a widespan.
Electroosmotic flow velocity and induced zeta potential values are also varied,
which is dependent on alterations in the external potential difference. The potential
differences of V=10V, 20V, 30V, 35V, 40V, 45V, and 50V are tested and the
selection is made based on the ratio between maximum pulsatile velocity
magnitude and total steady velocity magnitude. Electroosmotic velocity contributes
steady velocity, thus, increasing this potential difference leads to suppression in the
pulsatile flow regime, whereas species transport is attenuated by decreasing it. As a
result, the V=20V, 30V and 40V potential differences, which correspond to the
ratios of 0.32, 0.41 and 0.51 are selected as external electrode potential for current

micromixer design, respectively.
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The last component of the design, which is pulsatile flow is introduced by

defining a sinusoidal time-dependent equation to the inlet of the channel:

U=Us+U,sin(2rft)

where Uy, and U; represent maximum pulsatile velocity value and time-
independent laminar velocity value, respectively. Steady laminar flow is
superimposed upon the oscillating flow, as shown in Fig 3.7, which is an obligation
for this study. Unless this steady flow expression is included in this equation,
transporting of diluted species until the outlet becomes inadequate. In addition, the
phase shift between defined pulsatile flows is defined as zero. Velocity distribution
at the inlet of the channel due to pulsatile flow is shown in Fig 3.9. As a result, the
fluids are accelerated through the channel by three different mechanisms, which are
pulsatile flow, steady laminar flow, and electroosmotic flow. Navier — Stokes and
Nernst — Planck Equations are coupled with same u quantity, which consists of the

superposition of these different flow driving mechanisms:

u-= upulsatile * Wigminar T Ueo
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Figure 3.9. Inlet velocity profile

The behavior of the system with different pulsation frequencies is also

concerned, which is quantified by Strouhal number:

Initially, all simulations are carried out with f=1 Hz frequency. To
investigate the effect of frequency of flow pulsation, various frequency magnitudes
of f=0.5Hz, 1.5Hz and 2Hz are applied to single channel geometry, which contains
floating electrode with L.=0.1mm for different obstruction widths. All parameters

are quantitatively listed in Table 2.1.
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Table 3.1. Key parameters used in simulations

PARAMET
ER DEFINITION VALUE
€ The permittivity of free space 8.854 x 10™ F/m
The relative permittivity of the 80
o Newtonian (non-Newtonian) fluid (59.86)
Density of the Newtonian 998 kg/m®
P (non-Newtonian) fluid (1060 kg/m®)
T Viscosity of the Newtonian fluid 1x10%Pas
5 Diffusivity of the diluted species for 1x10" m%s
Newtonian (non-Newtonian) fluid (1.38 x 10" m%s)
S, The ?nitial concentration of diluted 10 moles/m?
species
Un Maximum pulsatile flow velocity 1.5 mm/s
Us Pressure-driven flow velocity 0.2 mm/s
Van External electrical potential difference 20V - 30V - 40V
f Frequency of pulsatile flow 0.9Hz-AHz-L.5Hz-
2Hz
Fluid behavior index for Power-law 0.785
" (Carreau) models (0.3568)
m Flow consistency index for Power-law 0.0134 kg/m.s
Lo Zero shear rate viscosity for Carreau 0.056 Pa.s
Win Infinite shear rate viscosity for Carreau 0.0035 Pa.s
A Relaxation time constant for Carreau 3.313s
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Since all results are obtained, performances of the different parameter

combinations are evaluated according to mixing index, which is calculated as:

w

fo |C - Cooldy
w

fo |CO - Cooldy

Mixing Index = (1 - ) % %100

where C is the concentration of the diluted species for any cross-sectional
plane through the channel, which is selected as outlet during calculations, C,, is the
perfect mixing concentration value, which corresponds to 5 moles/m® for this

study, and C, is the no mixing concentration, which corresponds to 0 or 10
moles/m”.
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4. RESULTS AND DISCUSSIONS

In this study, mixing performance is evaluated under the mechanisms of
pulsatile flow and ICEOQ. Initially, pulsatile flow and ICEO are separately applied
to micromixer designs. It is observed that transport of diluted species is inadequate
for both solely pulsatile and electrokinetic flows. Maximum concentration is not
able to reach to the outlet of the channel even in the last period of pulsation, which
is shown in Figure 4.1. This is also utilized as a model validation study. The
resulting solution is consistent with theoretical knowledge using pushing (flow is
directed to the positive x-axis) and pulling the fluids (flow is directed to the
negative x-axis), consecutively. Transport of diluted species to the outlet is
provided by introducing steady laminar flow to the pulsation. Thus, pushing stage
of the pulsatile flow is rendered longer than pulling stage. Even though the half of
the maximum velocity of pulsatile flow is defined as laminar flow velocity
(Vo=0.75 mm/s), only 23% of mixing performance is achieved through this system.
Concentration throughout the channel is shown for this configuration in Figure 4.2.
Higher velocity values for steady flow are avoided for preventing the suppression
of pulsatile flow. Therefore, rectangular obstructions are embedded in the lower
wall of the channel. Again, low mixing performance of 26.58% is obtained under
same conditions, as shown in Figure 4.3 which agrees with the computational study
of Wang et al., (2008). When ICEO is attached to the design, efficient mixing is
obtained with the disturbance of flow field within the cross-section of the
microchannel. The magnitude of the electrical field, as well as width and length of
ICEO electrode, is varied for investigating the behavior of mixing efficiency of the

system.
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Distribution of streamlines and concentration of diluted species for
V=20V, 30V and 40V are illustrated in Figure 4.4, Figure4.5 Figure 4.6, Figure
4.7, Figure 4.8, Figure 4.9, Figure 4.12 respectively. Velocity and concentration
figures, which visualize same potential differences, are divided into three parts for
better understanding. Results are presented for the last period of pulsatile flow with
the time step of t=0.25s. The magnitude of fluid velocity and species concentration
are described with color bars, which stand next to the relevant figures. Flow
directions of the fluid streams are effectively manipulated with the vortices; thus,
mixing becomes possible. These vortices, however, are smaller in size compared to
pure ICEO, which arises from the suppression of the pulsation and the steady flow.
Moreover, straightening of the shape of the vortex is observed for the time steps of
t=9.25 and t=9.75, which can be seen in Figure 4.4a. At highest velocity value of
positive pulsation, vortex on the left-hand side is suppressed for applied potential
difference of V=20V. As correspondence, vortex on the right-hand side is
suppressed at t=9.75s, which holds the highest velocity value of negative pulsation.
Due to ICEO electrode is defined along the obstruction boundary, characteristics of
vortices can significantly be altered by adding obstruction to the flow field.
Therefore, ICEO electrode is enlarged in size around the obstruction, which paves
the way for preventing the disappearance of vortices. Therefore, stronger vortices
are generated for a microchannel with certain obstruction level with V=20V
potential differences. Thus the vortices are not suppressed due to the pressure-
driven flow regimes. Similarly, the vortices are never suppressed for V=30V and
V=40V, which can be seen in Figures 4.7, 4.8, 4.9, 4.10, 4.11, 4.12. The strength of
the vortices is higher for larger obstructions. This behavior of the system can be
theoretically attributed to ICEO velocity, which increases with external potential
and electrode size proportionally.

Transport of diluted species is observed as analogous to all potential
differences. Outlet concentration is enhanced for W =0.01mm (Figure 4.4d, Figure

4.7d, Figure 4.10d) in comparison with zero obstruction (Figure 4.4b, Figure 4.7b.
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Figure 4.10b). Even more concentration is transported for W.=0.02mm (Figure
4.5b, Figure 4.8b. Figure 4.11b). However, transport of diluted species is
attenuated for W.=0.03mm (Figure 4.5d, Figure 4.8d, Figure 4.11d). This can be
explained by the increase in channel blockage. On the other hand, transport of
diluted species is significantly increased for W.=0.04mm (Figure 4.6b, Figure 4.9b,
Figure 4.12b). Increase in concentration with higher obstruction can be attributed
to pressure drop according to the references of Sahu et al., (2013) and Syham et al.
(2018). However, transport of diluted species is decreased by more increase in
pressure drop as well as more blockage for W.=0.05mm (Figure 4.6b, Figure 4.9b,
Figure 4.12b)
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Figure 4.4. Velocity and concentration distributions for zero and 0.01mm
microobstruction widths with a 20V potential difference
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Figure 4.5. Velocity and concentration distributions for 0.02mm and 0.03mm
microobstruction widths with a 20V potential difference
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Figure 4.6. Velocity and concentration distributions for 0.04mm and 0.05mm
microobstruction widths with a 20V potential difference
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Figure 4.7. Velocity and concentration distributions for zero and 0.01mm
microobstruction widths with a 30V potential difference

66



4. RESULTS AND DISCUSSIONS Mehmet Melih TATLISOZ

malim’
10
9
B
T
| 6
{5
4
3
.
1
0
rmalim’
10

t=9.25s
t=9.5s
t=9.75s
t=10s
(b)
t=8s
t=9.25s
t=95s
t=9.75s
t=10s
(d)

Figure 4.8. Velocity and concentration distributions or 0.02m and 0.03mm
microobstruction widths with a 30V potential difference
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Figure 4.9. Velocity and concentration distributions for 0.04mm and 0.05mm
microobstruction widths with a 30V potential difference
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Figure 4.10. Velocity and concentration distributions for zero and 0.01mm
microobstruction widths with a 40V potential difference
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Figure 4.11. Velocity and concentration distributions for 0.02mm and 0.03mm
microobstruction widths with a 40V potential difference

70



4. RESULTS AND DISCUSSIONS Mehmet Melih TATLISOZ

- -

E’—ﬂwh—ﬂlﬂthrﬁ E?—mwhin'nh'ﬂ-

E‘_' L ee— E_ L ee—

2 §/8 8|25 (88 8 ¢ 2=

n b | o = - " ﬁ- 3t -

- - " e n - - W @ "
n ! L] - n e L] -
- - Ll -

dl | ;
Figure 4.11. Velocity and concentration distributions for 0.04mm and 0.05mm
microobstruction widths with a 40V potential difference
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Mixing index distributions for the last period is depicted in Figure 4.13
with every obstruction widths, which are W.=0mm, 0.01mm, 0.02mm, 0.03mm,
0.04mm, 0.05mm, respectively. Mixing index values exhibit fluctuations, which
originate from pulsation. On the contrary, mixing index values are more stable for
the case of V=40V. This can be explained by velocity magnitude and size of
vortices, which is higher for V=40V. These fluctuations are attenuated by
strengthening vortices via adding an obstruction for the case of W.=0.01mm. For
W,=0.02mm, mixing dependence to voltage is significantly diminished, which can
be understood from closer mixing index values of V=30V and V=40V. Higher
mixing index values are reached at V=20V. It is observed that mixing index values
are decreased for the obstruction width of W.=0.03mm. As mentioned earlier
transport of diluted species is blocked by increasing obstruction width and applied
voltage, which causes to diminish in mixing performance of the system. After that,
an increase in mixing performance is observed for W,=0.04mm. This situation can
be explained by increasing pressure drop, which enables higher rates of species
transport with the references of Sahu et al., (2013) and Syham et al. (2018).
However, transport of diluted species is decreased by more increase in pressure
drop as well as more blockage for W =0.05mm, which results in a decrease in
mixing indexes.

Mixing index distributions are compared for short (L.=0.1mm) and long
electrode (L.=0.2mm) as seen in Figure 4.14. For longer electrode, mixing indexes
are radically altered, and different voltages exhibit more consistent mixing indexes.
Better mixing performance is obtained compared to same voltage in short
electrode. As an example, lowest mixing performance is obtained by V=10V in
short electrode case, whereas one of the highest mixing indexes is observed for
V=10V in the long electrode case. Mixing performance of the system is attenuated
with a certain voltage magnitude, which is referred as the critical value. In short
electrode, the critical magnitude is V=30V, whereas, it is identified as V=35V for

long electrode configuration. Therefore, it can be concluded that either relatively
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higher voltage can obtain enhanced mixing with low electrode length or lower

voltage with high electrode length.
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Figure 4.13. Concentration distribution at the outlet of microchannel for (a) no
obstruction (b) W=0.0lmm (c) W=0.02mm (d) W=0.03mm (e)
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Figure 4.14. Mixing index values for (a) short and (b) long electrode configurations
according to various potential differences
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Mixing performance is also observed using the averages of mixing index
values. Average mixing indexes are depicted in Figure 4.15 for the case of
L.=0.1mm. Average mixing index is relatively low for V=20V potential difference
which is 86%. This can be explained by the disappearance of vortices at specific
timescales. The highest mixing index is acquired for the V=40V potential
difference in the channel geometry. All mixing indexes are increased with the
presence of the obstruction. The highest increase among mixing indexes is obtained
for V=40V, which contains the highest perturbation in the flow field. For
W.=0.02mm, mixing indexes are attenuated for V=30V and V=40V, wheras
opposite trend is observed for V=20V. Mixing indexes are calculated as
approximately equal for this obstruction width. All mixing indexes are decreased to
the minimum point for the case of W.=0.03mm, which is explained by lower
transport of diluted species due to the high channel blockage. The decrease in
mixing index, which is experienced by V=20V is the lowest and the highest is for
V=40V. It is concluded that species can be transported better with lower ICEO
velocity. Mixing index is increased for W =0.04mm. Higher pressure drop is
observed with increased blockage; thus, higher concentrations of diluted species
are accumulated at the outlet. However, mixing performance is attenuated by more

increase in pressure drop as well as for more blockage, W.=0.05mm.
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Figure 4.15. Periodic average mixing index values for every obstruction widths

Frequency dependence of mixing index is also investigated. Mixing index
is significantly attenuated by which increasing the Strouhal number. This
attenuation is quantified in Figure 4.16. The higher difference among mixing
indexes is observed for various obstruction widths at low Strouhal numbers relative
to high Strouhal numbers. For no obstructed channel, mixing index pattern is
formed as for an increase in first step and decrease in the following steps which
agrees well with the numerical study of Afzal and Kim (2015). The reason behind
the decrease in higher Strouhal numbers is explained according to the transport of
diluted species. When the frequency of the pulsation increases, diluted species have
less time for convective transport and mixing index calculation is strongly
dependent on concentration amount at the outlet. After f=2Hz, further simulations
are considered as unnecessary due to the vast amount of concentration decrease at

the outlet.
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Figure 4.16. Average mixing index value against Strouhal number for various
obstruction widths

Vorticity is the sign of rotation of the fluid. Vorticity patterns are
compared for no obstruction and the highest obstruction with the electrode length
of L;=0.1mm and a potential difference of V=40V as seen in Figure 4.17. Vorticity
magnitudes are illustrated by the color bars, which are located next to the figures.
Positive vorticity is defined as the counterclockwise rotation of the fluid, which is
demonstrated using red color and negative vorticity is defined as the clockwise
rotation of the fluid, which is represented by blue color, correspondingly. Patterns
of vorticity are observed only around the floating electrodes where ICEO flow
occurs. The concentration of the vorticity is denser adjacent to the floating
electrode. When the width of the obstruction is increased, vorticity also increases.
This situation can be attributed to electrode size which gives in rise to stronger

vortices.
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Figure 4.17. Vorticity patterns for (a) no obstruction (b) highest obstruction width
with a potential difference of 40V

In the second part of the study, fluid nature is determined as non-
Newtonian and same parameters are investigated under same flow conditions and
microchannel geometry. Simulations are initially conducted with the only pulsatile
flow. Due to the insufficient transport of diluted species, mixing application cannot
be carried out as seen in Figure 4.18. Therefore, steady laminar flow, which has
V=0.75 mm/s, is imposed on the pulsatile flow. Although sufficient transport of
diluted species is achieved only 26.48% of mixing efficiency is obtained for
power-law-type fluid as illustrated in Figure 4.19. Mixing efficiency increases up
to 27.62% by adding microobstructions to the system. However, this increment is
evaluated as quite low. In order to reach acceptable mixing efficiencies, ICEO is

introduced to the system. These findings are consistent with the Newtonian fluid
case.
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Figure 4.19. Concentration profile for steady laminar flow imposed pulsatile flow
for a power-law fluid

The results of power-law and Carreau fluids are compared with Newtonian
results. It is worth to note that the variation among the results of power-law and
Carreau fluids are negligibly small. Therefore, non-Newtonian fluids are not
mentioned as power-law and Carreau separately during the comparisons with a
Newtonian fluid. Moreover, it is proven that blood can be safely modeled with
either power-law or Carreau models for the given parameters in this study. Because
the magnitudes of blood available in the literature are used in these models.

Simulations are mainly conducted with V=40V of potential difference and
f=1Hz of pulsation frequency. Velocity and concentration distributions under these
circumstances are illustrated in Figure 4.20a, Figure 4.20b, and Figure 4.20c for

Newtonian, power-law and Carreau models in a straight channel, respectively. As
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clearly seen in the figures, whereas vortices are suppressed by pulsation for the
power-law and Carreau fluids at t=9.25 and t=9.75, the same rule is not valid for a
Newtonian fluid. Moreover, size of vortices exposed to non-Newtonian fluids is
smaller than that of Newtonian fluid. That is, weaker vortices are created using
non-Newtonian fluids. This can be explained by higher viscosity and lower
electrical permittivity of the non-Newtonian fluids. As previously stated,
suppression of the vortices also occurs for Newtonian fluid at potential difference
of V=20V. Due to suppression of vortices, targeted mixing index values are not

reached for non-Newtonian fluid in straight channel geometry.

malim’
t=8s

t=0.25s
t=0.5s
1=0.T5s

t=10%

R N

pegy
t-i.l;l
t=95s
t=0.T5s

I=10s
L]

R -]

%
%

8
=31

t=0.25s

9
8

T

(5

14

t=0.78s

t=10s
i)

3

.

Figure 420 Velocity and concentration profiles for (a) Newtonian model (b)
Power-law model and (c) Carreau model with zero obstruction
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Mixing of the non-Newtonian fluids is investigated with
microobstructions, subsequently. Obstruction widths are defined as W.=0.01mm,
0.02mm and 0.03mm. Suppression of vortices is diminished when obstruction
width is gradually increased. Velocity and concentration distributions at the highest
obstruction width are illustrated in Figure 4.21a, Figure 4.21b and Figure 4.22c for
Newtonian, power-law and Carreau models, respectively. With stronger and larger
vortices, perturbations along flow streamlines are increased for non-Newtonian
fluids and more uniform concentration profile is obtained at the outlet.
Concentration profile for a Newtonian fluid is dropped below the average value

due to the stronger vortices, which prevent transport of diluted species.
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Mixing performances are demonstrated in Figure 4.22 by means of
presenting mixing index values within the last period of pulsation under V=40V
potential difference and f=1Hz frequency. These plots are created with twenty
samples of timescale for increasing obstruction widths, such as Wc=(a) 0Omm, (b)
0.01mm, (c¢) 0.02mm and (d) 0.03mm. Mixing index values are higher for
Newtonian fluid as compared to non-Newtonian fluids for straight microchannel.
While mixing index values are slightly increased with W:=0.01lmm increment,
better performance is currently acquired from the Newtonian fluid. Lower viscosity
value and higher permittivity result in higher mixing performance. In case of
W.=0.02mm, mixing index of a Newtonian fluid is decreased, even below the
values of non-Newtonian fluid. This can be explained by transport amount of
diluted species which is prevented by stronger vortices in Newtonian simulations.
Mixing index values are further decreased with Newtonian fluid for the case of
W.=0.03mm. On the contrary, higher mixing indexes are achieved for non-
Newtonian fluids starting from W,=0.03mm. It can be concluded that mixing index
can be increased with stronger vortices for lower obstructions, this trend is

sustained with weaker vortices for higher obstructions.
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Figure 4.22. Mixing index values for (a) zero obstruction width (b) 0.01mm
obstruction width (c) 0.02mm obstruction width (d) 0.03mm
obstruction width

Effect of various external potential differences, such as V=(a) 20V, (b)
30V and (c) 40V, on mixing index values is presented in Figure 4.23, which is
plotted for showing average mixing index during the last period of pulsation versus
obstruction width for every fluid models. For V=20V, average mixing index value
of Newtonian fluid is quite higher than non-Newtonian fluids. While this
distinction is decreased with increasing obstruction widths, average mixing index
of the Newtonian fluid is slightly exceeded by the non-Newtonian fluids for the
highest obstruction width. For V=30V, average mixing index value of Newtonian

fluid is again higher than that of non-Newtonian fluids. However, this distinction is
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lower than the previous situation. Average mixing index value of non-Newtonian
fluid is approached to the value of Newtonian fluid for W.=0.01mm. Better
average mixing performance is obtained from non-Newtonian fluids for
W.=0.02mm with decrease and increase in the average mixing indexes of
Newtonian and non-Newtonian fluids, respectively. This trend is sustained in the
following obstruction width of W.=0.03mm. Thus, average mixing index values
between the Newtonian and non-Newtonian fluids are increased. Similar increasing
and decreasing pattern for average mixing index values are exhibited with the
potential difference of V=40V. For the cases of W.=0mm and Wc=0.01mm,
average mixing index values are increased for each type of fluid in comparison
with other potential differences. In addition, the increase in mixing index of non-
Newtonian fluids is higher than that of Newtonian fluid. Therefore, average mixing
values of non-Newtonian fluids are exceeded with higher distinction as compared
to the 30V potential difference for the case W.=0.02mm and W =0.03mm.
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The frequency of pulsatile flow is a quite influential parameter on mixing
index, which is represented by Strouhal number in the previous simulations for
Newtonian fluid case. However, the velocity of the non-Newtonian fluid is altered
continuously due to intrinsically varied viscosity value. Therefore, the frequency of
pulsation is used directly for describing mixing behaviour in non-Newtonian cases.
For enabling comparison in same graphic axis, results for the Newtonian fluid are
also plotted using pulsation frequency. Frequency values of f=0.5Hz, 1Hz, 1.5Hz
and 2Hz are employed for the simulations, likewise in Newtonian analyses, as
shown in Figure 4.24. For straight microchannel, variations in mixing index

typically exhibit a similar pattern for every fluid type. Mixing index is higher for a
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Newtonian fluid and very close for non-Newtonian fluids in every pulsation
frequency values. While the highest average mixing index is obtained for f=1Hz
frequency, the lowest average mixing index is observed for f=2Hz. Mixing index is
slightly and significantly decreased for f=15Hz and f=0.5Hz, respectively
compared to f=1Hz. For W =0.01mm, variations in the average mixing index are
maintained and increased approximately 7% for every fluid. Whereas this pattern is
also valid for non-Newtonian fluids for the rest of the obstruction widths, better
mixing performance is obtained with f=0.5Hz frequency for a Newtonian fluid.
The decrease in the higher frequency values is contributed to less transport of
diluted species which derives from lower flow duration for a single period.
Average mixing index of the Newtonian fluid is exceeded by non-Newtonian fluids
with f=1Hz frequency for the obstruction width of W =0.02mm. For W.=0.03mm,
average mixing index of a Newtonian fluid is exceeded by non-Newtonian fluids
with both f=1Hz and f=1.5Hz frequency values. Moreover, the difference between

these values is increased as compared to W.=0.02mm obstruction width.
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5. CONCLUSIONS

In this study, a micromixer design is investigated using numerical analysis.

Both Newtonian and non-Newtonian fluids, namely water and blood, are driven by

pulsation and electrokinetic effects and efficient mixing is achieved using coupling

of pulsatile flow and ICEO phenomena. Mixing indexes are calculated according to

the magnitude of electrical potential difference, height and length of the obstruction

or i.e. ICEO electrode and the frequency of pulsatile flow. The conclusions are

summarized below:

1-

Since pulsatile flow has a positive effect on mixing efficiency, this
advancement can be dramatically enhanced by presence of ICEO.

Mixing performance can be slightly increased by adding obstruction
through the microchannel geometry. However, ICEO vortices can be
strengthened, when floating electrode is placed on the top of rectangular
obstruction.

Mixing index at the outlet of the microchannel is time-dependent due to
pulsatile flow. However, mixing index values are more consistent with
higher external potential differences.

More consistent mixing indexes are exhibited for longer obstructions
(ICEO electrodes).

Mixing efficiency is proportional to magnitude of external potential
differences. However, this tendency is broken by the presence of
obstructions. Therefore, better mixing performances are observed for low
external potential differences and wider obstructions.

Mixing performance is initially enhanced by an increase in the width of
obstructions. However, further increase in its width, decreases the mixing

efficiency.
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7- Mixing indexes are increased until the value of f=1Hz pulsation frequency
without obstruction in microchannel geometry. However, higher mixing
performance is obtained for f=0.5 Hz with obstructed microchannel. Lower
mixing performances are obtained for f=1.5Hz and 2Hz which can be
attributed to low transport of diluted species.

8- Mixing performance value of 99% for Newtonian fluid can be obtained
from the system with the specific parameters, which are L;=0.1mm ICEO
electrode length, W.=0.01lmm obstruction width, V=40V potential
difference and f=1Hz pulsation frequency.

9- The performance of the current micromixer has slight variation for power-
law and Carreau fluids.

10- Mixing index value is lower for non-Newtonian fluids compared to
Newtonian fluid in the straight microchannel. However, mixing index for
non-Newtonian fluids can be consistently enhanced with the presence of
rectangular obstructions. This enhancement can reach higher values than

Newtonian fluid for more substantial obstruction widths.

This study can be further enhanced by including chemical reactions
between the diluted species. By means of modelling adsorption — desorption
kinetics, antibody — antigen binding, protein — ligand reactions or any other bio-

chemical analyses can be quantitively investigated.
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